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ABSTRACT

\

An experimental and analytical (numerical) study was carried out on the fluid flow, heat
transfer and instabilities for five (5) small, medium and large scale two-phase loop thermosyphons.
The five two-phase closed loop thermosyphons (TLTs) specially designed and constructed for the
present study are one small scale loop (SSL: S.4mmID & 1.2m x 0.5 m; 150 W), two medium scale
loops (MSL I: 0.095 mm ID & 0.423 m in width; 60 W and MSL II: 0.0202 mID & 3 m x 2 m;
1,500 W) and two large scale loops (LSL 1: 0.0202mID & 1.8 m x 2 m; 7,500 W and LSL II:
0.0202 m ID & 2.208 m x 10 m; 100,000 W).

Experimentally, various parameters which would affect the operation of a TLT such as the
total system temperature difference, saturation temperature of the working fluid in the system, coolant
velocity over the condenser section, coolant temperature, the size of the condenser section, the
amount of a working fluid in the system, the choice of working fluids, pressure drop, effectiveness
and instability were investigated.

There are many difficulties to simulate numericallya TLT system. One difficulty encountered
is that some of the correlations for various heat transfer coefficients available has to be used for the
conditions beyond the range of variables over which they are established. For an example, even if

there are numerous iivestigations on heat transfer coefficients such as boiling, condensation and



forced convection over finned surfaces, most, if not all, of them are empirical. Because of the great
variety of effective parameters and the complexity of the phenomena, purely theoretical al_lalysis
cannot provide a general equation. It is now well established that the large difference among the
empirical correlations for the supposedly same condition has been reported by a large number of
different investigators. This implies that even though a computer simulation may predict the most
of the parameters involved, provided that correct empirical correlations are used, to do so, the interior
temperature distribution must be verified by experiment.

The second difficulty is the determination of the best method to handle the transition regions
between the various flow regimes occurred in the evaporator section. Various parameters such as
velocity, void fraction and quality are to be used to determine the transition regions.

The third difficulty is that the pressure drop must be analyzed to converge the entire
simulation program. The similar difficulties encountered for the heat transfer coefficients also exist
for the equations to be used in the simulation.

In the present study, two simulation methods based on thermal resistance net work, lumped
and sectorial, are presented. In the simplified model called here as the Lumped method, the
evaporator section is dealt as one lumped boiling section, i.e, one empirical equation for a forced
convective boiling. However, this model could not simulate the TLTs adequately because of its
simplistic approach to cover all the heat transfer modes of the different flow regimes involved in the
system by one equation.

Inthe Sectorial method, all possible phenomena which would occur in the evaporator section
due to the two-phase boiling process are considered in detail. Flow regimes (bubbly, slug, churn,

annular and annular mist etc.), the flow transition between flow regimes and other two-phase

ii



parameters involved in two-phase flows are carefully analyzed. In the present study, the results of
two different simulation methods are compared with experimental results and the limitation of the
computer simulation for such two-phase heat transfer systems as the TTLs studied is critically
discussed. The study also showed that the simulation results by the Lumped method and by the
Sectorial method did not show any partiality for the method used for the simulation.

To complement the simulation study for five different scale of TTLs, an analysis was also

made on the instability of the SSL as a separate study.
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CHAPTER1

INTRODUCTION

Two-phase loop thermosyphons (TLT) are the systems in which the flow is driven by
thermally generated density gradients so that pumping is not required. These are sometimes called
as natural circulation loops, natural convection loops or separate loop heat pipes. These various
names are based on the concept that two-phase loop thermosyphons are working in the natural
convection mode without any external power supply.

The two-phase loop thermosyphons studied in the present thesis are to be used in MCM
(multichip module) cooling system, refrigerator and waste heat recovery systems. These systems as
givenin Table 1.1 are referred as the small scale loop (SSL - 160 W), the medium scale loops (MSL -
60W) I and MSL II - 1500W) and the large scale loops (LSL I - 7500 W and LSL II - 100000 w)
based on heat transfer surface area of TLTs. In industry, two-phase loop thermosyphons have been
found in many practical engineering applications. Applications appear in turbine blade cooling
[Japikse, 1973], internal combustion engines [Japikse, 1973], electronic element cooling [Polasek,
1994], geothermal energy [Kreitlow, 1978), cold climate applications [Reid, 1975] etc.

An extensive literature survey shows that there is no universally accepted method for

predicting the pressure drop and heat transfer in any two-phase flow systems. Therefore, it is



impossible presently to obtain a purely analytical solution for Two-Phase Loop Thermosyphon (TLT)
systems.

Many in the past have attempted to simplify the two-phase flow and heat transfer processes
in TLT systems, to.avoid the complexity and uncertainty of the flow patterns of the two-phase flow
involved. In general, the heat transfer of a two-phase flow depends on a great number of different
factors: heat flux, pressure, mass flow rate, quality, void fraction, thermal properties of liquid and wall
material, surrounding physical geometry and others. This fact, together with a great number of
different two-phase flow patterns, hinders the construction of an adequate physical model of the
process. Also to simulate a two-phase flow/heat transfer system, such as TLTs, a large number of
empirical correlations are needed which present additional complications in the effort to simulate the
two-phase system.

The first is that some of the empirical correlations available have to be used for the conditions
beyond the range of variables over which they are established. Even if there are numerous
investigations on heat transfer coefficients for such as boiling, condensation and forced convection
over finned surfaces, most, if not all, of them are empirical. Because of the great variety of affecting
parameters and the complexity of the phenomena as mentioned above, purely theoretical analysis
could not provide a general equation. A large difference among the empirical correlations for the
supposedly the same condition has been reported by a large number of different investigators.

The second is the determination of the best method to handle the transition regions between
the various flow regimes in the evaporator section. Various parameters such as velocity, void
fraction, quality etc., are needed to determine the transition regions. Accordingly, extending the flow

regimes correlations available in the literature, although it may be able to represent the essential



features of the two-phase flow in the system, can not be accepted.

The third is that the pressure drop must be analyzed to converge the entire simulation
program. The equations which are used in the calculation have the same difficulties related to the first
difficulty discussed above.

In the present thesis, the simulation study on five very different TLT systems are compared
with the experimental results and the limitation of the computer simulation for such two-phase heat
transfer systems is critically discussed. Therefore, the main objective of the present study is to show
that a computer simulation alone could not, at the moment, give any meaningful quantitative results
unless it is accompanied with some experimental results for that particular system. implying that no
computer simulation code should be developed for a two-phase heat transfer system such as proposed
without a benchmark experimental verification.

In addition, an analysis was also made on the instability of the SSL as a separate study to

supplement the simulation and experimental investigations of TLTs.

L1  Two-Phase Loop Thermosyphons

As shown in Fig. 1.1, Two-Phase Loop Thermosyphons (TLT) transfer energy from a heat
source to a heat sink by the natural circulation of a working fluid between two regions. As an
example, the fluid inside a loop is heated and cooled at certain locations. This creates a temperature
difference and consequently a density gradient along the loop. The gravitational force field activates
the buoyancy forces that drive the working fluid circulation. Also, a TLT utilizes the difference in
the saturation pressure between an evaporator and a condenser to cause the vapor to flow from the

hot evaporator to the cold condenser. The geometric configuration must be such that the condensate



can flow back to the bottom of the evaporator by the gravity. Under a steady-state condition, this
buoyancy force is equalized by the pressure losses along the pipe. The main advantage of a TLT is
that it can transport heat from a source to a sink without a mechanical pump.

The proper design of any engineering system requires a modeling. For example, in the case
of a nuclear reactor, it is crucial to be able to predict the flow rate and the core temperature
distribution that would occur if an emergency cooling procedure using natural circulation was
implemented. One may also want to know what heat exchanger length and wall temperature are
required to maintain the absolute temperature inside the loop below a certain level. This thesis is the
first detailed study investigating a wide range of TLTs for various applications.

TLTs offer a lot of significant advantages over other types of heat exchangers. A few
remarkable advantages can be summarized as;

1. TLTs do not need any external power for the circulation of the working fluid.

2. There are no moﬁng parts in the system. Only the working fluid circulates in the loop.

3. ATLT system can operate indefinitely within the design temperature range, provided

that the system is perfectly sealed.

4. Heat can be transferred in either direction.

5. TLT systems are only partially filled with working liquids and hence are lighter than

single-phase liquid circulation loops.

L.1.1 Interrelationship of Flow Patterns and Heat Transfer
A two-phase flow ina TLT can be described by several flow patterns, such as bubbles, slugs,

or film flows. When the flow pattern changes from one to another, large variations in heat transfer



can occur . Various flow patterns and hence various heat transfer regions are encountered in the
evaporator section of a TLT. These flow patterns and heat transfer are interrelated and affect the
hydrodynamics of the fluid flow. In the evaporator section of a TLT, the working fluid reaches the
entrance of the evaporator, in general, as a liquid in a subcooled state and enters the evaporator
section from the header or the transport section. In the entrance region, both the thermal and the
momentum boundary layers develop as the working fluid flows along the evaporator section.
Initially, both the bulk fluid temperature and the wall temperature remain below that necessary for
nucleation. The heat transfer process is single-phase convective heat transfer. At some point along
the TLT, nucleation takes place in the subcooled liquid. Thisis known as subcooled nucleate boiling.
The bubbles produced in the superheated wall region condense as they move away into the subcooled
liquid. In this region, the wall temperature is higher than the saturation temperature of the fluid but
the bulk fluid temperature is still below the saturation temperature. The transition between the
subcooled nucleate boiling and ﬁe next flow region is the point at which the bulk fluid temperature
equals the saturation temperature. Saturated nucleate boiling (or bulk boiling) starts at this stage.
As bubbles accumulate and coalesce, the flow patterns change from bubbly to slug to annular flow.
With the increase of the quality and the vapor fraction, the resulting higher vapor velocities and
higher two-phase heat transfer coefficients cause nucleate boiling to be replaced by surface
vaporization. Atsome critical value of the quality, dryout starts to occur on the tube wall and causes
a significant rise in the wall temperature. This increase could lead to tube failure in a constant heat
flux boundary condition (i.e., burnout). The region between the dryout point and the transition to
single phase vapor is termed the liquid deficient region. In this region, the vapor temperature

increases above that of the liquid droplets which are at the saturation state. The heat transfer



coefficients for the dryout region are at the lowest of all of the heat transfer regions involved. The
vapor generated in the evaporator reaches the condenser either as saturated vapor or as a wet
mixture. The vapor can also be in a superheated state at the inlet to the condenser.

In the condenser, the heat transfer can take place either by dropwise condensation or by film
condensation. If the condense is partially flooded, the mode of heat transfer in the flooded region
would be single phase liquid forced convection. The condensed liquid then flows by gravity to the
evaporator located in the lower part of the loop and thus the cycle is completed.

The two phase flow parameters ofa TLT, such as flow pattern, quality, and void fraction must

be dealt in the TLT system analysis.

1.1.2 Selection of Working Fluid

The selection of a suitable working fluid fora TLT is one of the most important aspect of the
design and manufacturing process, because the basis for the operation of a TLT is the vaporization
and condensation of the working fluid. Factors that affect the selection of an appropriate working
fluid include the operating temperature range, compatibility with the thermosyphon materials,
dielectric properties for use in an electrical field, solubility in water, and thermophysical properties
etc. The selection of working fluid for a TLT also depends on several thermal properties of the fluid.
The most important thermal properties of the working fluid are the vapor pressure, latent heat of
vaporization and surface tension. Inaddition, the thermal conductivity, viscosity, and vapor densities
of the working fluid will also affect the selection of the working fluid for a TLT. The thermal
capacity of TLTs is mainly limited by the overall heat transfer coefficient, which depends on the

thermophysical properties of the working fluid and the working saturation pressure. Generally any



liquid which can be boiled without decomposition may be used as the working fluid, but in practice
there can be many restrictions such as temperatures, a prohibition of flammable fluids, a electrically

conductive fluids etc.

1.2 Loop Thermosyphon Simulation and its Paramatric Limitations
A loop thermosyphon is a combined system of two-phase flow phenomena and almost all

kinds of two-phase flow phenomena may occur in a loop thermosyphon system.

1.2.1 Two-Phase Flow Parameters Involved in Two-Phase Loop Thermosyphons

Two-phase flow is still an area in which a theoretical prediction of flow parameters, in general,
is not yet possible. Still less, is the possibility to predict correctly the phenomena in the systems
where two-phase flows are involved such as in two-phase thermosyphons. The two-phase parameters
described by Hewitt [1978] is shown in Table 1.2.

Even though a large number of researches related to two-phase have been made earlier, there
are many situations where the prediction for a two-phase system may carry with itan uncertainty over
than 50 %.

With the exception of some of the experimental studies by earlier researchers, few experiments
have been either properly designed to provide the basic information (although many investigations
have claimed that this has been achieved) or properly instrumented to provide the necessary data.
Most experiments were conducted with the purpose of obtaining data for a particular design, paying
very little attention to other measurement and information which could be outside of the designer's

immediate need. Such data, obtained from a large number of experiments, were often correlated by



computers, thus providing correlations with no particular physical significance. It is helpful to
remember that, for an air- water mixture at ambient conditions, as an example, for the same mass flow
rate the ratio of the friction pressure gradient for gas to that for liquid is about 800:1. In many
branches of engineering science, experience enables engineers to guess a magnitude to within 50%;
this is not the case with two-phase flow. That the uncertainty in prediction remains high is due to
the large number of variables encountered in two-phase flow as Hewitt [1978] described as the two-
phase flow parameters. An extremely vast and systematic test program would be required to provide
data for a rationally described empirical correlation, and even our knowledge of some single-phase
flow is still essentially empirical. Since the most of two-phase flow correlations are empirical as
given in Table 1.3, the combination of governing variables to describe the heat transfer phenomena
in a TLT can be astronomical.

With the exception of some of the papers discussed here, most of the published analyses are
based on models and formulations often definitively questionable. Often, from these incorrect or
questionable formulations, "general correlations” have been introduced by means of high-speed
computers.

It is apparent from this brief discussion that a general method for predicting the two-phase
flow parameters or for interpreting experimental results is not yetavailable. As shown in Table 1.2
and 1.3, parameters are still depend on the experimental results. Even though many researchers have
attempted to correlate their experimental results into the empirical formula, so far such empirical
correlations are under the accuracy of + 20 % to 50 % or much more. Appendix A (flow pattern
map) and Appendix B (heat transfer coefficient, void fraction and pressure drop) present the

uncertainty of a few important two-phase parameters. In the later sections, two-phase parameters



will be dealt for as two different cases of lumped (boiling section as one lumped section) and

sectorial (depend on flow patterns).

1.2.2 Flow Regimes

Flow pattern maps and flow transition criteria are needed to simulate each flow regimes.
Widely accepted flow pattern map is that for vertical flow by Hewitt and Roberts [1969]. However,
a flow pattern map is influenced by a number of secondary variables but it is impossible to represent
their influence using only two-dimensional plot [Collier and Thome, 1994]. Also flow regime
transition criteria are still under development. As shown in Fig. A.1 in Appendix A, flow pattern

maps have a large difference with the present experimental results

1.2.3 Heat Transfer Coefficient
(a) Lumped Case

In the lumped case, the evaporator section of a two-phase system is dealt as one lumped
boiling section as illustrated in Fig 1.2.

Most of the heat transfer coefficient correlations for lumped case are reported without further
explanation of flow state or flow pattern. There are numerous investigations on forced convection
boiling heat transfer, most of them are experimental. Because of the great variety of effective
parameters and the complexity of the phenomena, theoretical analysis cannot provide a general
equation for the boiling heat transfer coefficients for different substances and different conditions.

All correlations given in the literature have a relatively large uncertainty and can be used only in



restricted cases as shown in Table B.1 in Appendix B. For this reason measurements on the heat

transfer coefficient for different substances and ditterent conditions still appear necessary.

(b) Sectorial Case

In the sectorial case as illustrated in Fig. 1.2, all possible two-phase flow phenomena which
would occur in the evaporator section are considered in detail.

For the sectorial case, the correlations of the heat transfer coefficients for each flow regimes
are needed, but they are very rarely available. Some correlations are based on annular flow regime
and some of them are in nucleate boiling regime. But the problem is that researchers tried to extend
their correlation developed for certain specific conditions (geometry, flow condition, working
condition and so on) to ‘general purpose’ with correction factor or constant. Like other two-phase
parameters, it is almost impossible for a heat transfer coefficient correlation to satisfy all working
conditions. However, the available correlations may be applied to a two-phase flow analysis with

some engineering judgement with an estimated uncertainty.

1.2.4 Void Fraction

A major problem in designing for two-phase systems is to predict the effective density of the
liquid-vapor mixture for use in obtaining the pressure change within the system. This requires the
estimation implicitly or explicitly of the proportion of the cross-section occupied by the vapor, this
is so called void fraction.

It is clear that there is a very close relationship between frictional pressure drop and void

fraction. The void fraction which is important for the estimation of frictional pressure drop may be
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simply related by the following relation [Collier and Thome, 1994].

1
x — 1.1
¢I l‘a ( )

(a) Lumped Case

For the lumped case, the void fraction correlation is mainly from Lockhart and Martinelli’s
correlation [1949]. Since Lockhart and Martinelli developed their void fraction correlation, many
reseachers reported void fraction correlations. However, their correlations are mainly the correction
of the basic void fraction correlations [Isbin et al., 1979).

As shown in Table B.2 in Appendix B, void fraction calculations for a given condition with
various correlations show large differences among them. In Table B.2 of Appendix B, itis seen that

the uncertainty is in the range of 0.4 ~ 52.2 %.

(b)  Sectorial Case

For the sectorial case, the drift flux model of Zuber and F indlay [1965] has been widely used.
Usually the drift flux model is recommended for use in bubbly and slug flow regime. But with Thih’s
correlation [1982] for annular flow regime has been applied to some two-phase anaysis. The

accuracy of this correlation has not been tested. The void fraction correlations for each flow regimes

are still very rare.

1.2.5 Pressure Drop
The earliest comprehensive study in this field was concerned with the circulation in boilers and
was carried out by Schmidtl, Schurig and Beliringer in Germany in the early 1930s. They measured
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the wall friction in a vertical pipe by weighing an internal sleeve which formed the internal surface of
the pipe. They also measured the static pressure drop; hence, knowing the wall shear forces, they
were able to estimate the mixture density.

Martinelli and co-workers [Hewitt, 1994] were the first to produce a systematic basis for
correlating two-phase pressure drop. Armand in Russia published in 1946 [givenin Ref. Chihholm,
1983] remains one of the most elegant contributions to this field.

Despite the importance of pressure drop in two-phase flow processes, and the consequent
extensive research into the topic, there is still no satisfactory method for calculating two-phase
pressure drop. The best current methods are cumbersome in structure, heavily dependent on
empirically determined coefficients, and have considerable uncertainty. Simpler forms or firmer
theoretical bases for predictive methods can only be achieved with a narrowing of the ranges of

applicability. The uncertainty range is very wide as shown in Table B.3 to B.7 in Appendix B.

(a) Lumped Case

Pressure drop correlations with acceptable accuracy are available. Even though there are a
few correlations which have been used as general correlations, these are still witha large uncertainty.
As shown in Tables B.3 to B.7 in Appendix B, although many correlations are tested for a given

condition by computational calculation, results show very large errors.

(b)  Sectorial Case
For sectorial case, the frictional pressure drop correlations are very rare. Therefore, the

uncertainty of correlations can not be discussed in the present study.
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1.2.6 Scaling Laws in Two-Phase Systems

The transfer of the experimental results obtained under scaled conditions to the reality in an
industrial plant is an old problem of engineering. There must be a sufficient similarity of the main
parameters influencing the precedents in the test equipment and in the original set-up. This similarity
can be of geometrical, mechanical, static, dynamic, thermal, thermodynamic, electrical and mechanical
nature,

In two-phase fluid flow, scaling is much more limited to very narrowly defined physical
phenomena than in single phase fluids. For complex and combined phenomena, it can be achieved
not by using dimensionless numbers alone, but in addition a detailed mathematical description of the
physical problem - usually in the form of a computer program - must be available.

In the absence of prediction methods for two-phase flows, which are reliable enough to
predict the behavior of complex systems, the designer is often faced with the need to carry out direct,
and often very expensive, experimental work on full-scale system simulations. The cost and time-
scale of such experiments could be considerably reduced, if satisfactory and cheap modeling methods
could be developed for two-phase flow systems. Scaling methods are, of course, extensively used
in single-phase flow, but the situation in two-phase flow is highly unsatisfactory. Thedifficulty is that
the parameters governing the two-phase flow are larger in number and less well understood than in
single-phase flow.

Even inassingle phase flow scaling is restricted under certain circumstances and this limitation
becomes much stronger in atwo-phase flow. While inasingle phase fluid, we have usually similarity
for hydrodynamic and heat transfer processes simultaneously, in two-phase flow each modeling law

or scaling number is only valid for a single special phenomenon.
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Scaling only with the help of dimensionless numbers is limited in two-phase flow to simple
and isolated problems, where the physical phenomenon is a unique function of a few parameters.
If there is a reaction between two or more physical occurrences, dimensionless scaling numbers
mainly serve for selecting the hydrodynamic and thermodynamic conditions of the modeling tests and
we have to separate the influencing parameter in primary ones determining the system and secondary
ones which are of minor influence.

In not too complicated cases, scaling to the original circumstances can be done by empirical
correlations considering the important physical laws of the process. Formany technical applications
in future we shall be forced to scale via a computer code which analyses and describes the thermo-
hydraulic phenomena as good as possible.

The scaling laws for forced convection single phase flow have been well established and
modeling using these criteria has long been an accepted practice. Similar reasons exist for the desire
tomodel a TLT. However, the similarity analysis for a TLT system is much more complicated due
to the coupling of the driving force and heat transfer processes. The flow condition can only be
determined by the integral effect of the thermo-hydraulic processes along the entire loop. Therefore,
in order to develop meaningful similarity criteria, it is necessary to consider these integral effects
through some forms of simplified solutions.

The determination of scaling criteria for a single phase flow is achieved through appropriate
non-dimensionalization of the well established balance and constitutive equations. However, the
same approach for two-phase flow encounters considerable difficulties due to the existing
uncertainties in the basic formulation related to balance equations, two-phase flow correlations, and

flow regime transition criteria. This fact is well described in Appendix B.
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The similarity parameters fora TLT system under a two-phase condition can be obtained from
the integral effects of the local two-phase flow balance equations along the entire loop. Evenif TLT
is working in two-phase state of the working fluid, the TLT meets with single phase regimes such as
condenser section and condensate return line. Unlike the investigation boiling section about scaling,
TLT system is fully integrated system of heat transfer and fluid flow. Therefore, the scaling of TLT
system is almost impossible to scale exactly without a large number of assumptions. So far the fully

integrated scaling laws for a TLT system has not been presented in open literature.

(a) Scaling of Heat Transfer

As reported by Ahmad [1973], the general flow boiling heat transfer governed by a large
number of variables as given in Eq. (1.2). He suggested 13 dimensionless numbers as the scaling
criteria of CHF. Also Ishii and Kataoka [1984], also recommended a similar scaling method for CHF,

but based on the transfer coefficients.
Flow Boiling = f(¢,G,AH, L,D,g,/z,p,,pg,p,,pg,cp,,cp.,,K,,Kg,a,r,ﬂ) (1.2)
Scaling criteria are shown in Table 1.4.

(b)  Scaling of Friction Pressure Drop
Pressure drop scaling of two-phase flow is described by Friedel [1977). Friedel suggested
the pressure drop scaling method with 7 primary dimensionless numbers and two secondary

dimensionless numbers, as given in Table 1.4.
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(c) Scaling of Two-Phase Integrated System

Ishii and Kataoka [1984] described the scaling method with his drift flux model in two-phase
integrated system such as TLTs. The scaling of an integrated system such as a TLT meets single
phase scaling criteria and two-phase scaling criteria. It is almost impossible to describe all
phenomera to be scaled for a TLT.

Ishii and Kataoka [1984] recommended the loop system scaling criteria with drift flux model.
As shown in Table 1.4, six dimensionless numbers for the single phase scaling and seven

dimensionless numbers for the two-phase scaling are required with some assumptions.

1.3  Instability Phenomena

Boiling two-phase flow in a TLT is inherently hydrodynamically unstable. Thermal-
hydrodynamic instabilities may cause flow excursions or flow oscillations of constant amplitude or
diverging amplitude. Flow excursions or flow oscillations are apt to develop by means of buoyancy
or compressibfiity effects. Hydrodynamic instability of a two-phase flow is not desirable since it
usually precipitates high-temperature excursion of the heating element, thus causing so-called
premature burnout. This section discusses the instabilities which cause the temperature oscillation
to occur in the thermosyphon loop and the parametric effects on flow instability.

Flow instabilities in boiling, condensing, and other two-phase flow process are undesirable
for several reasons. The sustained flow oscillations generate the mechanical vibration of
components and system control problems. Flow oscillations can affect the local heat transfer
characteristics, possibly resulting in oscillatory temperatures and may induce a boiling crisis. Flow

instability phenomena can be classified on the basis of the following general definitions [Bergles et
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al., 1981]. The instability of a system may be either static or dynamic. A steady flow is one in which
the systern parameters are functions of the space variables only, although they undergo small
fluctuations due to turbulence, nucleation, or slug flow. A flow is subject to a static instability if
another steady state is not possible in the vicinity of the original state when the flow conditions
change by a small step from the origihal steady-state ones. A static instability can lead either to a
different steady-state condition or to a periodic behavior. A flow is subject to a dynamic instability
when the inertia and other feedback effects have an essential partin the process. The system behaves
like a servomechanism. Two-phase flow instabilities are well classified in Table 1.5 which is compiled
by Bergles et al. [1981].

Usually, an instability is compound when several elementary mechanisms interact in the
process and cannot be studied separately. It is said to be fundamental (or pure) in the opposite sense.

First of all, the density-wave oscillations among many kinds of TLT instabilities mentioned
above, will first be situated within the larger framework of thermo-hydrodynamic stability of two-
phase flows. Macroscopic TLT instabilities which, in contrast to local or microscopic instabilities,
involve the entire TLT system are characteristically associated with time constants of the order of a
few seconds and can essentially be categorized as instabilities of TLTs. In the past, there has been
considerable confusion to understand this phenomenon because many experiments were designed
without making an effort to clearly define the limits of the unstable part of the system. Density-wave
oscillations are perhaps the most frequently observed and analyzed dynamic instabilities. The density-
wave oscillations are due to the multiple regenerative feedbacks between the flow rate, the vapor
generation rate, and the pressure drop [Yadigaroglu, 1972]. InaTLT loop, inlet flow fluctuations

create enthalpy perturbations in the single-phase region. When these reach the boiling region, they
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are transformed into void-fraction perturbations that travel with the flow along the TLT, creating a
dynamic pressure-drop oscillation in the two-phase region. Therefore, transportation delays in a
TLT are of paramount importance for the stability of the system, although inertial effects are also
responsible for the generation of phase shifts [Yadigaroglu, 1972]. Other auxiliary phenomena, such
as the variation of the saturation enthalpy with pressure, compressibility of the gas phase, thermal
non-equilibrium, variable heat transfer, and changes in the relative velocity between the phases,
contribute to the fundamental feed back mechanism described above by altering the phase of the
various perturbations. The following parameters cause instability [Bergles et al., 1981]:

° Geometry - TLT length, size, inlet and exit restrictions;

° Operating conditions - pressure, inlet subcooling, mass velocity, power input,

charging rate of the working fluid, forced or natural convection;

° Boundary conditions - axial heat flux distribution, pressure drop across the TLT.
These parameters lead to comm@d instability such as flow pattern transition instability, entire flow
excursion, acoustic instability, thermal oscillation, condensation oscillation and pressure drop
oscillation. In the present investigation of the the causes of the instability which can decrease the

TLT performace, are observed and the parametric effects are presented. The parameters observed

in the experiment are:
° the effect of heat flux,
° the effect of insert (orifice) size,
° the effect of condenser length,
] the effect of condenser configuration,

L the effect of flow velocity in the condenser section,
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o the effect of pressure drop across the loop, and

o the effect of working fluid amount

1.4 Objectives of Present Study

In the present study, a small scale TLT, two medium scale TLTs and two large scale TLTs
are studied in detail. The experimental results obtained from various scale TLTs will be compared
with simulation results.

The main objective of the study is to obtain a well documented consistent set of experimental
data from properly designed TLTs over a wide range of pertinent variables and to compare this data
to simulation results. On the analytical side, the problem represents a sensitive application of the
equations of conservation of mass, momentum and energy in a two-phase flow system. Since the
understanding of the two-phase flow phenomena is rather insufficient, an effort has been made to
empiricism in order to provide adequate descriptions for engineering practice. In developing the
simulation program, the present study is aimed at testing some of the mathematical models to find out
whether, among other things, the existing empirical correlations are satisfactory for the operating
characteristics of the system. An additional purpose of the present study is to analyze the system
instabilities with the help of the available mathematical tools.

In the present study, the following have been studied:

1. The experimental studies of a small scale TLT (SSL)

-  Effect of Number of Condenser Sections
- Effect of Different Evaporator Design

-  Effect of Cooling Mode, Forced Convection vs. Free Convection
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Effect of Air Flow Velocity, u,,,

Effects of Number, Arrangement and Length of Condensers
Effect of Saturation Temperature, t,,,

Effect of Quantity of Working Fluid

Effect of Inclination of Condenser Section

Free Convection Mode

Effect of Contact Resistance

Effect of Non-Condensible Gas

Total and Apparent Mass Flow Rate of the Working Fluid
Instability of Working Fluid Flow and Flow Regimes
Effect of Insert Orifice

Erfect of Vi on At,

Cooling Fan Noise Test

Transient Behaviour of TLT

. The experimental studies of two medium scale TLTs MSLLID

Effect of Quantity of Working Fluid
Effect of Saturation Temperature, t_,
Effect of V,, on At .

Effect of Air Flow Velocity, u_

Effect of t,

- The experimental studies of two large scale TLTs (LSLLID

Effect of Quantity of Working Fluid
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- Effect of Saturation Temperature, t_,
- Effect of Vi on Aty

- Effect of Air Flow Velocity, u,

- Effectoft,

- Instability of Working Fluid Flow

- Transient Behaviour of the TLT

L5  The Present Candidate’s Role and His Contribution in the Study

The author participated.in five different TLT projects and worked together with those
employed in major research institutions and company. The projects are mainly focused on the
experimental study and simulation code development. The entire projects were carried out under the
supervision of professor Yung Lee, the advisor for the present candidate. The percentage of the role

and contribution of the present candidate is given in Table 1.1.
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CHAPTER 2

'LITERATURE SURVEY
-

Loop thermosyphons have been used in a wide range of applications. In the last decade, the
amount of research in this field has increased dramatically. Studies have been carried out on one
dimensional modeling, detailed numerical calculations, system performance and turbulent transport.
Recently, the complex calculations involved in two-phase flow have been made possible with high
speed computers. Many researchers have focused on the single phase loop thermosyphons and
toroidal loops because of the difficulties of the two-phase flow phenomena and the geometric
problems of the system.

A two-phase loop thermosyphon faces a large number of variables. To simulate a two-phase
loop thermosyphon, it is necessary to collect the correct information for each variable. Hence, the
literature survey is broken down into many divisions such as two-phase loop thermosyphon
(experimental and simulation), flow-regime transition, two-phase heat transfer, frictional pressure
drop, void fraction, instability and scaling. Two-phase parameters are investigated extensively and
therefore, it is not possible to describe all literature on each parameter. In the present study,
representative literatures will be described. Also the literatures for the single-phase region, except
abrief description, will be excluded in the present literature survey because the studies of single-phase

region are found in the usual fluid and heat transfer text books.
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2.1  Loop Thermosyphons
2.1.1 Theoretical Study

Keller [1966] studied the stability of a loop thermosyphqn geometry operating with a point
heat source at the bottom and a point heat sink at the top. He used a one-dimensional model and
showed that under certain conditions the loop experiences periodic flow rate oscillations. Welander
[1967] pursued the work of Keller [1966] and showed, by carrying out a transient numerical
simulation, that such a loop can experience three modes of oscillations: a stable mode where the flow
rate is constant; a neutrally stable case where the flow rate oscillates around a mean value that does
not change direction; and an unstable case where the flow rate oscillates with time and may change
direction periodically. Keller [1966] and Welander [1967] were the first to show that instabilities
could result in flow within a rectangular loop thermosyphon as a result of the dynamics of the system.
Creveling et al. [1975] carried out a comprehensive study of for a torus located in a vertical plane.
They provided basic experimental data and made also direct comparisons with one dimensional
calculations for the stability characteristics of the flow in a natural circulation loop. Also they

provided a feasible argument to clarify the possibility of instabilities.

2.12 Toroidal Thermosyphons

To exemplify the basic approach, a closed toroidal loop of circular geometry is considered
as shown in Fig. 2.1. Toroidal closed-loop thermosyphons have been studied extensively, as they
are amenable to relatively simple analytical and numerical treatments.

Creveling et al. [1975] studied experimentally and analytically the flow inside a toroidal
thermosyphon operating with a constant heat flux condition in the bottom half and a constant wall
temperature condition in the top half. Experimental confirmation of the instabilities in a loop
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containing water at a pressure of one atmosphere and at moderate temperatures was reported. The
experimental apparatus consisted of a glass tube of circular geometry, which was heated from below
by ribbon type heating elements and cooled from above by a concentric cooling jacket. Since the
boiling on a glass surface is different from that on a metal surface, the study is subjected to question.
They showed the existence of the three stability modes reported by Welander [1967). They also
reported that the friction factor and the Nusselt number in the cooled section were higher than the
standard fully developed forced convection values.

Damerell and Schoenhals [1979] used the same geometry used by Creveling et al. [1975],
but with various tilt angles of the heated section. They showed that the maximum flow rate was
achieved when the heated section was directly below the cooled section, @ = 0, for a fixed heat flux
and a constant wall temperature cooled section. As the angle & was increased, with all other
parameters kept constant, the flow rate diminished towards zero when « = 180°. For & > 60°, the
agreement between their one dimensional model, which assumed Nu = 3.66 in the cooled section and
f= 16/Re throughout the loop, and their experimental observations seemed to be good. For small
tilt angles (& < 60°), their model predictions overestimated the experimentally observed flow rates.
Damerell and Schoenhals [1979] also produced an experimental stability map which showed , as was
noticed earlier by Creveling et al. [1975], that for small tilt angles (a = 0°), stable flows were
confined to a certain range of heat fluxes: stable at low power levels, unstable at intermediate power
levels, and stable again at high power levels. For tilt angles greater than & = 6°, the flow was always
stable, irrespective of the magnitude of the heat flux. Their one dimensional model also showed that,
fora given set of operating conditions, multiple steady-state solutions were possible. Experimentally,

they were unable to reproduce the results except for the simple case of & = 0°.
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Greifetal. [1979] and Mertol [1983] carried out transient and stability analyses of the toroidal
thermosyphon shown in Fig. 2.1 (with @ =0°) for various cooled section configurations: constant wall
temperature heat-exchanger; parallel and counterflow heat exchanger. They used a one-dimensional
approach, and solved the transient, coupled, momentum and energy equations using a finite difference
method. They also carried out stability calculations by imposing small perturbations on the steady-
state values of velocities. Greif et al. [1979] reported a good agreement between the results
produced by this technique and those obtained in the linearized stability analysis of Crevel ingetal.
[1975].

Mertol et al. [1982] carried out one-dimensional analysis of toroidal thermosyphons a step
further by studying the two-dimensional aspect of the flow. Their model allowed radial and axial
variations of temperature and radial velocity variations. When the governing equations were non-
dimensionalized, the Graetz number emerged asa parameter. The friction factor (f) and the Nusselt
number (Nu) were not needed as input data; instead they were now the outputs of the solution. It
was shown that both f and Nu reach their fully developed values when the Graetz number is small.
They compared the flow rates, obtained from their two dimensional numerical simulations, with the
experimenta] results of Creveling et al. [1975] and reported a good agreement of the comparison.
However, they reported that their model failed, however, to predict the streamwise flow reversals
observed experimentally by Damerell and Schoenhals [1979].

Ronen and Zvirin [1985] extended the analysis of Mertol et al. [1982] by studying the flow
inside toroidal thermosyphons for higher values of the Graetz number. They concluded along the
same way as Mertol et al. [1982], re-emphasizing that Nu, f, and Re approach their fully developed

values when the Graetz number is small.
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Sen et al. [1985b] studied toroidal thermosyphons with known heat fluxes. The originality
of their work lies in the treatment of the time-dependent problem where they reduced the one-
dimensional momentum and energy equations to an infinite set of ordinary differential equations using
the 27 -periodicity of the temperature. It was shown that stable, periodic or even chaotic solutions
can be obtained.

Sen et al. [1985¢] looked at the steady-state velocity of an inclined toroidal thermosyphon
with constant flux heating and constant-temperature cooling. They showed that the point of the
maximum velocity did not necessarily occur for a zero inclination angle (& = 0° in Fig. 2.1), as was
previously concluded by Damerell and Schoenhals [1979].

Lavine et al. {1986 and 1987] carried out three-dimensional, steady-state, numerical
simulations on the toroidal thermosyphon for two Grashof numbers (Gr) and three tilt angles. Their
results showed that the flow was indeed three-dimensional, with streamwise flow reversal in some
cases. This corroborates the qualitative observations of Damerrel and Schoenhals [1979] and the
quantitative experimental observations of Stem et al. [1988). Secondary cross-stream motions,
which were expected to be presented because of pipe curvature, were also obtained. It was found
that flow reversals became stronger as Gr was augmented and weaker as the tilt angle was increased.
The peripherally averaged quantities, f, Re and Nu, were generally greater than the values obtained
from correlations for fully developed flows.

Stern et al. [1988] performed laser-Doppler velocity measurements at the entrance and exit
of the heated section of a toroidal loop. Their measurements confirmed quantitatively the three-
dimensionality of the flow and established a valuable experimental data base. Their flow visualization

studies also showed the presence of streamwise flow reversals.
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2.1.3 Single-Phase Closed Loops

One of the earliest studies that employed a one dimensional model to study the transient flow
within a natural circulation single phase loop was by Alstad etal [1955). The governing equations
for a complex rectangular geometry were solved numerically and showed good agreement with
experimental results. Key features of this study were the assumption of uniform flow rates in the
loop at any instant of time and the use of steady state friction factors of the Moody type for non-
isothermal, transient operations. Flow instabilities had been observed in loops operating close to the
thermodynamic critical point of the fluid. However, Keller [1966] and Welander [1967] were the
first to show that instabilities could result in flow within a rectangular natural circulation loopasa
result of the dynamics of the system. This result was confirmed by a comprehensive series of
experiments conducted by Creveling et al. [1975], and the stability characteristics of a torus located
ina vertical plane were reported. The results formed a significant foundation for future experimental
work. They obtained a friction factor of the form: f=m/(Re)* with m =151, n=1.17 for laminar
flow and m = 0. 88, n = 0.45 for turbulent flow, and different correlations for heat transfer.

Holman and Boggs [1960] performed experiments to investigate the heat transfer to Freon
12 near the critical state in a closed loop thermosyphon. The thermosyphon system consisted of two
ve&ical branches, a horizontal bottom section with large curvatures at the corners, and a curved top
section. A lower portion of one vertical branch was heated by passing an electric current through the
tube while the upper portion of the other vertical branch was cooled in a heat exchanger. Holman
and Boggs [1960] observed fluctuations in the pressure in the order of 20 to 30 psi in the regions
close to the critical state. These fluctuations were accompanied by intense vibrations of the test
apparatus. When the cooling water flow rate was increased, the pressure was reduced and the

fluctuations subsided. However, when the cooling water flow rate decreased or the power was
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increased, the fluctuations became more severe and did not subside until the pressure had risen well
above the critical value.

Chato [1962] analyzed the natural circulation loop in vertical multiple channel systems with
different heat inputs. He investigated analytically and experimentally a system with three vertical
tubes contained between two constant temperature headers. He concluded that such systems could
be unstable due to multiple metastable flow patterns from his results. The velocity was estimated
using ink injection and it was noted that the transition to turbulence was observed at low Reynolds
numbers.

A theoretical and experimental study of the natural circulation in an apparatus with parallel
loops was made by Zvirin et al. [1981]. They used the system which was relevant to a pressurized
water reactor. It consisted of an electrically heated core and two parallel loops with a once-through
heat exchanger. Tests were performed for steady-state and transient conditions with heat removal
from either or both heat exchangers. It was shown that the core flow resistance, input heat
distribution, and upper plenum geometry yielded three-dimensional flow effects. This contributed
to the overall difference (of 30 percent) between the analytical and experimental results. Under
certain conditions, oscillations in the flow were observed. These were accompanied by instabilities
and flow reversals. The analysis utilized the assumption of a single equivalent loop. Under steady-
state conditions, the flow rate was obtained from the solution to the energy equation and the integral
of the momentum equation. For the transient behavior, overall energy balances were used to estimate
the characteristic time constant of the system. Other studies related to single-phase closed loops are
those by Hallinan and Viskanta [1985 and 1986], Sen and Ferndndez [1985a], Chen [1985], Steimke

[1985], Zvirin [1985], Damerell and Schoenhals [1979], Ramos et al. [1985] and Sen et al. [1985c¢].
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A stability analysis of the rectangular loop was carried out by Huang and Zelaya [1987].
Their results indicated that reducing the loop friction and increasing the distance between the heated
and cooled sections would improve the system efficiency but could, in turn, result in instabilities,
which would then reduce the system efficiency. A more complex configuration is related to the
Savannah River power plant, which has nuclear reactors filled with tubular assemblies containing
uranium. Under certain conditions after the reactor is shut down, the residual decay heat is removed
by natural convection only.

Huang and Zelaya [1988] presented analytical and experimental results for various values of
the hydraulic resistance. Their one-dimensional model assumed constant flux in the heated and
cooled sections and negligible heat losses from the rest of the loop. Analytically, the form losses in
the gate valve were accounted for by using an equivalent length of pipe. The results obtained with
their one-dimensional analysis agreed very well with their experiments. [t seems that one-
dimensional modeling of closed-loop thermosyphons with vertical heat transfer sections, using the
. just-mentioned assumptions, can be accurate. Analytical and experimental transient results were also
presented. It was noted that the relation for the heat transfer was almost identical to the correlation
obtained by Holman and Boggs [1960] for their data with Freon 12 as the loop fluid. It was also
pointed out that oscillations occurred during the starting period but these were damped out and

steady-state operation was obtained.

2.1.4 Open Loop Studies.
Figure 2.2 illustrates an open and closed loop single-phase thermosyphons. One of the major
differences of an open loop from a closed loop is the existence of a pressure difference between the

inlet and the outlet of the loop. Open loops can be found in geothermal applications.
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Reid et al. [1975] investigated the behavior of a concentric tube open loop that is used for
protection of permafrost. The device is called an air convection (or air) pile and makes use of a 0.457
m diameter pipe that is used for pilings. A smaller diameter (and shorter) tube was inserted
concentric with the larger pipe. In the analysis, a boundary layer flow was assumed and both laminar
and turbulent flows were considered. The authors compared the predicted vertical mean temperature
profiles, total heat removal rates, and average velocities with the available experimental data and
concluded that the model correctly predicted the gross performance of the loop. However, it was
noted that the unavailability of detailed experimental data precluded comparisons of the local
temperature and velocity profiles.

Kreitlow et al. [1978] investigated heat exchangers used to extract energy from relatively
shallow geothermal wells. They examined several interesting problems of buoyancy driven heat
transfer in enclosures. They considered thermosyphoning through and around the wellbore casing
which was perforated at two or more depths. They developed analytical models for thermosyphoning
in a cased well both with and without a heat exchanger installed. Theoretical results were compared
with experimental values. Their comparisons showed that the observed energy extraction rates and
flow rates through the well casing were possible with thermosyphoning as the only circulation
mechanism within the well bore. The model with a heat exchanger installed was parametrically
evaluated to illustrate the sensitivity of the model to estimated parameters and the effect of changes
in design variables or constraints. An analysis was also made with a heat exchanger with downward
flow inside the casing. This model was used to predict the influence of design variables on the
behavior of the system and results showed that minor design changes could increase the energy

output by over 50 percent.
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Torrance [1979] proposed a one dimensional model for an open loop embedded in a highly
conductive wall (the Earth). The ambient geothermal gradient which was linear was assumed for the
aquifer wall temperature. He investigated several loop geometries. Since the loop was open, flow
oscillations were negligible. A critical Rayleigh number associated with onset of motion was derived.
The maximum possible exit temperature of the fluid out of the aquifer was found to be 68.8% of the
temperature at the bottom of the loop. Higher exit temperatures require longer residence time in the
bottom section of the loop.

Torrance and Chan [1980] extended the above study to include the effect of a finite
conductivity of the wall with the aquifer being a half torus. Steady state flow and heat transfer were
investigated with conduction in the surrounding medium. Critical Rayleigh numbers for onset of
motion were determined for various loop aspect ratios.

Certain loop configurations can be considered neither as completely closed nor open. The
loops are open,; yet there is no pressure difference between the starting and end points as in the case
of a closed loop. One such system was discussed by Bau and Torrance [1981a and 1981b). This
distinction was made by the authors only in their second paper. The system consisted of two vertical
and one horizontal legs with the sink being a cooled reservoir. In the reference of Bau and Torrance
[1981a], they studied the transient and steady behavior of a symmetrically heated loop which inciude
both a water loop and a porus loop filled with water. Their results showed that the system was
always unstable when there was no critical Rayleigh number associated with onset of motion. This
was also confirmed by a linearized stability analysis. The time delay for the onset of motion was that
required for secondary flows to diffuse warm fluid into the vertical legs. They developed a one
dimensional analytical model and they solved the govemning equations numerically. They also
concluded that secondary flows tend to increase the friction factors above that of the conventional
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correlations. In the second paper, the effect of asymmetric heating in the loop was discussed. Here,
two heaters were used; one in the horizontal segment of the loop and other in one of the vertical legs.
With no power to the heater in the vertical leg, the motion was equally probable in both directions.
It was concluded, both from the experiment and analysis, that if the heating is in the leg with an
upward flow, (in addition to the horizontal segment) the system is always stable. On the other hand,
with heating in the leg with downward flow, flow oscillations were observed and results in flow
reversal only if the ratio of the power input to the vertical leg to that in the horizontal leg is less than

a critical value.

2.1.5 Multidimensional Studies

Presence of multidimensional flow patterns in natural circulation loops was reported by many
investigators, e.g., Creveling et al. [1975), Damerell and Schoenhals [1979], Bau and Torrance
[1981a and 1981b}, Zvirin et al. [1981] and by Stern and Greif [1988).

Mertol et al. [1982] performed a two dimensional analysis of a toroidal loop. The variations
in the axial and radial directions were allowed while symmetry about the axis was assumed. The
stgady state velocity and temperature distributions were obtained by numerical solution of the two-
dimensional governing equations. The Graetz number emerges as the governing non-dimensional
parameter. New correlations for friction factor and Nusselt numbers were obtained. The results as
compared with the experimental data of Creveling et al. [1975] show a good agreement.

Lavine et al. [1986] performed a three-dimensional analysis of a toroidal loop. The
governing equations were solved numerically. The results show that the flow was strongly three-
dimensional with existence of cross and reverse flows. The flow was assumed to be steady, laminar,
and symmetric about the vertical plane containing the circle of radius formed by the pipe centerline.
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The conservation equations were solved using a modified version of the TEACH code [Patankar,
1980]. Some of the interesting conclusions were drawn. The variation of friction factor and Nusselt
number around the loop was presented. These were different from those obtained from one and two
dimensional analyses. The presence of stream wise flow reversals causes the friction factor to
decrease contrary to expectations. Flow reversals also decrease buoyancy and have strong influence
on the mean axial velocity. This study was followed by Lavine et al. [1987], where the effect of
Grashof number is discussed. It was found that three dimensional effects increase with increasing
Grashof number.

Velocity measurements using laser-Doppler velocimetry at the entrance and exit to the heating
section of a toroidal loop were carried out by Stern et al. [1988]. Results showed three dimensional
velocity profiles for four different heat inputs. Flow visualization techniques were also used to
observe the complex flow field. In particular, flow recirculation in the longitudinal (axial) direction
and circumferential secondary flows were noted, as well as transient motions. The longitudinal
velocity and temperature profiles were in the region leaving the heated section and were along the
diameter that extended from the inner surface at the radial distance R - a (Fig. 2.1), to the outer
surface at R +a (Fig. 2.1). It was concluded that the presence of cross stream secondary flows and

stream wise flow reversals emphasized the importance of including three dimensional effects.

2.1.6 Two-Phase Loop Thermosyphons

Japikse [1973] and Greif [1988] reviewed many types of natural circulation loops. Japikse
[1973] was the first to present an in-depth review. He differentiated closed thermosyphons from loop
thermosyphons, the former being characterized by a flow along the heated (or cooled) wall with a
flow in the opposite direction along the core of a tube and the latter by flow being predominantly
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in one direction. In later investigations, these systems were called natural circulation loops as
opposed to closed thermosyphons. However, Japikse's review concentrated more on closed
thermosyphons.

Wallis and Heasley [1961] carried out a mathematical study with three modes of oscillation
inasimple TLT. They also attempted to explain the oscillations in physical terms. The qualitative
descriptions were supported by their experimental observations of a glass natural circulation loop
utilizing pentane as the heat transfer fluid. They considered the loop as a dynamic system of
nonlinear time delays, storage elements (capacitors), and resistances. They employed a Lagrangian
coordinate model which permited an exact solution of the conservation equations for a channel
subjected to a cyclic variation in inlet flow and then applied small perturbation techniques. Theuse
of Lagrangian variables resulted in the elimination of the problems associated with mixed partial
differential equations in time and space by expressing the position of a fluid particle in terms of its
residence time in various parts of the loop. Three possible mechanisms that they distinguished
were: (a) oscillations caused by changes in riser buoyancy, (b) oscillations excited by the heater
section. and (c) oscillations caused by a restriction at the top of the riser. They investigated the first
two analytically and enumerated the general conditions for stability although they did not apply the
solutions to any particular physical problem.

The first important theoretical and experimental study of oscillations of two-phase loop
thermosyphon was performed by Wissler [1956). In this investigation a TLT was built, using water
as the working fluid. Wissler studied the periodic oscillations of flow rate and fluid temperature
using a loop that operated in the two phase region. His experimental results showed that stable
operation was possible at both low and high power. If the temperature in the riser did not exceed
the boiling point, low power stable operation was possible. Also ifthe entire riser contained a water-
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steam mixture, high power stable operation was possible. He also observed that intermediate power
resulted in oscillatory modes of operation. He showed that the period of oscillations was inversely
proportional to the mean velocity provided that some steam was in the riser at all times. When the
presence of the steam was intermittent, the periods were found to be much longer. He also studied
analytically that the product of the coefficient of expansion of the fluid, dp/dh, and the vertical height
of the riser must exceed a certain value if the flow perturbation was to be sustained. His results
showed that the period of oscillations was approximately equal to the residence time of the fluid in
the heater and vertical riser. In order to predict the period of oscillation, the basic equations such as
the conservation equations and an equation of state, were applied to the loop. This analysis showed
the similar trend in oscillations from his graphical presentation, but the periods were less than the
experimental results.

McDonald etal. [1977a, 1977b] and Ali and McDonald [1977b] studied a waste heat recovery
system that evolved from the concept of combining the physical flexibility of a liquid coupled heat
exchanger with the natural circulation characteristics of a two-phase loop thermosyphon. The
studies were carried out to recover ventilation waste heat. Experiments were carried out in two
separate test loops. One was used only for data acquisition and the second was used for data
acquisition and flow visualization [McDonald et al., 1977a]. The performance of the loops were
evaluated in terms of a loop conductance, U. They tried to investigate many parameters to see its
affect on the performance of TLT heat exchangers. Parameters included the inclination of tubes,
temperature differences between evaporator and condenser, different tube lengths, and different tube
diameters. They used two different working fluids, R-1 13 and R-11, for various fills (or charges),
orientations, and source and sink temperatures. They showed that the conductance increased with
larger angles of rotation of the loop as a result of the decreased flooding in the condenser and dryout
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in the evaporator (especially for small fillings). For the small fillings at high inclination angles, the
conductance dropped off as a result of the increased transport resistance required to pump the
liquid and vapor up the vapor header through a change in elevation. It was also shown that an
optimum filling existed that would yield the maximum conductance for a given loop rotation angle
and temperature difference.

Aliand McDonald [1977b] developed a computer program that simulated the experimentally
observed behavior reported by McDonald et al. [1977a). Many empirical correlations available in
the literature were used at conditions beyond the range of variables over which they were established.
They also noted a difficulty in determining the best method to treat the transition regions between the
various flow regions in the evaporator. In spite of these difficulties, the computer program predicted
values of the surface temperature, heat flux, and overall loop conductance that agreed well with their
own experimental results. Using this program, McDonald and Ali [1977b] presented the results for
a number of calculations to illustrate the typical behavior of thermosyphon loops. The calculations
were performed for unidirectional and bidirectional studies. Experiments and calculations for
multiple-loop two-phase thermosyphons were compared to each other by McDonald et al. [1978],
for unidirectional operation and by McDonald and Sampath [1980] for bidirectional operation. It
was shown for both systems that a careful selection of the coil tube diameter and length, as well as
the loop filling, could provide very good loop conductance values over a wide range of temperature
differences in multiple-tube, two-phase thermosyphon loops. The operational range of the systems
was found to be limited by evaporator tube dryout for large temperature differences and by boiling
suppression for small differences. The bidirectional system was found to yield a smaller loop
conductance than the corresponding unidirectional system. This was thought primarily due to the
flooding in the condenser which thus decreased its performance. In addition, the bidirectional system
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was found to be much more sensitive to the loop filling.

Large amounts of work on TLTs were also reported by McDonald and Raza [1984],
McDonald et al. [1984], Mathur et al. [1986], Stauder et al. [1986], Mathur et al. [1987] and
McDonald et al. [1987).

Ramos et al. [1985] carried out an analysis on two-phase zones of a TLT with heat addition
and extraction. The single-phase regions were adiabatic. In the two-phase zones, the properties were
assumed to vary linearly from one phase to the other. Several cases were studied and a particular
example showed that friction forces were unimportant. This resulted in simplified expressions for the
mass flow rate and the maximum velocity. It was concluded that the heat could be transferred trom
one point to another regardless of its relative position when certain geometric conditions were
satisfied. Multiple solutions were found but it was noted that one or both solutions could be
unstable.

Ramos et al. [1990] analyzed the steady state flow in a two dimensional square loop where
the opposite legs of the loop were held at constant but different temperatures. Several temperature
differences and tilts of the loop were considered. The govemning equations were solved numerically
using a method similar to the SIMPLE algorithm [Patankar, 1980]. The streamlines were presented
for the various tilts. Flows with either single or with multiple local cells were reported for various
tilts. Striking changes occurred in flow pattemn for changes in tilt of only one degree. This study
demonstrated the existence of multiple solutions for a two dimensional loop.

It seems that there is no systematic study made on the size effect of TLTs. It must be noted

that the size of a TLT has a significant influence on the two-phase flow involved.
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2.2  Vertical Upward Two-Phase Flows
2.2.1 Flow Pattern Map and Flow Pattern Transitions

The main difficulties in any two-phase flow modelling arise from the existence of interfaces
between phases and discontinuities associated with them. The intemal structures of two-phase flow
are classified by the flow regimes or flow patterns. Various transfer mechanisms between two-phase
mixture and the wall, as well as between two phases, depend on the flow regimes. This leads to the
use of regime dependent correlations together with two-phase flow-regime criteria. From this point
of view, many works have been undertaken to predict flow regimes Although nearly all investigators
agree that the flow pattern has a major influence on most two-phase (gas-liquid) transport
phenomena, the influence of flow pattern is often ignored when predictions are made. This tendency
may, in fact, be ascribed to the lack of generally accepted criteria for th;’, transition between the
various flow patterns.

The first one that recognized the importance of the flow pattern as a starting point for the
calculation of pressure drop, void fraction, heat and mass transfer was Baker [1954]). He published
the earliest flow pattern map for horizontal flow. In this map one coordinate is dimensionless while
the other is dimensional. A popular map for horizontal flow was proposed by Mandhane et al.
[1974]. This map is based on extensive data bank and is given using ug and u, as the coordinates.
Taitel and Dukler [1976] derived a flow pattern map for horizontal and slightly inclined pipes which
is based solely on mathematical modelling. Based on their modelling they were able to plot a two
dimensional generalized map for the horizontal case and for pipes with shallow inclination. Weismnan
etal. [1979], Weisman and Kang [1981], and Crawford et al. [1985] published a set of correlations

for horizontal as well as vertical flows.
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Weisman et al. [1979] concentrated on the effect of fluid properties on the flow patterns.
Their results, however, differ considerably from Taitel and Dukler theory with regard to the
intermittent to annular transition in high liquid flow rates and with regard to the stratified-intermittent
transition at high viscosity. Also experimental data [Taitel and Dukler, 1987, and Andritsos and
Hanratty, 1987] suggest that the effect of viscosity is quite significant.

Spedding and Nguyen {1980] published a set of two dimensional maps for horizontal and
inclined pipes, using (us/ (gD)**)°* versus Q/Q, foreach specific inclination. Their experiments were
performed in 4.54 cm, water-air system and the choice of dimensionless coordinates based primarily
on intuition.

Recently, many different flow regime maps have been developed for the prediction of flow
patterns under various flow conditions. Lin and Hanratty [1987] have provided a plausible
explanation as to why such regimes have failed to be observed by some workers and they tried to
explain some degree of disagreement amongst investigators about some of the transitions between
flow regimes and the mechanisms which are involved.

Spedding and Spence [1993] have provided experimental results which were obtained from
the two-phase air-water co-current flow in a 0.0935 m ID pipe. They attempted to identify the flow
regimes by a combination of visual/video observations, pressure loss and holdup data examinations
and pressure loss fluctuating characteristics.

Upward two-phase flow is usually much more chaotic and difficult to describe. Asaresult,
flow pattern maps of different researchers, differ considerably from each other. Owing to the
practical importance of vertical flow, considerable efforts were devoted to resolve this problem.
Many flow patterns maps were proposed, usually based on experimental data alone and plotted on
atwo dimensional map with various dimensional or dimensionless coordinates. Wallis [1969], Govier
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and Aziz [1972] used ugs and u; as coordinates. Hewitt and Roberts [1969] as shown in Appendix
A used the momentum fluxes as coordinates pGugs’ and pu, . Gould etal. [1974] used u¢(p/go)"
and u5(p/go)". Griffith and Wallis (1961) used the dimensionless coordinates ug/ug and u’/gD.
Oshinowo and Charles [1974] used (ugs/us)'? and us*/(gD(A)**) where A = u/(Ss0°5)" and ps, Sq
and o, are the specific viscosity, specific gravity and specific surface tension of the liquid, each
relative to that of water, respectively.

A model for the case of vertical flow was proposed by Taitel et al. [1980]. He modelled
the transition boundaries between bubble, intermittent, and annular flows and proposed the resulting
transition boundaries presented in the form of algebraic relations that are sufficiently simple as shown
in Appendix A.

Recently, a large number of papers were presented the pattem transition models for vertical
flow [Mishinia and Ishii, 1984, McQuillan and Whalley, 1985, and Bilicki and Kestin, 1987]. In
these papers additional attempts to model flow pattern transition for vertical flow were made.

Even though the vertical and the horizontal cases attracted the prime attention, the inclined
cases were also considered. Weisman and Kang [1981], and Spedding and Nguyen [1980] presented
flow patterns maps for the upwards inclined pipes for various degrees of inclination started from
horizontal base.

Stanislav et al. [1986a, 1986b], and Mukherjee and Drill [1985] collected data for upwards
as well as downwards inclinations and reported usually good comparison with existing flow pattern
maps.

Bameacetal. [1980, 1982a, 1982b, 1985a, and 1985b] collected the systematic experimental
data for all inclinations from -90° (vertical down) to +90° (vertical up). Also he modified the theory

for the transition boundaries and extended to include the effect of small deviations from the horizontal
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or vertical cases. Weisman and Kang [1981] proposed correlations for the transition to dispersed
bubble and to annular flows which do not depend on the angle of inclination. Even if the accuracy
of their correlations is uncertain, the use of the same correlations for all inclinations are probably well
Justified.

In light of this dilemma, the so called a ‘unified’ model, that is applicable to all angles of
inclination in a natural smooth way was proposed by Barnea [1986, 1987]. In this work the ‘old’
transition mechanisms were reevaluated and modified and some new ones were presented to yield a
complete theory for friction boundaries that are applicable to all angles of inclination. Although the
validity of this recent approach is still subject to experimental testing, it seems to handle the
dependence of the flow pattern on the inclination angle rather well. The model identifies transition
mechanisms for each individual boundary and a logical path fora systematic determination of the flow
pattern is suggested. This model incorporates the effect of fluid properties, pipe size and inclination
angle in a unified way that is not restricted to a specific range of pipe inclination. This model relies,
in many ways, on the previous works of Taitel and Dukier [1976], Taitel et al. [1980] and Barnea et
al. [1982a, 1982b], but it provides the needed extensions that make the prediction of the flow pattern

free of limitation due to the inclination angle.

2.2.2 Heat Transfer Coefficient Correlations

In an evaporator tube, the heat transfer may take place in various forms, as the working fluid
is transformed from a subcooled liquid at the entrance to the evaporator tubes to either a wet or a
superheated vapor at its exit. Each of these mechanisms will be reviewed in order in which they
would normally be expected to occur in the evaporator and a summary of the literature survey is

presented in tabular forms.
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(a) Lumped Models (Boiling Heat Transfer Coefficients)

The development of two-phase heat transfer coefficient correlation is an important area.
Many researchers are trying to attach the term ‘general correlation’ to their correlation. But this can
not be possible just as one two-phase heat transfer coefficient correlation can not accommodate all
heat transfer phenomena. A literature survey reveals that there are numerous correlations available
for this particular heat transfer mechanism. These correlations were derived for different sets of
physical conditions and for a variety of working fluids. There are numerous correlations for heat
transfer coefficient correlation, but the most of these correlations are some modifications of
Martinelli’s [1949, given in Collier and Thome, 1994], Chen’s [1966, given in Collier and Thome,
1994] and single-phase forced convection heat transfer equation such as Dittus and Boelter [1930].
The saturated forced convection is mainly classified into the following two categories:

1. Heat transfer due to convection only, and

2. Heat transfer due to convection and saturated nucleate boiling
Martinelli’s suggestion [1949] represents for the first category and Chen’s correlation [1966] for the
second. Assuggested by Martinelli, many of the correlations which have been proposed for the two-

phase convective heat transfer are in the form as;

h, 1
T'ﬁ{xj @1

The Martinelli’s suggestion given as Eq. 2.1 was confirmed by Dengler and Adams’s
experimental results [1956]. Since then, a number of researchers are attempted to extend

Martinelli’s suggestion by the following form:
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Even since Chen [1966) proposed his equation which attempted to describe the sum of the
contribution of correction and bubble nucleation, his equation has been modified by many researchers
based on their own experimental results. This trend still continues. Although Martinelli’s and Chen’s
correlation were developed over 30-50 years ago, many researchers are still trying to make their

experimental results to fit the following format [1966).

h, = Fhe. + Shy, (2.3)

Chen’s correlation is very popular in flow boiling heat transfer coefficient calculation.

The correlation by Dengler and Addoms [1956] which was developed based on Martinelli’s
suggestion, had also been modified by many researchers [Appendix C, 1956 - to-date]. However,
since Chen’s correlation appeared, many researchers have tried to fit Chen’s correlations with their
experimental data [1966 - todate]. Many later experimental studies such as those of Anderson et al.
[1966], Chaddock and Noerager [1966], Jallouk {1974}, and Mohr and Runge [1977] have indicated
that the Chen’s correlation tends to overpredict the effect of nucleation, thereby resulting in large
deviations. Furtherrefinementsin Chen's correlation were directed at predicting the nucleate boiling
component with other pool boiling correlations. Jallouk incorporated the Rohsenow pool boiling
correlation [1952], while the Cooper correlation [1984] was used by Gungor and Winterton [1986].
Efforts were also directed at correlating the enhancement factor, F, and the suppression factor, S, in

the Chen'’s correlation to a number of operating and system variables, e.g., Ross {1985] and Bennett
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and Chen [1980].

Shah [1976] suggested a graphical correlation which could successfully represent experimental
data for water, freons, ammonia, hydrocarbons from 18 independent literature sources. Better than
90% of 780 experimental points were found to be in the + 30% range. However, an attempt to apply
this correlation to the data on cryogenic liquids was not successful. .

Bjorge et al. [1982] extended the version of Rohsenow’s well known interpolation formula
which is supposed to be valid for both nucleate and convective boiling regions. They employed the
Colburn’s equation [1933] for the single phase convection, the Mikic and Rohsenow’s correlation
[1969] for the nucleate boiling contribution, and the procedure of Bergles and Rohsenow [1964] for
the wall superheat at the incipience of boiling. From a comparison with a limited body of data on
water, Bjorge et al. [1982] concluded that their correlation was more accurate than that of Chen
because it gave a mean deviation of 15%, as against 17.4% in Chen's correlation. His correlation is
only applicable to steam-water flows.

In the high-quality region, the correlation of Traviss et al. [1972] for annular flow
condensation was slightly modified after testing it against non-nucleating forced convection boiling
data. Bjorge et al.'s final correlation [1982] could correlate the water data derived from eight
different sources better than the Chen correlation (13.9 percent against 17.4 percent). The basic heat
transfer model of Bjorge et al. was employed by Yilmaz and Westwater [1980] to study the effect of
velocity on the nucleate boiling and flow boiling mechanisms of R-113 flowing outside a circular tube
in crossflow.

Other related studies can be found in the works of Kandlikar and Thakur [1982] , Kandlikar
[1983], Khanpara et al. [1986], Gungor and Winterton [1986], Gungor and Winterton [1987] and

Kilmenko [1988]. The uncertainty and detailed equations are shown in Appendix B.
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b) Sectorial Models (Boiling Heat Transfer Coefficients based on Flow Patterns)

Heat transfer coefficient based on flow pattern model is very rare. [Kutatelaze, 1961,
Mikielewicz,1973, Bohdal et al., 1999, Wadekar and Kenning, 1990, Kenning and Cooper, 1989,
Lavin and Young, 1956, and Rhee and Young,1974). But as described above, two-phase forced
convection heat transfer coefficients are basically developed in some specific flow patterns. For
example, Martinelli’s [1949] and Chen’s correlations [1966] are based on annular flow. However,
their correlation is developed for general purpose from their experimental data. Other researchers
have tried to confirm or modify these correlations for their own data obtained from the lumped flow
boiling regime.

A few correlations are developed for specific flow pattemns. Even though there are few
research in developing two-phase heat transfer coefficient based on the specific flow pattern, the basic
flow patterns are limited to bubbly flow [Kutatelaze, 1961, Mikielewicz, 1973 and Bohdal et al.,
1999], slug [Wadekar and Kenning, 1996 and Kenning and Cooper, 1989}, annular flow [Lavin and
Young,1956 and Rhee and Young, 1974], and drop flow [Lavin and Young, 1956]. The few

correlations based on the flow pattern model are given in Appendix C.

(c) Condensation Heat Transfer Coefficients

When vapor flow enters into a condenser, vapor is reduced to its saturation temperature, and
condensation process starts. The latent energy of the vapor is transferred to the cold surface by the
condensation heat transfer process. Mainly, the condensation processes are divided into filmwise
condensation and dropwise condensation. In the present study, only film condensation will be
considered. In the film condensation process, the surface is blanketed by the film which grows in

thickness as it moves down the plate ora tube. A temperature gradient exists in the film, and the film
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represents a thermal resistance to heat transfer.

A literature survey on this topic reveals that there are a number of correlations available to
predict the heat transfer coefficients for the condensation process. However, most of these
correlations are fqr falling film, i.e. for film condensation outside surface. The film condensation
process inside tube is based on the Nusselt’s theory [1916] and from this, many condensation heat
transfer coefficient correlations have been developed. The condensation heat transfer inside a
vertical tube has been extended from the Nusselt-type falling film condensation analysis.

Inan early study, Ananiev etal. [1961] proposed to correlate the local heat transfer coefficient
for convective condensation. In more recent studies, investigators have proposed correlation
techniques for the local condensing heat transfer coefficient that allow for variation of the two-phase
flow regime along the flow passage.

Chato [1962] developed a detailed analytical model of the heat transfer for these
circumstances. His results implied that this type of flow configuration exists for the inlet vapor with
Reynolds numbers (Re) less than 35,000. Predictions of the analytical model and experimental data
were found to agree well. His relation for condensation heat transfer coefficient correlation is
identical to the relation obtained from the classic Nusselt analysis for a vertical flat plate of height
except that the multiplying prefactor has been changed. Flow of this type may be encountered near
the end of the condensation process when the void fraction is still large, but the deceleration of the
flow has dropped the vapor velocity low enough to produce stratified flow with a thin film of
condensate on the upper portion of the tube wall.

At moderate to high inlet vapor velocities, annular flow film condensation is established
almost immediately at the inlet and persists over most of the condensation process. A number of

investigators have proposed ways of predicting the condensation heat transfer coefficient for annular
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flow conditions. Three of the more useful correlations are those developed by Soliman et al. [1968],
Travissetal. [1973] and Shah [1989]. Inthe annular flow film condensation analysis, it became clear
that the shear at the interface and at the tube wall were linked directly to the transport of heat across
the liquid film. Bgsed on a purely empirical approach, Shah [1989] has proposed the correlation as
abest fit to available convective condensation heat transfer data for round tubes. In a similar fashion
to Shah’s, Chen et al. [1987] proposed the relation for the local Nusselt number in the presence of
vapor shear.

There are a few correlations for condensation heat transfer coefficient for the condensation
on the external horizontal pipe with fins [Beatty and Katz, 1948, Smimov and Lukanov, 1972, Honda
et al, 1983, Marto et al., 1990, Sukhatme, 1990, Cavallini, 1999 etc.]. This kind of condensation
process in a special geometry is very difficult to describe. Usually, the condensation in the extended
surface is estimated with geometrical heat transfer efficiency. But this kind of condensation meets
a few other difficulties such as flooding, innundation, etc. Previous research on this type is focused
on the extension of the Nusselt’s film condensation analysis [1916]. Researchers tried to include the
effect of the extended surface into the Nusselt’s correlation. Sukhatme [1990] reviewed the
condensation heat transfer on extended surface well. Recently, Cavallini et al. [1994a, 1994b, and
1994c], Marto et al. [1983, 1984, 1986, 1987, 1988a, 1988b, and 1990] and Honda et al. [1983,
1984a, 1984b, 1985, 1986, 1987a, 1987b, 1987c, 1987d, 1987¢, 1989a, 1989b, and 1991] studied
extensively about the condensation heat transfer on integral fin tubes.

Detailed equations for condensation heat transfer coefficient correlations are given in Appendix
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2.2.3 Void Fraction Correlations

Void fraction is an essential parameter in a two-phase flow because the frictional,
accelerational and gravitational pressure drop components depend directly on the void fraction.
There are many empirically and theoretically derived models in the literature, but an extensive
investigation has revealed that none of the correlations is generally applicable and that the accuracy
in extreme conditions is limited. The uncertainty of the void fraction correlations has large
differences according to the working fluid and geometries. In fact, the void fraction is affected by
a variety of variables including fluid properties, mass flow rate, quality, channel geometry, heat flux,
flow pattern etc. Indeed a rather strong influence is also set up by the flow pattern, making it
therefore desirable to express the void fraction individually for each flow pattern. Various void

fraction models are given in Appendix E.

(a) Lumped Models

Even though there are many empirical and theoretical correlations to predict the void fraction
as the “General correlation”, void fraction correlations are mainly either homogeneous or velocity slip
ratio model. They are shown in Table E.1 in Appendix E.

The homogeneous void fraction is often quite different from the real void fraction and is not
recommended. Armand {1946, 1947] has therefore proposed a simple corrections for the

homogeneous void fraction model to accommodate the problem which is given as:

a=FEFa, (2.4)

where, E, is either a constant or a weak function of properties. However, this simple form of
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correction is of limited applicability.

Levy [1960] has proposed a momentum exchange model which expresses quality as a func-
tion of void fraction and density ratio. The equation introduces no empirical parameter but the
calculated void frgctions are too low except at p = 14480 kN/m>.

The approach based on the slip ratio model has been applied to many two-phase systems
mainly developed by Lockhart and Martinelli [1949]. Lockhart and Martinelli correlated low-
pressure air-water and air-oil void fraction data using the parameter, X, which has been called as the
Martinelli parameter.

The void fraction correlation based on the Martinelli parameter has been used by many
researchers. Butterworth [1975] explained the simple void fraction relationship with six correlations

based on Martinelli parameter as:

1
l+A(l_'_x)P[!i)q(ﬂJ’ @.5)
* Pe) \Hy

Constants p, g, r have been obtained by many researchers by fitting with their experimental results

[Zivi, 1964, Barozy, 1965, Thom, 1964 and Turner and Wallac, 1965]. These values are given in
Table E.! in Appendix E.

Martinelli and Nelson s correlation [1948] was developed from a semi-empirical base for
horizontal flows without any phase change. However, this correlation which is basically for systems
at low pressure with negligible body and inertia forces has been widely used for other situations. An
alternative void correlation is developed by Kowalozewski [1964, givenin Friedel, 1977). Hestarted
with an analysis of the variables that significantly affect the void fraction in a vertical upflow. From

his correlation, the Froude number and the critical pressure ratio are supposed to cover the influence
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of hydraulic diameter, mass flow rate and fluid properties on void fraction.

Friedel [1977] attempted to apply the relationship of Kowalczewski [1964] to R-12 data in
vertical upflows and arrived at values of the exponents and of the coefficient which further augment
the influence of the Froude number but significantly reduce the pressure influence back to that
originally proposed by Kowalczewski. The range of validity for these quantities is limited. Loscher
etal. [1973] suggested a void correlation for horizontal flow similar to the basic type of Kowalczwski
[1964] where the constant coefficient is replaced by an additional critical pressure ratio raised to a
negative power.

Beggs and Birill [1973] have shown that the void fraction depends on the orientation of the
flow channel unless the flow is homogeneous. They define the effect of the inclination with the
following expression; (1-@)y = (1-e),,{ 1+C[sin(1.88)-(1/3)sin’(] .86)]}. The quantity C was
correlated as a function of the mixture Froude number, liquid velocity number, [Vu(p/p,)0.25], and
Q(Qi + Q) . The functional relationship to be used depends on the flow pattern which would exist
in horizontal flow at the same gas and liquid flow rates. It is interesting to note that for vertical
upward flow it is close to unity. Greskovich [1973] also presented the effect of pipe inclination on
the liquid fraction based on his experimental data. He showed that the liquid fraction increases with
the increase of the angle at the same Froude number.

Isbin and Biddle [1979] described 12 different correlations for void fraction and compared
the calculated results of these 12 correlations under a given condition. Their comparison showed
that 12 correlations has large uncertainty in a specific condition. This comparison is shown in Fig.

B.1 in Appendix B.
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(b) Sectorial Models

The large uncertainty from the correlations based on the homogeneous flow model led to a
few new approaches which attempt to model the hydrodynamic feature of two phase flows under
different flow patterns.

Armand [1946] correlated his experimental data for the void fraction in air-water two-phase
flow system. His correlation is mainly explained by plotting « against 8 and he observed the void

fraction with the range up to 0.72 (f =0.0). He recommended the following relationship with C,

=0.83.

a=C,p ' (2.6)

Bankoff[1960] suggested a variable density model to predict the void fraction. His approach
is mainly based on the homogeneous model with the correction for two-dimensional effects. He also
suggested a new treatment for C, and showed that the value of C, increases with pressure.

According to Dukler et al. [1964], the method of Hughmark [1962] most successfully
correlated the void data. The Hughmark’s correlation is based on the variable density model of
Bénkoff [1960], a hybrid of the completely separated and the homogeneous models. He considered
a mixture in which the two phases flow with equal velocity as a suspension of bubbles in the
surrounding liquid and where radial gradients exist in the concentration of the bubbles. It is
suggested by Hughmark [1962] that Reynolds, Froude and Weber numbers will influence the
distribution and thus the flow parameter. In addition, the parameter will be affected by the ratio of

liquid to vapor volume rate if there is no slip between the phases.
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The evaluation of the dependency of the flow parameter or void on the prodﬁct of the four
numbers raised to powers proved that the Weber number was not significant and that the remaining
three variables represented the data with sufficient accuracy.

The Hughmark correlation was originally derived for the prediction of the void fraction in
vertical upflows. However, the subsequent testing by Hughmark [1962] and Dukler et al. [1964]
have demonstrated also its applicability to horizontal flows.

Zuber and Findlay [1965] developed drift flux model. The drift flux model is mainly fully
developed by Wallis [1969] and further improved by Ishii [1975, 1977, and 1982] and Inayatullah
[1977] with the basic relationship as givenin Eq2.7. Zuberand Findlay tried to apply the drift flux
model for the bubbly and slug flow regimes and Ishii [1982] tried to apply for the annular flow
regime. From these studies, it is seen that the drift flux model is valid only in case of #,, >005;.

This implies that the drift flux model is applicable for bubbly and slug flow regimes.

(a)= (4)

= m 2.7

Even though the slip ratio model is not strictly applicable solely to bubbly flow, both Smith
[1969] and Chisholm [1983] have derived simple and useful expressions for the slip ratio. Smith
[1969] assumed a separated flow consisting of a liquid phase and a gaseous phase with a fraction, e,
of the liquid entrained as droplets. He assumed that the momentum fluxes of the two separated
phases were equal.

Ishii [1977] suggested the value of C, and the expression of u, , applicable for annular flow
regime but he concluded that the drift flux model is not really suitable for annular flows. The annular

flow void fraction model was derived for annular flows by Smith [1969]. The main feature of this
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model is the dependence of the void fraction upon the liquid entrainment factor, E| i.e. the fraction
of the total liquid flow which is entrained in the gas-core, in addition to the other flow parameters
(e.g. quality, fluid properties etc.). Although, the main drawback is the validity of the assumptions
which have been' used for the derivation, these correlations can provide reasonably accurate
predictions for void fraction. However, assumptions such as equal momentum fluxes between the
two phases or minimum kinetic energy or homogeneous flow of gas and the entrained liquid droplets,
are questionable.

All equations for void fraction are given in Appendix E.

2.2.4 Pressure Drop Correlations

In any evaporating and condensing heat exchanger system, the working fluid undergoes a
phase change and it may exist in either single- or two-phase state. In the following section a literature
survey is presented on the correlations available to predict the pressure drop and for single-phase and
two-phase regions. Empirical correlations are usually the most reliable prediction methods for two-
phase pressure drop within their data base. However, the uncertainty of their prediction becomes
high once extrapolated beyond the range of validity as seen in Appendix B. This may be mainly due
to the incorrect parametric trends exhibited by most correlations. Phenomenological models, on the
other hand, provide generally correct parametric trends, but their predictions are less reliable than
those of empirical correlations over specific conditions. This is primarily due to the simplified
assumptions introduced in the calculation.

A number of models have been developed for predicting two-phase pressure drop. Some
correlations are developed in graphical formats but some correlations are difficult to use due to the

extremely complicated approach.
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(a) Lumped Models

The literature on generalized two-phase frictional pressure drop is voluminous and includes
a wide variety of calculation procedures. Designers and analysts, who encounter two-phase flow
problems only occ_asionally, are often in need of some guidance in selection of an appropriate
calculation approach.

Two-phase frictional pressure drop correlations are well described by Chisholm [1983] and
Friedel [1977]. The correlations for the two-phase pressure drop for diabatic and adiabatic flows are
of importance in many technical flow problems. A literature survey on the correlations available is
presented in Appendix F for the calculation of two-phase frictional pressure drop, total pressure drop
and the void fraction. The methods proposed have varied from semi-theoretical to empirical
correlations. Lockhart and Martinelli [1949] developed an empirical correlation for the two-phase
frictional pressure drop calculation and this correlation can still be found in many recent research -
paper as a correlation to calculate frictional pressure drop in two-phase flows. Although the
proposed method of Lockhart and Martinelli [1949] has perhaps been the most widely used, where
the use of two-ph_ase frictional multipliers whose actual values have been determined empirically, have
allowed helpful predictions to be made for certain flow regimes. From literature, there are a large

number of correlations which have been used as the generalized correlations. They are;

the homogeneous model,

- the Lockhart and Martinelli correlations [1949],
- the Baroczy correlation {1966],

- the Thom correlation [1964),

- the Chisholm correlation [1967), and

- the Friedel correlation [1979]
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In homogeneous flows, the two phases are assumed to travel at the same velocity and have
similar flow characteristics (e.g., velocity profile) as the single-phase flow. Therefore, this model
employs the equations derived for single-phase flows with modified fluid properties to account for
the presence of thg two phases. The application of the homogeneous-flow model is limited to the
fully developed bubbly and dispersed-droplet flows, where the two phases travel at approximately the
sarne velocity.

Above correlations with homogeneous flow model have been used widely in two-phase
frictional pressure drop analyses regardless to geometries. The Lockhart and Martinelli’s correlation
can be found in almost all two-phase research papers and sometimes is modified to fit their data. But
itis reported that the Lockhart and Martinelli’s correlation could be worst for frictional pressure drop
correlations. However, the term ‘generalized’ is used in the sense of not being flow pattern oriented,
nor limited to a particular flow pattern.

To describe the frictional pressure drop, first of all, a two-phase friction multiplier must be
introduced because the frictional pressure drop has usually been computed by use of two-phase
friction multiplie;s. This approach was pioneered by Martinelli and coworkers {1948] who defined

the two-phase friction multipliers, ¢, and ¢? in terms of pressure drops for the liquid or gas flowing

alone; that is

,_ b)), ,_ (/)
—(dez)l' an g (dp/dz)g (2'8)

Baroczy [1965] has defined a frictional multiplier in a slightly different fashion. He has
proposed that the multipliers be defined in terms of the pressure gradient obtained if the entire mass

flow was in a single phase,
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b= /),

2
— an = — (2.9)
(do/2), Y (@),

where (dp/dz),, and (dp/dz),, are the pressure gradient calculated assuming the entire flow is liquid
and vapor respectively. They point out that at the quality of 1.0, the ratio of two-phase to single
phase friction will vary with the relative roughness of the channel. More recent work appears to

indicate that ¢ is also a function of mass velocity.

Chisholm [1967a] have proposed

4 = l+%+% (2.10)
where
= (dpycz), @.11)
(dp/dz),

and C is a complex function of the mass velocity and density ratio. X is usually known as the
Martinelli parameter. Thom [1964] who extended the graphical method of Martinelli and Nelson
[1948] to vertical steam-water flow boiling published alternative variations of e P lpapand ],
developed from a more extensive body of two-phase pressure drop data for steam-water flow in
horizontal and vertical tubes. The resulting variations of I, a, and I, are plotted in graphical
formats. The local two-phase multipliers and the average two-phase multipliers over the heated
channel were presented with experimental data covering amuch wider range of conditions than those

used by Martinelli and Nelson. Both sets of graphs exhibit similar trends, but the Thorn’s method
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predicts generally smaller two-phase multipliers than the Martinelli-Nelson method. Furthermore,
the Thom graphs cover a smaller range of pressures (from 1 to 22 MPa) than the Martinelli-Nelson
graph (from 0. 1 to 22 MPa).

The simplistic Lockhart-Martinelli-Nelson correlations for two-phase multiplier clearly do not
account for effects other than the fluid properties and quality.

Several attempts have been made to develop improved correlations for the two-phase
multiplier and void fraction. However, it has been generally found that improved accuracy can be
obtained only with more complicated correlation techniques or by developing correlations only for
a specific gas-liquid pair_ over a limited range of conditions.

A subsequent correlation proposed by Baroczy [1965) attempted to account for the effects
of mass flux on the two-phase multiplier, and attempted to develop a broadly based correlation
technique that could be used for a variety of gas-liquid combinations. This correlation technique is
fundamentally the same as the Martinelli-Nelson (separated flow) method with a few modifications.
Firstly, the two-phase multiplier, ¢,’, corresponding to a reference mass flux of 1356.3 kg/m’-s was
correlated as a function of quality x and a property index [(p,/p)/(u/u,)’*]. Secondly, the effect of
mass flux on the two-phase multiplier was taken into account by providing a separate correlation for
the correction factor ¥ as [@,”/((#,) - 13563 semz<)]- Baroczy correlation is mainly described by
graphical format. Baroczy correlation seems to be better than the Martinelli-Nelson ’s graph, mainly
because of its inclusion of the mass flux correction.

Chisholm [1967a] carried out a number of analytical and experimental studies on two-phase
frictional pressure drop. He showed that the two-phase multipliers of the Lockhart-Martinelli graph
can be represented by Eq. 2.10. Chisholm and Sutherland [1969] extended the applications by

introducing a varying parameter, C. Their correlation is valid only for adiabatic flow. Chisholm
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[1970] attempted to extend these equations to flow boiling, and noted that numerical integration is
required. To simplify the applications, he derived a correlation that fits well with curves of various
graphical methods. In a later study, Chisholm [1973] extended his correlation to both smooth and
rough pipes and suggested the generalised correlation, introducing a new coefficient, B, and showed
a good agreement between his equation and the Baroczy [1965] curves. The optimized values of
2.365 for the coefficient, B, and 0.25 for the Blasius exponent, n, seem to provide also a good
agreement between his correlation and the Martinelli-Nelson curves. For flow boiling, Chisholm
[1973] did not indicate any effect of heat flux on the frictional pressure drop. However, a systematic
overprediction was seen and this could be caused by the effect of heating on the two-phase multiplier.

More recently, Friedel [1979] used a data base of 25,000 points to develop the frictional
pressure drop correlation for predicting the two-phase multiplier, ¢,°, for vertical upward and
horizontal flows in round tubes. Friedel [1979] assessed 14 correlations for experimental data, and
found that none of them was applicable for a wide range of conditions. Based on an expanded data
base, he subsequently derived a generalised correlation that is independent of flow pattern [Friedel,
1979]. His correlation provides generally satisfactory predictions over a wide range of conditions.
However, the uncertainty of its predictions remains high: the standard deviation is 26%, 32% and
25% for upward, horizontal and downward flow of a single-component mixture, respectively, and
close to 52%, 43% and 54%, respectively, for two-component flow. This high uncertainty seems to
be primarily due to the large scatter among the data. Friedel correlation provides the best agreement
with their experimental data. Friedel correlation has been recommended for use when (u/ug) <1000.

For large-diameter tubes, Chenoweth and Martin [1955] found that a good fit to available data
was provided by correlating ¢,’ as a function of the inverse of the property index used by Baroczy

[1965]as described above and the liquid volume fraction, equal to 1-B. This correlation is usually
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recommended for tubes having inside diameters greater than 5 cm.

The uncertainty range and equations of pressure drop correlations are given in Appendix B

and F

(b)  Sectorial Models

Itisambiguous to describe the flow pattern model because the previously mentioned frictional
pressure drop correlations are basically for some specific flow pattern. Few studies of frictional
pressure drop in some specific flow patterns are found in the literature.

Levy [1960] derived a steam-slip equation from the momentum equations by assuming
different pressure gradients for the two phases in a heated channel. His equations shows that steam
slip is affected by the heat generation rate, Q, and latent heat of vaporization, H, in addition to other
parameters for pressure-drop calculations such as void fraction and quality. Since the pressure
gradient for each phase cannot be obtained from experimental data, Levy derived a momentum-
exchange model to calculate the steam slip.

Bankoff [1960] imposed a power-law distribution for both the local velocity and the local
void fraction. Compared against the experimental data of void fraction, this model is valid for most
conditions and is better than the Levy momentum-exchange model. However, it tends to
underpredict the two-phase pressure drop.

The homogeneous model is generally valid for the bubbly flow and dispersed flow regimes.
For a uniform homogeneous mixture, a frictional pressure drop correlation is proposed by Owens
[1961] who claimed that his correlation could be used to predict the pressure drop for the range of
60 to 381 psi and the exit quality of up to 57 %. Govier and Aziz [1965] also suggested a frictional

pressure drop correlation based on the homogeneous model.
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Dukler et al. [1964] derived a set of equations based on a similarity analysis. They proposed
that the same flow characteristics between two systems are exhibited in both single- and two-phase
flow, provided that the systems are dynamically similar (i.e., having the same Reynolds and Euler
numbers). When compared against the available experimental data, the equation for a slip flow is
better than that for a no-slip flow. However, the agreement with the data is poor, especially for
steam-water flows.

There has been only a limited number of investigations on the pressure drop in slug flows.
Govier et al.[1957] proposed a pressure drop correlation for vertical upward slug flow regime. They
suggested that the overall pressure drop could be attributed to liquid phase pressure drop, while the
gas pressure drop is neglected. Hoogendor and Buitelaar [1961] presented a correlation for the
bubbly flow, slug flow in terms of two-phase friction factor. Their correlation defined the two-phase
friction factor as the ratio against the single phase liquid friction factor.

The earliest empirical approach of annular flow pressure drop was carried out by Armand
[1946] who obtained an empirical relationship between friction and liquid fraction. According to the
liquid fraction, he suggested different constants, C, and exponents, n, for ¢’ = C/a’".

Levy [1952] derived equations analytically for the two-phase pressure drop for two-phase and
two-component annular flows in horizontal pipes. The gravity effect is neglected. He assumed that
the phases travel separately with vapour in the core and liquid between the vapor and channel wall.
The momentum equation of laminar flow was used for viscous flow, and the one-seventh power
profile was employed for turbulent flow. No liquid entrainment in the vapor or vapor bubbles in the
liquid film was modeled. At the liquid-vapour interface, the two phases were assumed to have the
same velocity. The equations covered the viscous-liquid/viscous-gas, the viscous-liquid/turbulent-

gas, and the turbulent-liquid/turbulent-gas conditions. The two-phase pressure drop was presented
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in terms of the two-phase multiplier for liquid-only flow, ¢?, which was expressed for viscous-
liquid/viscous-gas flow. The Levy model follows the same trend as the Lockhart-Martinelli curves,
but predicts generally a larger two-phase multiplier.

Wallis [1970] introduced a simple annular-flow model where the interfacial friction factor is
based on a force balance of the vapour core and the assumption of negligible shear-stress variation
inthe liquid film. With the available experimental data base, Wallis correlated the interfacial friction
factor. The pressure gradient is presented in terms of a dimensionless pressure-drop function and
from the force-balance equation of the vapor core. Based on the analysis of liquid film, the pressure
gradient is also presented for turbulent and laminar films. Both the pressure drop and void fraction
can be obtained by solving these equations. The pressure drops predicted with this model were
compared against low gas-flow rate data. A good agreement was observed; in particular this model
appeared to capture the transition from a laminar to turbulent film accurately despite its simplicity.
At high vapor-flow rates, however, the model overpredicted the pressure-drop measurements. This
could be caused by neglect of the entrainment process that led to overpredictions of the film thickness
and pressure drop. Wallis [1970] discussed other effects that may have a strong impact on the
prediction of two-phase pressure drop in annular flows. Compared against the predictions of a more
complex model of Levy [1960], this model was less accurate but provided reasonable predictions.

Chen and Spedding [1981] suggested simple pressure drop correlations for annular and
annular-mist flows. An adaptation of the Lockhart-Martincili analysis is presented to which
analytical and empirical methods were applied, which resulted in solutions for the holdup and pressure
loss for the case of separated flow. For annular flow, the analysis is compatible with the pressure
loss data for large diameter pipes, where liquid surface effects are negligible. The analysis over-

predicts holdup because interfacial shear has a pronounced effect on this parameter. However, an
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empirical modification enabled holdup to be predicted in annular flows. Further developments of the
| Lockhart-Martinelli derivation enabled a correlation to be developed for annular flow in which the
effect of geometry is included. Such a correlation was reported to be useful in predicting the
frictional pressure loss in steam-water systems.

The other studies for the pressure drop in annular two-phase flows can also be found in those
of Ishii and Kataoka [1983], Yao and Sylvester [1987] etc.

Dukler et al. [1986, 1987 and 1995] carried out the experimental and analytical studies in
annular two-phase flow regime. A series of comprehensive experiments were performed on two gas-
liquid systems in upward annular flow. Through core and overall momentum balances, a possible
new mechanism for momentum transfer in annular flow has been identified. Measurements are
consistent with the idea that depositing droplets displace the film locally, decelerate at the wall, and
therefore transfer negligible momentum to the liquid film.

Droplet interchange is important in this respect which has been demonstrated to account for
as much as 20% of the pressure gradient [Lopes and Dukler, 1986]. The objective of Lopes and
Dukler is to determine how momentum is transferred from depositing droplets, and whether
deposition should be considered a simple addition to the interfacial friction. To achieve this, experi-
ments have been performed using two gas-liquid systems in a 5.08-cm-ID tube at the pressures
slightly above atmospheric, for the gas velocities ranging from film-churning well into the regime of
disturbance waves. A momentum balance analysis and physical arguments are then used to develop
a new insight into the deposition process.

In the past the influence of the flow pattem on the friction pressure drop in vertical upflows
has been considered to be rather insufficient or its importance is overshadowed by the accuracy of

the measurement. In an extensive study of pressure drop data has substantiated that in upward flows,
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the various flow patterns in the vicinity of the duct wall rather than in the turbulent core have a
profound influence [Beattie, 1973]. Moreover his analysis revealed that two phase friction pressure
gradients can be calculated using the familiar single phase pressure drop relationships with a friction
coefficient that depends on a form of Reynolds number, the value of which is appropriately defined
for the particular type of two phase flow close to the wall.

Beattie and Walley [1982] suggested a simple frictional pressure drop correlation based on
the mixing length theory. Their correlation was compared with 11 other correlations for HTFS (Heat

Transfer and Fluid Flow Service) data and there was a good agreements.

(c) Two Phase Flow Pressure Losses due to Area Changes

Single phase or two-phase flow systems often encounter flow area change and flow direction
changes. The pressure drop of the flow area and the direction change in single-phase flows has been
studied extensively and most fluid mechanics textbook include well known correlations. But in two-
phase flows, the pressure drop correlation for the area change is still under development.

The pressure loss due to local disturbances can be caused, as in single-phase flow, by either
a direction change (ie., bend), a area change (ie., sudden expansion or contraction) or a flow
obstruction (ie., valve or orifice). The pressure loss is produced by the flow separation, the turbulent
wake formation and the acceleration effect, and usually expressed interms of the two-phase multiplier
similar to the frictional pressure in a straight pipe.

Although there have been a number of experimental and analytical investigations [Mendler,
1961, Janssen, 1966, Geiger, 1966 and Fitzsimons (given by Chisholm, 1983)] of vapor-liquid
pressure drop across area changes, there appeared to be no fully coherent picture available in the

literature. The review of Collier and Thome states that a slip-flow model can describe expansion
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pressure drop but the homogeneous model describe better for the pressure drop across contractions.
[Collierand Thome, 1994]. Fitzsimmons [given by Chisholm, 1983] on the other hand, reported that
both his expansion and contraction data could be correlated by the homogeneous model. Since bends
are common fixtures in pipe systems, the pressure losses produced by them have been extensively
investigated. Chisholm and Sutherland [1969] proposed a two-phase multiplier for bends using the
Lockhart and Martinelli parameter. Animproved correlation was provided by introducing the single
phase loss coefficient [Chisholm, 1980]. Pressure losses in both sudden expansion and sudden
eontraction are caused by the separation and the acceleration of the phases, and the change of
interphase shear stress due to variation of phase velocities. Lottes [1961] compared four different
correlations and recommended the Romie correlation for sudden expansion. In the study of the
sudden contraction, Geiger and Rohrer [1966] found that the pressure drop was influenced by the
flow regime in the re-expansion. They suggested the use of the homogeneous two phase multiplier
for the prediction. Chisholm [1969 and 1981] presented a similar equation for both sudden
contraction and sudden expansion, but with different coefficients for each case. For the sudden
contraction, the equation is identical to the homogeneous two-phase multiplier relation.

Janssen [1966] observed a homogeneous mixture after an orifice. He reported that his data
for well separated-expansion-contraction combinations were best described by a model which
assumed slip flows for the upstream and downstream, and mixing at the vena contracta. However,
for short inserts, where the expansion and contraction are close together, Janssen reported that the
assumption of slip flow everywhere yielded best agreement with experimental data. Correlations for
orifices have been proposed by various authors [Sher, 1965, Chisholm, 1981 and Sadatomi, 1988]
and for valves [Simpson et al., 1985]; however, some of them are subjected to specific assumptions

or conditions. For other blockages such as valves or plates, Chisholm provided a general equation
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with different coefficient values to adapt for various cases [1969, 1981]. Simpson et al. [1985]
carried out experimental studies of the pressure drop in bends and valves, and their experimental data
were compared with the calculations using other correlations. They showed that Chisholm’s
correlation overpredicted by over 100% and others in the range of £10- 20%. Beattie [1973]
extended the mixing length theory for estimating the two-phase multipliers for orifices. The proposed
equations agreed with his experimental results.

The equations for area change pressure drop correlations are given in Appendix F.

2.2.5 Tow-Phase Flow Scaling

The scaling laws are important for designing, performing and analyzing simulations and
experiments using a scale model. They are particularly important for studying phenomena which can
not be easily observed in a prototype model such as a two-phase loop thermosyphon system. In
view of the inherent difficulties associated with the full scale testing of such systems, it is necessary
to use scale models and simulation experiments. As described in previous section, the scaling of a
TLT may encounter all of single and two-phase flow phenomena. Energy, momentum, mass
balances of single and two-phase flows must be considered.

In two-phase flows, scaling is much more limited to very narrowly defined physical
phenomena than in single phase fluids. For complex and combined phenomena, it can be achieved
not by using dimensionless numbers alone but in addition a detailed mathematical description of the
physical problem. The scaling of the thermodynamic data of the modeling fluid plays an important
role. However, without a theoretical description of the phenomena nondimensional numbers for

scaling two-phase flows must be handled with great care.
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A similarity analysis for a TLT system is much more complicated due to the coupling of the
driving force and heat transfer processes and systems which encounter the both flow features of single
phase and two-phase flows. Therefore, the flow condition can only be determined by the integral
effect of the thermohydraulic processes along the entire loop. In order to develop meaningful
similarity criteria, it is necessary to consider these integral effects through some forms of simplified
solutions. This similarity can be of geometrical, mechanical, static, dynamic, thermal, thermodynamic,
electrical etc.

Several scaling techniques have been developed to establish similarity relations between
prototype and scale models. There are some publications regarding to the two-phase flow scaling
but the publication for the scaling of TLT systems is very rare. The similarity analysis for a two-
phase flow system has been carried out by Dukler M 964], Zuber and Findlay [1965], Ishii and Zuber
[1970], Armand [1973], Kutateladze [1974), Ishii and Jones [1977] and Friedel [1977] and others.
The linear scaling method is the simplest technique in which all length ratios are preserved. While
there are some single-phase flow situations where linear scaling is adequate, its use results in thermal
and flow distribution distortions which are generally considered unacceptable for two-phase flow
conditions, [Ishii et al. 1970 and 1977). Volumetric scaling techniques are frequently used for
thermohydraulic experiments [Zuber and Findlay, 1965]). Model facilities using this approach are
usually full-length, while area, volume and power are reduced proportionally. Both linear and
volumetric scaling techniques are developed based on single-phase flow conservation equations.

Armand [1973] suggested the criteria of flow boiling heat transfer with 13 dimensionless
numbers as shown in Table 1.4. Even though his criteria is for CHF scaling, his fluid to fluid scaling

approach is the starting point emphasizing the important of scaling laws in two-phase flow systems.



Dukler et al. [1964] and Friedel et al {1977] introduced two-phase frictional pressure drop
scaling. Dukleretal. [1964] developed the frictional pressure drop correlation based on the dynamic
similarity requirements they explored two cases in detail and tested with selected data. But their
similarity approach was to develop the parameters for two-phase flows corresponding to the Euler
and Reynolds numbers for single phase flows. Their analysis began with assumption that the two-
phase flow inasingle phase system is dynamically similar and the Reynolds number and Euler number
for the two-phase system must be equal. Friedel [1977] introduced his scaling approach of two-
phase frictional pressure drop with seven primary dimensionless numbers and two secondary
dimensionless numbers. He reported that there is a limitation in fluid to fluid scaling in the frictional
pressure drop scaling and that basically the scaling method which is based on single phase flows is
restricted to simple geometries and for limited conditions.

Mayinger [1976] extensively reviewed the two-phase scaling and concluded that even in single
phase flow, scaling is restricted under certain circumstances. This limitation becomes much stronger
in two-phase flows. While in a single phase fluid we have usually a similarity for hydrodynamic and
heat transfer processes simultaneously, in two-phase flows each modeling law or scaling number is
only valid for a single specific phenomenon.

Scaling with dimensionless numbers only is limited in two-phase flows to simple and isolated
problems where the physical phenomenon is a unique function of a few parameters. If there is a
reaction between two or more physical occurrences, dimensionless scaling numbers mainly serve for
selecting the hydrodynamic and thermodynamic conditions of the modeling tests and we have to
separate the primary influencing parameters from the secondary ones which are of minor influence.

Recently, extensive investigations have been undertaken by Ishii et al. [1970, 1977, 1984 and

1987] to develop a similarity criteria for the natural circulation loops under single-phase and two-
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phase flow conditions. The determination of scaling criteria for single phase flows is achieved
through appropriate non-dimensionalization of the well established balance and constitutive equations.
However, the same approach for two-phase flows encounter considerable difficulties due to the
existing uncertainties in the basic formulation related to balance equations, two-phase flow
correlations, and flow regime transition criteria.

The available methods to develop similarity criteria for two-phase flow systems have been
reviewed by Ishii and Jones [1977]. Ishii and Kataoka [1984] utilized the results based on the local
conservation equations and ones based on the perturbation method. The extension of the similarity
analysis to a natural circulation system is achieved by considering the scaling criteria from a small

perturbation method and the steady state solution.

2.3 Closure and Brief Summary

Due to the importance of the subject, the literature available is extensive and thorough
showing the experimental and theoretical efforts of many investigators. However, even with this vast
quantity of information, only experimental studies of two phase loops could be found. Also in the
area of the instability problem, many researchers have avoided the difficulties of studying the two-
phase region. Therefore, it is very rare to find any literature on the instability in whole TLT
systems. The performance of thermosyphon loops has been extensively investigated because its
comprehensive understanding is very important for many practical applications, such as in the design
of solar thermosyphon collectors, reactor emergency cooling systems, and other industrial equipment.

It is very complicated to analyze the loop thermosyphons theoretically due to the complex
coupling between the momentum and energy transport. It can be argued that the disagreement be-

tween analyses and experiments arises mainly from the adoption of the conventional friction factor
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correlation [Creveling et al., 1975 and Bau and Torrance, 1981a], convective heat transfer
correlations [Bau and Torrance, 1981a; Zvirin et al., 1981], and with the use of one-dimensional
approximation analysis [Mertol et al., 1982 and Zvirin et al., 1981].

To simplify the analysis, the loops studied were always in some simple configuration such as
two vertical branches with a point heat source at the bottom and a point heat sink at the top [Keller,
1966, Welander, 1967, Zvirin and Greif, 1979}, circular toroidal loop heated uniformly over the lower
halfand cooled over the upper half through a constant wall temperature or an annular heat exchanger
[Crevelingetal., 1975, Damerell and Schoenhals, 1979, Greifetal., 1979, Mertol etal., 1981; Mertol
et al., 1983, Mertol and Greif, 1982 and Lavine et al., 1986], U-shaped open loops heated
symmetrically or asymmetfically [Torrance, 1979, Bau and Torrance, 1981a and Bau and Torrance,
1981b], closed loops with heating leg and cooling jacket [Zvirinetal., 1981, 1982}, or a rectangular
thermosyphon loop with bottom heating [Chen, 1985].

Various geometrical effects were investigated from one loop geometry to others with different
operating conditions [Creveling et al., 1975, Bau and Torrance, 1981a, Zvirinetal., 1981]. Inaddi-
tion, it has been frequently stated that the friction factor as well as the convective heat transfer
correlations in a natural circulation loop are different from the conventional ones for straight pipes.
Hence, amodification based on experimental datais needed so that the one-dimensional approxima-
tions could be valid. This was attributed to the multidimensional or secondary flow effect and
natural convection, which were analytically verified recently by Lavine et al. [1986] using a three-
dimensional analysis.

In general, the overall loop friction comes from two sources. The wall friction within the
straight pipe sections, and the eddy or form losses due to the bends, fittings in the loop, or the loop

curvature. Multidimensional effects near the curved part of the loop may be propagated and
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enhanced. This affects the loop friction as the ratio of the diameter to the length becomes large or
the radius of the curvature of the loop becomes small. Thus, the conventional friction factor cor-
relation for one-dimensional straight pipe flow needs to be modified if it is to be applied to a curved
loop. Modification to the convective heat transfer correlations in the loop is also required because
of the combined natural and forced convection effects.

As seen in proceeding sections, the studies on two-phase flow parameters such as heat
transfer coefficient, void fraction, pressure drop and scaling etc. have been carried out by many
researchers. Although there are a large number of empirical and semi-empirical correlations on
parameters, only a few correlation methods are acceptable under the reasonable uncertainty as shown
in Appendix B. These acceptable correlation methods, however, are also unacceptable in some
geometrical and circumstantial conditions. Still many researchers in the field have tried to apply
many popular correlation methods for various two-phase flow conditions. The use of empirical and
semi-empirical correlation methods in two-phase flows needs a careful engineering judgementon the

accuracy of results.
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CHAPTER 3

EXPERIMENTAL

3. Experimental

The present study is concerned with one (Two-Phase Loop Thermostphon) small scale, two
medium scale and two large scale TLTs as indicated in Table 1.1. The small scale TLT is to be used
in MCM (multichip module) cooling systems, the medium scale TLTs for heat extraction systems and
the large scale TLTs for waste heat recovery systems. Table 3.1 shows the TLT specifications. The

scales of TLTs are classified mainly by the size of the evaporator and partially by the heat transfer

rates.

3.1 Small Scale Two-Phase Closed Loop Thermosyphon (SSL)
3.1.1 Design and Specification for Test Assembly

The test assembly was designed and manufactured with the following considerations:

i. Test TLT assembly: Materials must be selected in terms of durability and reliability.
Must be leak proof and compact size.

ii. Heat generation section: There must be a tight thermal contact joint between the heater
and the evaporator section.
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iii.  Cooling method: Forced convection using a fan and allowable noise level of the
fan be less than 55 dBA.
iv. Working fluid: Dielectric, non-flammable, and environmentally friendly
working fluid.
The test assembly was manufactured with the following specifications to accommodate the practical
requirement.
(a) Heat capacity
® Heat flux : up to 10 W/cm?
® The maximum surface temperature of the evaporator section: 75°C
(b)  Dimensions of the system
® 35mm x 35 mm x 9.5 mm (thickness); Material - copper: Three different designs of the
evaporator section were used.
® Four different designs of the condenser section were used: 20 mm x 35 mm x 200 mm
(height) (the exposed area of the condenser section can be varied); material - tube; brass
and fins; copper.
® Transport-section: 1.2 m in both directions; material of the tubes - brass
(©) Cooling method for the condenser-section
® Forced convection, using a fan.
® The maximum allowable noise level: 55 dBA.
(d)  Characteristics of the transport-section
® Qutside diameter of the upward tube - 7.9 mm and the returning tube - 6.4 mm.

® Bend both of these tubes in the middle section to 40° (0° being the horizontal).
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® Provisions were also made for flow visualization.
(e) Heat generation sections
® Ratedupto 150 W.
Heating element: BeO film
Heater outer surface: 50 mm x 50 mm = 2,500 mm?
Heat generationarea: 38 mm x 38 mm = 1,444 mm?
Test evaporator section: 35 x 35 mm = 1,225 mm?
Five thermocouples are imbedded in the heater.
6] The contact material (filler) between the Heat Generation Section and the Evaporator of TLT
® Chomerics T500-series.
(8 Working fluids

® Acetone, ethanol, FC72, FC87, R11, R113 and water.

3.1.2. Experimental Apparatus for SSL
The experimental apparatus, illustrated in Figs. 3.1 and 3.2, and Plate 3.1, consists of the main
TLT assembly, the cooling system for the condenser section, the heat generation section and the

charging system.

3.1.2.1 Main SSL Assembly

Evaporator Section
Three different designs were adopted for the evaporator sections of the system (i.e.,

Evaporators A, B and C). For evaporator A, a square cavity (31 mm x 31 mm x 7.5 mm) was cut

73



out on the back side (non-working surface) of the evaporator as shown in Fig. 3.3 and Plate 3.2.
Two holes (¢ = 7.9 mm and 6.4 mm, respectively) were drilled through the upper side (35 mm x 9.5
mm) into the cavity for the transport tubes which connect the evaporator section with the condenser
section. A square thin copper plate (thickness 2 mm) was silver soldered on the cavity to create a
box. Two brass tubes (7.9 x 0.4 mm and 6.4 x 0.4 mm, respectively) were silver soldered into the
holes. The tube with ¢ = 6.4 mm has an extension tube having an outside diameter of 4.7 mm and
inside diameter of 3.7 mm for the condensate return as illustrated in F ig. 3.1. The evaporator was
tested under pressure and vacuum for leaks.

For the two other evaporators, B and C, only the internal cavity structure and physical
dimension are different. All other parts of the system remained the same. The details of Evaporators
B and C are illustrated in Fig. 3.4 and Fig. 3.5, respectively. The reason for the choice of the
particular configurations is given below.

Both the analytical and experimental results with Evaporator A indicated that the heat transfer
wall of the evaporator was not strong enough to maintain its flatness under the changing internal
cavity pressure during the experiment. Consequently, the value of the contact thermal resistance
between the heater and the evaporator together with the filler varied with the pressure. For this
reason, Evaporator B was designed which has three ribs on the evaporator cavity wall. The ribs
incidentally increased the area of the boiling surface.

Evaporator C was designed to simplify the manufacturing proces; of the evaporator and at
the same time to maintain the same advantages of Evaporator B. The cavity in the evaporator was
created with eight 5.6mm drilled holes. Four in the top and the other four in the side as illustrated
in Fig. 3.5.

All dimensions of the three evaporators are given in the Figs 3.3., 3.4 and 3.5.
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Condenser Section

Condenser #1 consists of 66 copper fins (20 mm x 35 mm x 0.51 mm and pitch - 3 mm) with
two tubes in line as shown in Plate 3.3. These fined tubes were soft soldered into two parallel
horizontal headers made of copper cylinders (¢ =22.2 mm x 1.6 mm x 57.2 mm). Swagelok fittings
were used for connecting the header with the transport tubing for vapor and condensate. Condenser
#1 was used with Evaporator A only.

Condenser #2 consists of 51 copper fins (20 mm x 35 mm x 0.51 mm and pitch - 4 mm) with
three tubes in line holes as shown in Plate 3.4. As was the case for the condenser #1, these fined
tubes were soft soldered into two parallel horizontal headers made of copper cylinders ($=222mm
x 1.6 mm x 57.2 mm. Condenser #2 was used with Evaporators B and C.

The design of the third condenser, Condenser #3 as shown in Fig. 3.6 is essentially the same
as that of Condenser #2. The main difference is in the number of the fins attached (63 fins with the
pitch of 3.2 mm). Condenser #3 was used only with Evaporator C. In one particular series of
experiment, Condensers #2 and #3 were used together in line configuration. Characteristics of

Condensers are given in Table 3.2 below.

Transport Lines

The evaporator and condenser are connected with two transport lines as shown in Fig. 3.2
and Plates 3.5 and 3.6. One is for the two-phase flow from the evaporator to the condenser, and the
other for the condensate return from the condenser to the evaporator. The line for the two-phase
flow was a brass tube (7.9 x 0.4 mm) with a 40° bend to the horizontal plane at the mid section. The

inclined section is about 650 mm in length. A glass tube (¢ =12.7x2.5mm and 310 mm in length)
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is provided in the upper vertical section of this line. The line for the condensate return is also made
of the brass tube (¢ = 6.4 x 0.4 mm) with a 40° bend to the horizontal plane at the mid section. The
inclined section is about 800 mm in length. A glass tube (9.5 x 2.1 mm and 600 mm in length) is
provided in the inclined section of this line. The glass tubes are for the visualization study of the flow

regimes as well as for the fluctuation of the flow in the tubes.

Loop Seal

A temporary closure of the loop thermosyphon was made with a NUPRO vacuum valve
(B4HK-TW, SWAGELOK Co.) as shown in Plate 3.6. This valve made it feasible to charge
working fluids as they were required. The valve was connected to the upper header through a brass

tube (¢ = 6.4 x 0.4 mm).

Temperature Measurement

A shown in Fig. 3.1, several types of the thermocouples were used to measure the
temperature distribution over the length of the loop thermosyphon.
® No. | - ready-made insulated thermocouples TT-T-30-36 [Teflon insulation, T-type, 30
AWG (0.25 mm O.D.), 914 mm in length];
® No.2-OMEGA subminiature thermocouple probes (quick disconnect style) KMQSS-
040-G-6 (K-type, 1 mm O.D. 304 SS sheath, 152 mm in length, grounded junction);
® No. 3 - OMEGA subminiature thermocouple probes (transition junction style) KMTSS-

062-G-6 (K-type, 1.58 mm O.D. 304 SS sheath, 152 mm in length, grounded junction);
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® No.4-ready-made insulated thermocouples GG-K-24-36 (glass braid insulation, K-type,
24 AWG (0.5 mm O.D.), 914 mm in length).

Thermocouples, type No. 1, are placed inside the heat transfer front wall, at each of the four
corners and one in the center as shown in Fig. 3.7. Due to the uneven temperature distribution over
the surface of the heater, and the different dimensions of the heater and the evaporator we used, only
the readings of the temperature of the central thermocouple used as the reference temperature of the
heater. Thermocouples, type No. 2, are placed inside the evaporator walls as follows: one each at
the front and the back, two in the centre and two in the left corner walls. Thermocouples, type No.
3, are placed as follows: at the right corners of the inside of the evaporator front and back walls, one
inside the evaporator cavity (used to measure the saturation temperature) and three in the flow
channel (one at the entrance of the condenser (vapor temperature), one at the exit of the condenser
(condensate temperature), the third at the entrance of the evaporator (subcooling condensate
temperature)). All thermocouples were placed using SWAGELOK connectors or T-connectors.
Thermocouples, Type No. 4, were placed on the edges of the second fins from the bottom ends of
the condenser (one each for the two condensers), on the external surface of the tube connecting the
upper header and on the seal valve for the detection of the presence of non-Condensible gases in the
system.

All the thermocouples (T and K-types) used were calibrated in situ and connected through
two rotary selector switches (OSW3-16 type, 16 positions and 2 poles) to two digital thermometers

(DP-460, resolution 0.1°C, OMEGA Co.), respectively.
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Orifice Inserts

To determine the effect of a change in the pressure drop in the flow channel of the TLT on
the flow instability and temperature fluctuation, three orifice inserts (cylindrical : d = 5.5 mm and 6
mm in height,, d ;.. = 0.51, 0.71 and 1.2 mm, Plate 3.7) were used. These inserts are placed inside
the condensate line using a Tee connector situated near the evaporator section (140 mm from the

upper edge of the evaporator).

Flow Visualization
For visualization of the two-phase flow regimes in the transport line just above the evaporator

section, a photographic technique called as shadowgraph was used. This method has been widely

used for two-phase flow visualization.

3.1.2.2 Cooling System in the Condenser Section

A fan was used for cooling as illustrated in Plate 3.8. Ascan be seenin the picture, the finned
parts of the TLT's were installed into the channel (290 mm long and in cross section - rectangular
with the dimensions: 201.5 x 35 mm) and made from transparent acrylic sheets (with 6 mm
thickness). The finned tubes were installed at the distance of 255 mm from the channel entrance.
This front channel was installed perpendicularly to the desk board with a thickness of 18 mm into the
opening cut. From the back of the desk board, another channel made from the same material was
bonded to the first. The back channel was also rectangular in cross section but was tapered from the

size of the front channel (201.5 x 35 mm), to the size of the fan (80 x 80 mm). The long sides (
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bottom and top) of the back channel were 278 mm long and created at an angle of 24° in the vertical
plane between each other. A rectangular shape flange was mounted on the end of the back channel.

A cooling fan (Archer 273-242: 80 mm 3" cooling fan, 32 cfm, 120 VAC, 60 Hz, 12 W,
1.51*10-2 m?s at 3100 rpm, the rated sound level - 38 dB) was screwed to another (same size)
flange. The two flanges were connected one to another with a hinge.

A gasket of soft rubber was installed between two flanges to prevent the air leakage. Twelve
grooves were made on the internal surface of the channels for installing plate inserts (one from the
front and one from the back). Thus, the heat transfer area of the finned tubes was decreased by
means of changing the length (height) of the channels. Each plate insert from the bottom created a
channel with the dimensions and the flow velocity as shown in Table 3.3.

The hot-wire probe (Wallac Inc. - Type Ni-125 ANE) was installed at the bottom side of the
front channel before the finned tubes at a distance of 180 mm from the air entrance as shown in Plate
3.1. The measuring head of the probe was in the center of the channel cross section (the same
position as in the cross section area decreased by inserts). The hot-wire probe was connected to a
thermo-anemometer (Wallac Inc. - Type GGA22F), which had the ability to measure not only air
velocity but also air temperature. The probe was calibrated for velocity and temperature, using a hot-
wire calibrator set, and a NBS [National Bureau of Standards (USA)] standard mercury in glass
thermometer. The cooling fan was connected to a variable autotransformer with an output of 0 - 140
Vandupto 10 A.

For the case where two condensers were placed in the flow channel, a short extension section
with the same cross sectional dimensions and 51 mm in length was added to the front of the first

condenser to minimize the air flow disturbance.
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Both forced and free convection modes were used for cooling of the condenser. For the free
convection mode, the condensers were made inclined with respect to the horizontal plane from angles

of 90° (vertical position) to 8°.

3.1.2.3 Heat Generation Section

A special flat plate heater (Type A), designed and manufactured for the simulation of the
MCM operation, was provided by the Electronics and Telecommunications Research Institute (ETRI)
of Korea.

The Type A heater, shown in Fig. 3.7, consisted of a heating element (film) made from BeO
on a ceramic sheet plate. It contained metal as an electrical conductor from one side, a copper box,
and was covered by a thin layer of electrical insulating material. The heating element film of 38
x 38 mm was installed into the copper box (50 mm x 50 mm x 10.2 mm) with an opening of 35 mm
x 35 mm>x 8 mm. The heating layer faces into the box and the opening was covered with a copper
plate. The copper wall facing the heating layer was 2.2 mm thick.

The power to the heater was supplied by a variable autotransformer (type 116B, input - 120
V,output-0-140 Vand upto 10 A). The five T-type thermocouples, made from the thermocouple
wire (OMEGA TT-T-30), were installed in the grooves on the inside surface of the heat transferring
copper wall as illustrated in Fig. 3.7. The grooves were 1.4 mm wide and 1.2 mm deep. Thus, the
five thermocouples were located across from the heat transferring copper wall in the center and at
the four comners of the heating element. The heater, with the heat transferring copper wall, was
installed face up into the cut opening of the nylon box (70 mm x 70 mm x 10.2 mm). It contained

7 holes in the back; five for the thermocouples and two for the power wires.
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The heat transferring copper wall of the heater was covered with a CHO-Therm T500
insulator-elastomer [Chomerics Inc. minimum breakdown voltage - 4,000 V, volume resistivity - 10
x 1014 Ohm-cm, thermal conductivity - 2.7 W/(m K), thickness - 0.25 mm and operating temperature
range - -60°C ~- +200°C]. The filler used for the tight connection between the heater and the
evaporator of the TLT was made from silicone and boron nitride and is bonded to the copper
surface. This composition allowed the properties of electrical insulation and heat conduction to be
combined. The two nylon boxes, one with the evaporation section and the other with the heater,
were screwed together in such way that the heater, with the filler, was placed onto the evaporation
section. Six screws located along the perimeter of the nylon boxes allowed for a good contact
between the heater and the evaporation sections.

The heater and the test section were installed on the vertical plywood board. The tubes were
supported at two points by nylon bridges mounted on the desk board. The nylon boxes were screwed
into the plywood board and covered with an additional thick insulation [(Styrofoam box with external
dimensions: 163 mm x 130 mm x 135 mm (height - 163 mm), inside opening: 110 mm x 76 mm x
75 mm (depth - 75 mm))] to prevent heat loss to the environment. The parts of the tubes soldered
to the evaporation section and the fins are located perpendicular to the horizontal plane with the

finned parts at the top of the tube.

3.1.2.4 Charging System

The charging system consisted of a vacuum pump, a McLeod gauge, vacuum valves and a

syringe to charge the desired amount of the working fluid into the test TLT.
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3.1.3 Working Fluids

To find the working fluid most suitable for the system, refrigerants such as R-11, R-113,
ethanol, water, FC-72, FC-87, and acetone were tried under various conditions. Some physical
properties of the working fluids used in the experiment are presented in Table 3.4. Theoretically, any
kind of fluid could be used as the working fluid but water could be the best choice. Water has a high
latent heat thermal property, permits the transmission of heat more than all other working fluids, is
cheap, easily available, and is non-combustible. On the other hand the disadvantages of water are that
ithasa high freezing temperature, has a high vapour pressure at moderate temperature, and has a
tendency to react with some substances (alkali metals, etc.) which releases hydrogen and under
certain conditions could cause an explosion.

For low temperature range applications, refrigerants with chlorine are commonly used. But
the use of these refrigerants has been already restricted by the Montreal Protocol in 1987 and is now
completely prohibited [Satutory Authority, 1995). These refrigerants with chlorine deplete the UV
filtering atmospheric ozone layer. In the present experimental study, R-113 and R-11 were used as
references only. That is why it was decided to use for the new environmentally friendly fluids such
as fluorinert liquids FC-72 and FC-87. These were suitable for low temperature ranges and were in
fuﬂ accordance with the restrictions mentioned above. Unfortunately, the behaviour of these new
coolantsas boiling working fluids has seldom been studies (only for the conditions close to the pool
boiling of FC-72) and none was reported in the literature on the heat transfer rates in TLTs except
for the study by Kishimoto et al. [1994] for FC-87.

In this study, acetone, FC-87 and water were used as the primary working fluids and FC-72,
R-113, R-11 and ethanol as the supplemental. Acetone was used in initial series of experiments to
investigate the heat transfer characteristics of the proposed system.
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3.1.4 Experimental Procedure

Before the start of an experiment, the test loop thermosyphon was throughly cleaned and
washed with ethanol and then with distilled water. It was then vacuum dried, and tested for vacuums
and leaks. The inside air and other non-condensible gases were removed from the thermosyphon tube
with a Leybold mechanical vacuum pump (type ADEA 71 N4). The pump usually reached a
magnitude of 8x10" torr for a dry system.

After the thermosyphon was evacuated, a known amount of the working fluid was charged
into the tube using the charging system. In this study, the amount of the working fluid usually
charged was about 50 ml for the thermosyphon. This was about 10 times larger than the volume of
the thermosyphon evaporator. The initial system pressure without the working fluid was not higher
than (5 - 10) x 10-3 torr.

A great care was taken to remove all the air and the other non-condensible gases from the
charging system and the thermosyphon was tested before a new working fluid was charged. Usually
non-condensible gases accumulate in the upper region of the TLT during the operation. This creates
a gas “plug” in the condenser section which would prevent the vapour from condensing. Because
of this “plug”, the temperature at the upper end is lower than temperatures along the tube. In such
a case, a vacuum pump is connected to the vacuum valve and the non condensible gases were
‘vacuumed’ out.

The power to the evaporator heating section was increased carefully in increments to the
desired heat flux. It took approximately 1 hour to reach the steady state. Voltage was seen to
fluctuate within a range of £0.2 V. While supplying the power, a great care was needed not to pass

the maximum heat flux for that particular condition.
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The air flow velocity and air temperature were measured with the thermo-anemometer. The
air flow velocity carefully controlled by a slip switch when the velocity setting was changed, it took
about 10 minutes to achieve steady state readings. Once a steady velocity was obtained, various
values were recorded.

The velocity of the flow depended on the length of condenser because a change of the length
of the wind duct in the condenser section lead to a change of the air flow velocity as mentioned in
Section 3.1.2. The temperature was checked for a steady value after a steady velocity and heating
power were obtained. To determine these temperatures, the signals from the thermocouple in the
heater centre were observed until no temperature fluctuations were registered (approximately 40-60
minutes). When this occurred, the signals from all the thermocouples installed in the system were
recorded.

As mentioned earlier, if non-condensible gases were present, then the temperature readings
of the upper end and the condenser will show much lower values than those for other sections of the
TLTs. This indicates that the vapor from the evaporator could not move up to the condenser section
because the non-condensible gases block the tube. In these cases, the non-condensible gases were
removed as discussed above. "If it was too difficult to remove the non-condensible gases, the
experiment was restarted from the beginning. Therefore, all the working fluid was removed from
the test TLT. This procedure was repeated many times with FC 87 because it has a large amount
of dissolved gas before it is charged. (see Table 3.5). To remove the non-condensible gases, the
quantity of the working fluid was charged about 10% more than that intended, because it was
expected that a small amount of the working fluid would be lost during the removing process of non-

condensible gases.
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Once the system is stable, all the data were recorded. After each series of tests for a given
working fluid, the thermosyphon was again throughly cleaned, washed, vacuum dried and checked
forleaks. After the system was evacuated, a known amount of a new test working fluid was charged

into the test tube and a subsequent series of tests was performed using the same procedures.

3.1.5 Data Reduction

The overall heat transfer coefficient, U, of the test TLT is defined as:

U, <214
-t

3.1

The heat flux per unit area was calculated from the power measurements which was obtained
from the voltmeter and ammeter coupled into the power supply circuit of the main heater. The heat
losses through the insulation of the heating and evaporation section were seen negligible because of
the good insulation of the heating and the evaporator sections.

The errors involved in the calculation of the heat transfer coefficient were generally due to
the inaccuracy of the temperature and the power measurements. Even if the readings of the power
and the temperatures were recorded after the steady state has been reached, a small fluctuation was

observed (+ 0.2 V for voltage, + 0.01 A for current and + 0.2 °C for temperature).
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3.1.6 Instability Measurement

At the start of this investigation, the transient temperature variation of the test SSL was
recorded on three X-Y pen-recorders (FISHER RECORDALL Series 5000, LINEAR model: 1201-
0000 and BBC GOERZ). The transient temperature variation could be recorded on the papers
(LINEAR model: 1201-0000 and BBC GOERZ: feeding speed was 1 cm per minute at 2.5 mV range,
FISHER RECORDALL Series 5000: feeding speed was 2.5 cm per minute at 10 mV range). All
recorders were calibrated before the experiments. The noise was specified to be a maximum of + 2%

Imis.

3.2  Medium Scale Two-Phase Closed Loop Thermosyphons (MSL)
Two medium scale TLTs were used in the study. One (MSL I) has a heat transfer rating of
60 W and the other one (MSL IT) of 1,500 W. MSL I was heated by hot air and cooled by a direct

conduction heat sink and MSL II was heated electrically and cooled by cold water.

3.2.1 Medium Scale Two-Phase Loop Thermosyphon for Heat Extraction of

Enclosed Spaces (MSL I)
3.2.1.1 Design and Specification for MSL 1

The experimental apparatus which is schematically illustrated in Fig. 3.8 to 3.11 consists of
the main TLT assembly, the cooling system for the condenser section, a well insulated confined space
and a charging system. The main TLT assembly which is to replace the conventional refrigeration

systems is made of three parts; the finned evaporation section which extracts heat from the air in a
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confined space, the long smooth transport section, and the condenser section cooled by an external

cooling source.

Two fin & tube type ($8 ~ 9.52 mm) evaporator sections (Figs. 3.10 and 3.1 1) were made from
the same aluminum tubes and plates with the dimensions for Case 1: 520mm x 200 mm x 50 mm and
for Case 2: 440mm x 200 mm x 50 mm, respectively, and the heat transfer to the evaporator surface
is by natural convection. The effective outer surface areas (heat transfer surfaces) are: for Case 1,
1.53 m* and for Case 2, 0.89 m?, and the effective inner surface areas are: for Case 1, 0.158 m> and

for Case 2, 0.105 m?, respectively.

The details of the external cooling source is a proprietary information of the host company,
Samsung Electronics, and therefore could not be provided in the thesis. However, the lack of the
technical information on the cooling source has no bearing on the execution of the present study, i.e,
the heat transfer performance of a new TLT. The effective surface areas of the cooling source are
0.0114 m? for both Case 1 and 2 and the cooling surface temperature was controlled and maintained
at a desired temperature within 0.5 °C. Fig 3.9 shows the details of the condenser sections.

The evaporator and condenser sections are connected with two @smn lines as seen in
Fig.3.8; one for the two-phase flow from the evaporator to the condenser, and the other for the
condensate return from the condenser to the evaporator.

A temporary closure of .the loop thermosyphon was made as was the case of SSL with high
grade vacuum valves which were connected to the upper part of the systems through aluminum tubes.
To measure the temperature distribution over the length of the loop thermosyphon, a total of twelve
thermocouples were used for each system. All the thermocouples used were calibrated and

connected to a computer controlled data acquisition system.
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The charging system for the working fluids consisted of a vacuum pump, a vacuum gauge,
vacuum valves and a connector system which allow to charge the desired amount of the working fluid
into the MSL L.

For relatively low temperature range applications of interest, refrigerants with chlorine would
be most convenient. However, as stated previously the use of these refrigerants is now completely
prohibited by the Montreal Protocol. For the ambient air average temperature of the confined spaces
of 1,-17°C for Case 1, and +3 °C for Case 2, respectively, which are the temperature of interest in
the present study, the refrigerant R-134a was seen to be the most suitable for the systems and used
as the working fluid.

The cleaning processes of the test loop thermosyphons were the same as that for the case of
SSL. The thermosyphon tubes were connected to vacuum pumps to remove the inside air and other
non-condensible gases. The pump usually reached to the magnitude of 5 x 10” torr fora dry system.

After the thermosyphons were evacuated, known amounts of the working fluid were charged
into the tubes using the charging system. In the present study, the amounts of the working fluid

charged were 100 g for Case 1 and 130 g for Case 2, respectively.

3.2.1.2 Data Reduction

The overall heat transfer coefficient, U;, of the test TLT is defined as the same as that givenin
Section 3.1.5. It was seen that the heat loss in the condenser section was negligible because of the
thick insulation. The errors involved in the calculation of the thermosyphon heat transfer coefficient

were generally due to the inaccuracy of the temperature and the flow rate of the coolant. The



readings of the coolant flow rate and the temperatures were recorded after the steady state had been

reached and fluctuations of +0.5 % for the coolant flow and 0.2 °C for temperature were observed.

3.22 Medium Scale Loop II (MSL IT)
3.2.2.1 Design and Specification for MSL II

The medium scale TLT No. 2 used in the present study are located at KIER (Korean Institute
of Energy Research), Korea. This loop was designed for a heat transfer capacity of 1500W and the
objective of this MSL II was to identify the basic parameters which govern large industrial size TLTs
to be tested at KIER. This was a joint collaborative project between the University of Ottawa and
KIER.. The MSL II consists of two sets of vertical pipe sections defined as the transport section,
which are joined to the evaporator and the condenser sections of the loops. The overall design
specification of MSL II is given in Table 3.1.

Distilled Water was used as the working fluid as well as the coolant for condenser section. The
small electric powered heat exchanger was installed at the condenser section. This allowed the
cooling water in the condenser section to be controlled at a constant temperature. The test assembly
as shown in Figs. 3.12, and Plates 3.9 and 3.10 was designed and manufactured with the following

considerations:

Heating Section

The evaporator section shown in Fig. 3.12 and Plate 3.10 consisted of a single pipe (ID 20.2
mm, OD 27.2 mm and 300 mm long) with an electrical heating wire wound around along the length

of the pipe. As shown in Fig. 3.12, at a 30 mm above the evaporator, a glass tube of 70 mm in

89



length was installed for flow visualization studies. This made it possible to observe the flow
phenomena of the working fluid leaving the evaporator which is an essential information needed for
the subsequent comparisons with the simulation program results. The power input to the heating
wire could be varied continuously from 0 to 2400 W of the rated inputand was measured by a Watt
Transducer (KTG-12-0). The changes in the line voltages were less than a 2% variation for the
power input. A 100 mm thick insulation was placed around the evaporator to prevent heat loss. The

constant heat {luxes were supplied at 500, 700, 1000, 1200 and 1500 W.

Cooling Section

Fig. 3.12 and Plate 3.10 show the condenser section of MSL II. The condenser section was
made from a single pipe (ID 20.2 mm, OD 27.2 mm and 300 mm long) and a water jacket outside
to supply the cooling water. The temperature of the cooling water was controlled by an electric
heater inserted in the water res;.rvoir tank. A rotary type flow meter (OVAL FLOWPET , 200 -
1,200 V/hr) was used to measure the flow rate of the cooling water supplied to the condenser section.
The flow rate of cooling water was supplied at 310 Vhr. The temperature of the cooling water was
fixed at 50, 60 and 70 °C.

50 mm below the condenser, a 70 mm glass tube was provided for flow visualization of the

condensate leaving the condenser.



Transport Section
The transport section was made from single pipe (ID 20.2 mm and OD 27.2 mm) which

connects the evaporator and the condenser forming a rectangular loop as seen in Fig. 3.12 and Plate

3.9.

General Descriptions
The MSL IT could be charged with a working fluid to any desired percentage of the full

capacity. In the present study, three filling rates were charged the loop at 30, 50 and 70 % of the
volume of the evaporator. The loop was well insulated to minimize the heat loss from the loop to the
surrounding air. The temperature of the evaporator and condenser pipe surfaces were measured
using seven thermocouples ( K-type ¢ 0.3 mm) mounted along its length. The thermocouples
mounted in the evaporator and the condenser surfaces were silver soldered at a equal spacing along
the length. As shown in Fig. 3.12, the inlet and outlet temperatures of the evaporator and the
condenser were monitored using 4 probe type thermocouples (K - type sheath dia. 1.6 mm). The
positions of installed thermocouples are shown in F ig. 3.12.

Pressure transducers (PDCR 130/W, 0~5 kg/cm’) were installed at the evaporator entrance
and exit to obtain the saturation pressure. Also, the pressure of the condenser entrance and exit were
measured by pressure transducers (P21AA, 0 ~ 5 kg/cm?) installed in the entrance and the exit of the
condenser. Fig. 3.12 also shows the positions of the pressure transducers. The MSL Il was designed
to allow for a change in the vertical distance between the evaporator and condenser sections at
intervals of 0.5 m, 1 mand i.5m. Also the horizontal distance could be changed to a maximum of

3m. Asshown in Plate 3.9, all measured data were recorded by a computer based data acquisition
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system (FLUKE, HELIOS Plus 2287A). The data acquisition system was programmed to scan all
of the thermocouples and then the electromotive force from the thermocouples were converted to

digital forms for the computer.

Vacuum
All the loop components were cleaned to remove the contaminants using distilled water before
assembling the loop. After assembly, the vacuum of a loop was tested under pressure and Nitrogen

was injected into the loop to check leaks .

3.3  Large Scale Two-Phase Loop Thermosyphons (LSL I and LSL II)

Two large TLT loops (LSLs) were used to obtain both performance data and some insight
into the flow behaviour within large loops which consist of the evaporator section, the condenser
section and transport sections. The heating and cooling methods were designed so that the heat
balance of each loop could be easily made.

Asa part of the joint collaborative study between the University of Ottawa and KIER, the two
LSLs used in the present study were located at KIER (Korean Institute of Energy Research), Korea.
The heat transfer capacities of the two LSLs were 7,500W and 100,000W, respectively. The design

specification of the two LSLs are given in Table 3.1.
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3.3.1 Large Scale Loop I (LSL I) for Waste Heat Recovery System
3.3.1.1 Design and Specification for LSL I

The 1st large scale TLT which is shown in Fig. 3.13 is a test loop to be used as a waste heat
recovery system.- The LSL I was designed to have the maximum heat capacity of 7500 W and the
objective of the LSL I is to see it. Such a system could be used economically as a waste heat
recovery unit. The LSL I is also a precursory test TLT for the preparation of a much larger system

, thatis LSL II. Figs. 3.14, 3.15, and Plates 3.11, 3.12, and 3.13 show the details of the test LSL 1.

Heating Section

As shown in Fig. 3.14 and Plate 3.13 (a), the evaporator of the LSL I consists of a five-pipe
unit made of 5 carbon steel pipes (ID 20.2 mm, OD 27.2 mm and 300 mm long). The five carbon
steel pipes which have electric heating wires wrapped along the lengths were connected to the
evaporator headers (bottom headers and top headers). The both top and the bottom headers are 61
mm [D, $70 mm OD and 271 mm in length. The lower end of the transport pipe was connected to
the evaporator by means of a pair of flanges (SK-20A). The flow path to the test section was tapered
to.minimize any disturbance in the system due to a change in cross-section area. Gaskets were used
to seal the flange joints.

The evaporator pipes were connected to auto-transformers separately and the input power
to each pipe was controlied by different power supplies. The evaporator pipes are well insulated to

minimize heat loss.
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Cooling Section
Fig. 3.15 and Plate 3.13 (b) show the details of the condenser assembly of the LSL I. The

condenser section consists of five finned pipes (ID 20.2 mm, OD 27.2 mm and 300 mm long) which
were connected to the two condenser headers. The cooling of the condenser section was by cold air
forced convection. The cooling air temperature was limited by the outdoor conditions which were
in the range of about 20 to 30 °C. The cooling air was supplied to the condenser section by a Blower
(40-50 CCM flow rate, 120 mmAq) and the RPM of the blower was controlled by an inverter. A
 hot wire anemometer (V-01-AND) was placed in the condenser inlet duct to measure the cooling air
velocity. Each pipe row of the condenser assembly has an exhausting valve to release any non-

condensible gas reminded inside.

Transport Section

The transport section of LSL I was made of carbon steel pipes (ID 20.2 mm, OD 27.2 mm)
and the total length was 2173 mm as indicated in Fig. 3.13. One end of the transport pipe lines was
connected to the header of the evaporator by means of a pair of flanges (SK-20A) and the other end
to the condenser header. Two valves were provided at the end and the top of the transport pipe line
on the evaporator side. The top valve was used to remove the superheated vapor and the bottom

valve to drain off the working fluid.

General Descriptions

The LSL I was well insulated to minimize the heat loss from the loop to surrounding air. As
shown in Fig. 3.13, the temperature of the evaporator and condenser pipe surfaces were measured
using three thermocouples mounted along its length.
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The details of the evaporator and the condenser assemblies are shown in Fig. 3.14 and 3.15.
The vertical distance between the evaporator and the condenser was | m and the horizontal distance

10 m. The LSL I was designed so that the vertical distance could be changed from 0.5 mto 1.5 m.

Pressure Measurement
Four absolute pressure transducers (Transmetrics P21AA, 0 ~ 20 kg/cm?) were installed at
the inlet and outlet of the evaporator and the condenser sections individually to record the pressure

variations.

Temperature Measurement

The working fluid temperatures were measured at various locations along the loop with
0.011-inch diameter chromel-alumel sheathed thermocouples (K-type sheathdia. 1.6 mm¢ OD). The
thermocouples were provided at the inlets and outlets of both the evaporator and the condenser
sections (a total of 4 thermocouples) as shown in Fig. 3.13. The time constant of these
thermocouples was estimated to be in the range of 50-150 milliseconds. Three thermocouples (K-
type $0.3 mm) per each evaporator pipe were installed, respectively, on the surface of the pipe for
the evaporator pipe surface temperature (a total of 15 thermocouples). As shown in Fig 3.13, three
thermocouples (K-type ¢0.3 mm) were also installed at the inlet and the outlet of the cooling air duct

(a total of 6 thermocouples).
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Data Acquisition
For the LSL |, a data acquisition system (Fluke Helios Plus 2287A) shown in Plate 3.12 (b)

was used to determine temperatures, the saturation temperature of the working fluid and pressures.
The auto-transformers (KTG-12-0) were connected into the electrical heating wires of the
evaporator pipes. With these auto-transformer, the input voltage and current were measured and

supplies were controlled.

3.3.2 Large Scale Loop II (LSL II) for Waste Heat Recovery System
3.3.2.1 Design and Specification for LSL II

The 2nd large scale TLT which is schematically shown in Fig. 3.16 is to be used as a full size
industrial waste heat recovery system. LSL II was designed to have the maximum heat capacity of
10 kW and to be used as a prototype for a full size industrial heat recovery system. Figs. 3.16 to

3.21, and Plates 3.14 to 3.16 show the details of the test assembly of LSL II.

Heating Section

As shown in Fig. 3.17 and Plate 3.185, the evaporator consists of five pipe rows which have
12 carbon steel pipes (ID 20.2 mm, OD 27.2 mm and 800 mm long) each, making a tube bank of 12
x5 pipe array. Each individual evaporator pipe has fins (0.8 mm thickness and 11.4 mm height)
plasma welded at 3.6 mm intervals on the surface. The pipe bank has a triangular configuration in
geometry as shown in Fig. 3.18, and the fined pipes were welded to the top and the bottom each
evaporator headers. Each transport pipe was connected to the evaporator by means of a pair of

flanges (SK-20A). There are five headers and five transport pipes. The flow path to the test section
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was tapered to minimize any disturbance in the system due to a change in cross-section area. Gaskets
were used to seal the flange joints.

A high temperature plastic tubing was connected at the bottom header outlet and the top
header inlet of the each evaporator pipe to check the filling rate. The first pipe row of the evaporator
section directly faces the hot air from the burner (Baltur BT 8G). The working fluid in the first pipe
row would start to boil earlier than those in the other pipe rows. Therefore, the first pipe row has
a valve to release the superheated vapor at the top of its transport pipe on the evaporator side because
this high temperature would cause can make high pressure which would damage the system.

The LSL IT was heated by the exhaust air from the burner (Baltur BT 8G) as illustrated in Fig.
3.16.and Plate 3.14. The hot air temperature was limited to 300 °C. The oil burner (TYPE VE3.2,
Brahma, max. 150,000 kcal) is rated 150,000 kcal/h heat which could heat air up to the maximum
temperature of 300 °C. The temperature of the hot air was controlled by a three way damper at the

range of 200 ~300 °C.

Cooling Section

Fig. 3.19 and Plate 3.16 show the condenser assembly which has the same pipe bank
configuration as that of the evaporator section except that, the first pipe row had 11 pipes (ID 20.2
mm, OD 27.2 mm and 800 mm long). The cooling air temperature was limited by the outdoor
conditions which were the same as for the case of the LSL I. The cooling air was supplied to the
condenser section by a Blower (ShinPung SPTF, 10HP, 200 CCM flow rate, 1895 RPM). An air-

water heat exchanger was installed to control the temperature of the cooling air. As was the case of
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the LSL I, each pipe row of the evaporator has an exhausting valve to release only non-condensible

gas remained inside.

Transport Section
The transport section of Loop II has five parallel pipe lines and each pipe line was made of

carbon steel pipes (ID 20.2 mm, OD 27.2 mm). The total length of the transport pipe line was 12208
mm as indicated in Fig. 3.16. The ends of the transport pipe lines were connected to the header of
each pipe rows of the evaporator by means of a pair of flanges (5K-20A) and the other line ends to
the condenser headers. Two valves were provided at the end and the top of each transport pipe on
the evaporator side. The top valve was used to remove the superheated vapor and the bottom valve

to drain off the working fluid.

General Descriptions

The LSL II was insulated to minimize the heat loss from the loop to the surrounding air. As
shown in Fig. 3.20, the temperature of the evaporator and condenser pipe surfaces were measured
using three thermocouples mounted along its length.

The evaporator and the condenser assemblies are shown in Fig. 3.17 and 3.19. The vertical
distance between the evaporator and the condenser was 1 m and the horizontal distance was 10 m.

As shown in Fig. 3.20, the LSL I has two different test configurations (counter and parailel)
depending on the air flow direction of the condenser section. The condenser section of LSL II was
designed so that the flow direction could be changed easily; either counter flow or parallel flow as

shown in Fig. 5.20.
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Pressure Measurement

Two differential pressure transducers (P55D 1N132S44, 0 ~ 1000 mmH,O) installed at the
inlets and outlets of the condenser and evaporator sections to measure the pressure drop across the
loop. Three absolute pressure transducers (Transmetrics P21AA, 0 ~ 20 kg/cm?) were provided at
the evaporator and the condenser section outlets (1st, 3rd and Sth pipe row) to record the local

pressure variations. It was found that in most cases this pressure variation was quite small.

Temperature Measurement

The temperatures of the working fluid temperatures were measured at various locations in the
loop with 0.011-inch diameter chromel-alumel sheathed thermocouples (K-type sheath dia. 1.6 mm¢
OD). The tips of the thermocouples were placed approximately at the center of the flow cross
sections. The location of the thermocouples (a total of 20 thermocouples) are shown in Fig. 3.20.
The time constant of these thermocouples are known to be in the range of 50-150 milliseconds. As
shown in Fig 3.21, a set of three thermocouples (K-type $0.3 mm) were placed at the inlets and the

outlets of the hot air and cooling air ducts (a total of 18 thermocouples).

Data Acquisition
For the LSL I, the data acquisition system (Yokogawa Hokushin Electric, Model 3081 and

2500E Hybrid recorder) was used to determine temperatures, the saturation temperature of the
working fluid and pressures. The pressure heads were measured using pressure transducers ®P55D

IN132544, 1000 mm H,0) connected to micromanometers.



CHAPTER 4

ANALYSIS

%

4.1  Simulation Overview

Asmentioned in Chapter 1,a TLT (Two-Phase Loop Thermosyphon) is an integrated system
with both single-phase and two-phase flows. Unlike single phase flows, two-phase flow are affected
by many flow parameters and very difficult, if not impossible, to obtain any solution from the first
principles. Therefore, a purely analytical solution fora TLT system is not possible due to the two-
phase fluid flows involved. Because of this difficulty, the analytical aspect of the TLTs is replaced
with a system simulation code development in the present study. The aim of any simulation for a
mechanical system is to provide the capabilities to predict many variables which would affect the
performance of the system under different operating conditions.

In the present study the simulation study is based on two different simulation methods. The
major difference is how to manage the simulation procedure for the section between the evaporator
and the condenser inlets. The lumped method does not consider the different flow patterns which
may exist in the section, the evaporator section is dealt as one lumped section with a lumped two-
phase parameter. The sectorial method is built on the flow regimes of the two-phase flows involved

because the heat transfer involved in a TLT is that of flow boiling.
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The TLT simulation code is developed to provide the following capabilities.

the heat transfer rate versus the temperature difference between the heat source and
the heat sink,

the.temperature distribution along the loops,

the saturation temperature of the TLT and the heat transfer capacity of the system,
the effect of the mode of cooling at the condenser section (, i.e., forced and free,) on
the heat transfer capacity of the system,

the characteristics of the cooling in the condenser section with various heat transfer
enhancing mechanisms (e.g. fins),

the effect of the loop length on the heat transfer capacity of the system,

the choice of the working fluid,

the effect of the contact resistance and the heat transfer capacity of the system. (only
for SSL and MSL I), and

the presentation of the pertinent information in graphs.

Simulation Code Development

The simulation model which was derived from the ideal model such as shown in Fig.3.1is

based on a thermal resistance network as illustrated in F ig. 4.1.

Thermal Resistance Network

Under steady-state conditions, the thermal resistance model as shown in Fig. 4.1 can be used

to estimate the heat transfer rate of a TLT cooling system.
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The sectorial thermal resistance between the hot section and the cold section may be written -

1

RT:RM+R'°°p+R°°'4=UTA, 4.1

R, =R;+R, forSSL, R, =R.,+R, forother TLTs 4.2)
Rop=R,+R,+R_, 4.3)

Resia = Ry + Ry 4.4

the total resistance between the hot section and the cold section.
the thermal resistance of the evaporator

the thermal resistance of the thermosyphon loop

the thermal resistance of the condenser

the thermal resistance of the filler (for SSL only)

the thermal resistance of the holding plate (for SSL only)

the thermal resistance of the evaporation

the thermal resistance of the transportation section

the thermal resistance of the condensation

the thermal resistance of the condenser tube wall

the thermal resistance of the forced convection to the condenser section
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Each of these thermal resistances are presented in Appendix G which show that the thermal
resistance method requires anumber of empirical correlations for various thermal resistances. Several
empirical correlations for flow boiling (Appendix C), condensation (Appendix D), enhanced forced
and free convection (Appendix H), and the equations of fin efficiency (Appendix I) were collected
and evaluated for its applicability.

For SSL, the conduction shape factors needed for the evaporator section were estimated by

analytical solutions from the literature, which are given in Appendix I.

4.4 Definitions

The vapor quality is defined as,
h - h 13 .
,=( ) (1) = 4.5)
hg m, +m, m, +m,

The void fraction can be defined as the ratio of the flow area occupied by vapor to the total flow area

as:

A, A
==& d (l-a)==t 4.6
a y and (1-a) N (4.6)
Mean density is defined as
Prmean = ap, + (l - a)pl (4‘7)
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Phase velocities,

v, =2 4.8
d p,A,(l—a) (4.8)
and
v = 4.9)
¢ pda @
Slip Ratio,
\4
S=-—L (4.10)
Vi
Conservation Equation
Mass conservation :
The equation of mass conservation for a steady state flow can be given as:
dm
—=0 4.11
@ 4.11)

Momentum conservation :

The momentum equation for steady state flow is,
Total pressure drop = acceleration pressure drop + frictional pressure drop + hydrostatic

pressure drop + the pressure drop in bends, fittings etc.
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A e et

In a closed flow loop such as TLTs, the simulation of the pressure drop is zero.

Energy conservation :
The heat transfer rate to a mixture per unit length, g,, is equal to the rate of the enthalpy change

in the mixture, neglecting the changes in the potential and kinetic energies.

q; =%(GH)= G%’ (4.13)
g _dH
TR (4.14)

45 Lumped Method
4.5.1 Simulation Logic

As seen in Fig. 4.1, the resistance, R, must be determined through various tow phase flow
parameters involved. Initially, the working fluid of a loop thermosyphon enters at the bottom of the
evaporator section as either saturated or subcooled liquid in either laminar or turbulent flow with
developing momentum and thermal boundary layers. As the fluid rises up the thermosyphon, its
pressure and hence saturation temperature drops along the flow channel. As the fluid progresses
along the evaporator section of the TLT, the vapor fraction increases and hence the apparent flow

velocity increases. Two-phase forced convection becomes dominant.
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Therefore, the main concept of the lumped method is as was illustrated in Fig. 1.2 that for
a steady state condition, the two-phase flow in the evaporator section of a TLT may be assumed to
be in a lumped forced convective boiling state, and accordingly the evaporator section of the TLT
can be assumed as one lumped section.

In the condenser, only film condensation with negligible vapor velocity is assumed in the
presentanalysis. Ifthe condenser is partially flooded, the mode of heat transfer in the flooded region
becomes single-phase liquid forced convection.

The program is made to estimate an initial pressure and temperature in the evaporator liquid
inlet and the mass flow rate of the TLT, then proceed to calculate the heat transfer coefficient, the
exit state of the working fluid and the fluid temperature at the downstream of the evaporator. The
pressure drop and the heat loss along the section between the evaporator and condenser sections are
to be calculated. Assuming a negligible pressure drop along the condenser section, and by knowing
the inlet and the exit states of the condenser, the heat transfer in the condenser and the temperature
of the fluid leaving the condenser section is calculated. The inlet pressure of the evaporator section
is varied until the incoming liquid temperature is achieved. Once this convergence is reached, an
energy balance applied to the evaporator section would yield a new value for the fluid temperature
at the inlet of the evaporator section. This new value is used to generate the final values including
the static liquid level which would exist in the loop upon shutdown. The whole simulation procedures
by the lumped method are shown in the flow charts of Fig. 4.2 (a) for the SSL and MSLs and Fig.
4.2 (b) for LSL I and II.

106



4.5.2 Flow Regimes

When a fluid is flowing inside a tube either in laminar or in turbulent flow condition, single-
phase convection heat transfer will occur. There are numerous correlations for this mode of heat
transfer and can be found in most heat transfer text books.

As heat is added into an evaporator surface, the transition from single phase convection to
nucleate boiling occurs when the liquid layer adjacent to a heating surface becomes superheated. It
is now an accepted fact that the presence of nucleation cavities is required to establish boiling on a
metal surface. Many investigators have presented correlations to predict the incipient boiling point.
Most of these investigators studied the phenomenon of the wall superheat during the incipient boiling
in tubes. The expression of Davis and Anderson [1966] related to the incipient heat flux and

superheat is generally now accepted which is given as:

)

When the liquid near a wall surface is superheated, then bubbles are formed. The bubbles
transport the latent heat of the phase change and also increase the convective heat transfer by
agitating the liquid near the heating surface. This boiling mechanism is called nucleate boiling and
is characterized by a very high heat transfer rate for only a small temperature difference. Nucleate
flow boiling occurs in tubes when the quality is low. When the quality increases, a transition occurs
from nucleate boiling to two-phase forced convection. The quality plays an important role in
determining the onset of this transition. Unfortunately, there is hardly any published data to predict
the onset of such a transition. Next stage in the heat transfer regimes is that of two-phase forced

convection heat transfer. This is the most important heat transfer regime when the fluid is undergoing
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a change of phase in an evaporator tube. It is again very difficult to find the transition criteria
between the nucleate boiling and forced convection evaporation in open literature. The reason is
mainly from experimental difficulties and because of this, many researchers tried to integrate these
flow regimes as one two-phase heat transfer regime. One of the best example is a correlation of
Chen [1966]. Chen’s correlation include both effects of the two heat transfer regimes, i.e., forced
convection and boiling.

As the quality reaches x =1, the transition from two-phase forced convection to the liquid
deficient region occurs. Although the transition from two-phase forced convection region to liquid
deficient region is not encountered in the present system (from the experimental experience), this is
given for the completeness. In this region, the correlation of Rhee and Young [1975] for x_, could

be used. if the quality exceeds the critical quality, dryout occurs, and x_, is defined as:

Weop,
Re, } (4.16)

L)M @.17)

We=187x 107 Re, | 2 (
0.0608

P

The flow regimes considered in the lumped method are summarized in Table 4.1.

4.5.3 Heat Transfer
For a TLT system, the heat transfer coefficients for various flow regimes available in the

literature can be predicted with correlations or models. Although there are a large number of
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prediction methods available, it is difficult to select a suitable one for given conditions. Asdescribed
in Chapter 1, most of the prediction methods in the literature are valid only for limited range of

conditions with large uncertainties.

(a)  Single-Phase Liquid Flow Region

The first heat transfer region encountered when a working fluid enters the evaporator of a
TLT is that of single phase heat transfer to the liquid phase. In this region, the working fluid may
enter the evaporator in a subcooled state. As the fluid progresses up, heat transfer takes place by
single phase forced convection and the pressure decreases.

For the calculation of the heat transfer in the single phase forced convection region, the
correlations of Sieder and Tate [1936] given as Eqgs. (4.18) and (4.19) below, were used to estimate
the local heat transfer coefficient. Sieder and Tate’s equation is mainly the correction of Dittus and
Boelter [1930] equation to take account into the property variations ir: a heated pipe.

For laminar flow:

. 3 014
Nu=186(Re, Pr,)m(%) (%) (4.18)

For turbulent fully developed flow:
0.14
Nu=0027Re?® Pr,"’(i) (4.19)

H,
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(b) Two-phase Flow Heat Transfer (Forced Convection)

Atthe point where the bulk fluid temperature reaches the saturation temperature, a two-phase
flow heat transfer coefficient h,, is estimated using correlations from literature shown in Appendix C.
There are numerous investigations on forced convection boiling heat transfer, most of them if not all
are experimental. Because of the great variety of the effective parameters and the complexity of the
phenomena, purely theoretical analysis cannot provide a general equation for the boiling heat transfer
coefficients for different substances and different conditions. All correlations given in the literature
have a relatively large range of uncertainty and can be used only in restricted cases. For this reason
measurements on heat transfer coefficient for different substances and different conditions still appear
necessary.

Ten flow boiling correlations from the literature have been checked for their applicability to

our case, and they are listed in Table 4.2, and their results are compared with our experimental data

in Chapter 5.

(c) Dryout Region
As stated previously, this region is not encountered in the present study, but the relevant
empirical equation is given for the completeness. The heat transfer in this region may be calculated

using the following equation of Rhee and Young [1975];

k
Pt = 0.0162(3‘) Red™ Pri(1-x,,)" (4.20)
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(d) Single-Phase Vapor Flow
As the flow progresses up, the magnitude of the quality reaches 1, and the flow is in vapor

phase. The relations described in the previous section ‘single phase flow’ is applicable.

(e) Condensation
The TLT system is mainly operated by the evaporation and the condensation processes.
Condensation, the process by which a vapor is converted to a liquid, is one of the two most important
transfer operations. Condensation may occur in a variety of modes (filmwise and dropwise). Here,
it is assumed that the condensed liquid forms a continuous liquid film on the heat transfer surface as
is the general industrial practice for the design of a condenser. The best known analysis of the film
condensation is the larminar film condensation on a vertical surface by Nusselt [1916]. The analysis
of Nusselt has been modified for various geometries and orientations.
- Vertical film condensation by Nusselt theory [1916]
If the vapor is in a superheated state, vapor desuperheating takes place and the wall
temperature is calculated using single-phase vapor heat transfer correlations.
Condensation heat transfer takes place when vapor is cooled sufficiently below the
saturation temperature. The equations used in the determination of the condensation
coefficient are given in Appendix D.
-  Condensation through integrated horizontal finned tube [Smimov and Lukanov, 1972}
The film condensation on integral-fined surface in horizontal tube were first studied by
Beatty and Katz [1948] who made the condensation analysis on two-dimensional integral
fin tubes with a rectangular cross section. In this geometry, the Nusselt analysis could
not be directly applied to such tubes. They applied Nusselt's equations for the film
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condensation on horizontal tubes and vertical plates to the horizontal portion between the
fins and to the short vertical fins, respectively, and this has been modified by many others
[Smirnov and Lukanov, 1972 and Marto et al., 1990 and so on.). In the present study,
the average condensation heat transfer coefficient correlation of Smirmov and Lukanov

[1972] developed for the horizontal tube with fins is used in the simulation for simplicity

given as:
klsplzgh/g "
h_, = 0689 —= 4.21
ond = 0 { uAD,, @21
P A 1 A 1 4, 1
—t =130p, L4y ZE v 422
{Deq} s -4./ Zm +y Ae/ Dom + Ae/ D,"‘ ( )

The details are also given in Appendix D

4.5.4 Pressure Drop
4.5.4.1 Pressure Drop in Straight Pipe
(@)  Pressure Drop Calculation for Single-phase
A TLT system encounters both single phase and two-phase flow regimes. The frictional
pressure drop in a single phase flow regime is calculated using the following relationship for smooth

pipes.

Ap,= fo—— (4.23)
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f=16/Re for laminar
f=0.079/(Re )** for turbulent flow in Re < 20,000
f=0046/(Re )*? for turbulent flow in Re >20,000

(b) Pressure Drop Calculations for Two-Phase Forced Convection

There are a large number of pressure drop correlations for the lumped model for two-phase
flows. In the simulation, the correlation of Friedel [Hewitt, 1994) was used to relate the two-phase
frictional pressure drop to the single-phase frictional pressure drops for the vapor and liquid phases

given as;

dj dj | 324FH
- (Ep) = (Zp) (E + 70 usWeo.o:s) 4.29)

P lo

(c) Pressure Drop Calculations for Dryout Region
The method recommended by Ali and Mcdonald [1977b] for the pressure drop calculation

for the region was adopted where the frictional pressure drop was calculated as a function of x.

8p; . =(Chp; o + DA, ) (4.25)

where

and D=1-C (4.26)
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atx =x, A4p;4 =4p;,andatx=1 Ap,, = 4p,,. The pressure drop decreases linearly with the
increase of x,, between the above two limits. The hydrostatic and acceleration pressure drops were
calculated in a manner similar to relations that described in the calculation of the two-phase flow

pressure drop. Inthe present study, the dry-out region is not encountered as previously mentioned.

(d)  Pressure Drop Calculation for Single-Phase Vapor Flow
The pressure drop was calculated from the relations as indicated in section ‘single phase flow’

by using vapor properties because the flow is single phase as all vapor.

(e) Pressure Drop in Transport Section

In the transport pipe of a TLT, the flow was considered to be an annular flow with same
entrainments which were deduced from the calculated quality of the flow at the outlet of the
evaporator. The frictional pressure drop for the section is calculated from the same method as
described in Section 4.5.4.1 (b) above based on the thermal and hydraulic state of the working fluid

at the evaporator outlet.

® Pressure Drop in Condenser Section
- Vertical Film Condensation
The frictional pressure drop of the condenser section with vertical geometry is calculated
by the method as described in Section 4.5.4.1 (a) as a single phase flow. It is assumed
that the vapor flow from the transporting pipe is immediately liquidized in the condenser

inlet.
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Horizontal Integrated fin structure.

Itis very difficult to calculate the frictional pressure drop for a horizontal pipe with fin
structure because the flooding and innundation are involved. To simplify the calculation,
the simulation needed a few assumptions, “It is assumed that in condenser section, there
is no flooding and innundation and the flow is single phase state”. For the frictional
pressure drop in a horizontal condenser with integrated fin structure is calculated with the
correlation of Lukonovich et al. [1972].

G* Ay

=f 27 4.27
Ap, szp'Dm 4.27)

where D, is the equivalent diameter of the condenser.

Pressure Drop in Condensate Return Line

The pressure drop in the condensate return line of a TLT is calculated as a single phase flow

and the method described in Section 4.5.4.1 (a) is used.

4.5.4.2 Pressure Drop with Area Change Model (Expansion, Contraction, Orifice)

All TLT's contain piping networks with many fittings having, e.g., sudden area changes such

as valves, junction and orifices. These fittings would encounter single phase fluid and/or two-phase

flow. One example is described in Fig. 4.3 for LSL I

Single-Phase Abrupt Area Change Model

The modeling techniques used for the dynamic pressure losses associated with the abrupt area
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change in a single-phase flow are extended to two-phase flows. In a steady incompressible flow, the

losses at an area change are modeled by the inclusion of an appropriate dynamic head loss term, h,

, in the one-dimensional modified Bernoulli equation [Welty, 1984].

Expansion
oA -4)C
AP cpamcen Z(A,)(l A,,)(zp,) (428)
Contraction
YL (a6
Apm-{(a—uj (4 }(2,,,) @29
Insert

The most general case of an abrupt area change is contraction and expansion with an

insert. In this case, the insert is considered as a combination of the contraction and the

expansion. The first is the contraction area

ratio at the vena-contracta relative to the

minimum physical area, .= A_/A; . The second is the ratio of the minimum physical area

to the upstream flow area, €; = A; /A, . The third is the ratio of the downstream to

upstream area, €= A, /A, . The dynamic pressure loss through an insert is analyzed in a

manner parallel to that for a simple contraction and expansion. The dynamic pressure

loss associated with the insert is given by

wheree €, = 0.62 + 0.38 (g,)°
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(b)  Two-Phase Abrupt Area Change Model.
It is worthful to consider that many industrial piping systems have

~ Sudden Expansion [Chisholm, 1983]

For the two-phase abrupt change model, the separated flow multiplier which is suggested

by Chisholm [1973] isapplied. This model follows from the separated-flow momentum

equations when the effects of gravity and wall shear are neglected.

v,= {1+ [&- l)[Bx(l- x)+ le}
Pe
where B is recommended by Chisholm [1973] as 0.25.

G¢(1-¢)
I

- Aplo =

where { is the area ratio through the area change.

(o
4,
Therefore, the frictional pressure drop through the sudden expansion is,

- Apanmon = WSAPIO

- Sudden Contraction [Chisholm, 1983]
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For a sudden contraction, the homogeneous model is used with homogeneous flow

multiplier.

- b _ 4.35
Vu I:H"‘{p' IJ] ( )

_ap, = _3[(L_ 1) " -glz] (4.36)

C = -
08391-(1/g)]" +1 (4.37)

= P cocracnon = ¥ P, (4.38)

4.5.4.3 Flow Direction Change Model (Bend, Valve, Flow turning)
(a) Single Phase Flow
- Flow Direction Change [LSL I and II)
At the evaporator inlet, condenser inlet and outlet, the fluid flow encounters changes in
the flow direction which is not extensively studied. Hence the technics which have been
used in industrial heat exchanger designs [Hewitt, 1994] was also used in the present

study.

L e=\2
= Apnmc_:p = knnn M (4'39)

2p
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- Bend

-0.17 2R 0.84 Gz
~Apy =o.oooz41a,o(%J (—) (—b) (4.40)

for 90° bend

-196,
a, ={0.95-4—!7.2(21€/D,,) 2R/ D, <197 (4.41)
12R/ D, >19.7
(b) Two-Phase Flow
- Flow Direction Change [Hewitt, 1994)
2
(’"’ "] (4.42)
- Aplum_lp = km-n 2P, Vi
- Bend [Chisholm, 1983]
={1e| 2L 2 4.43
w,=1{1+ -I[Bax(l-x)+x] (4.43)
Pg
B, =1+[B, - 1]5"; (4.44)
k,
—ap, =01 L"_J (4.45)
2p
= BPsena = V58P, (4.46)
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where for 90° bend,

22
* Xao2+ Re 7 D) (4.47)

By =1
kg0 = the loss coefficient for the bend calculated for the total flow flowing with the
liquid phase properties (k;,, = 0.15 for 90° bend)
R. = the bend radius of curvature
D = the tube diameter

For 180° bends

0| —

(4.48)

|~
5 ¢

For other angle bends

0<8<90°

For the bends with angles less than 90°, it was recommended that the B coefficient is
taken as that for a 90° bend.

90°< 6 <180°

For the bends with angles greater than 90°, it was recommended that the B coefficient is
taken as that for a 90° bend.

4.5.5 Void Fraction

The void fraction correlation used is that of Lockart and Martinelli given in Appendix E.
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4.6  Sectorial Method
4.6.1 Simulation Logic.

It is generally accepted that the best simulation method for a TLT system is the sectorial
method (see Fig. 1.2) which is also called as the flow pattern model. The sectorial method is seen
to be much more realistic and sophisticated approach to a two phase flow. It is based on an idealized
representation of various possible flow phase configurations or flow pattern into which the two-
phases are considered. The success of the sectorial method is, however, how empirical correlations
available in the literature can be arranged and managed as was the case for the lumped method. The
majority of analysis in made in terms of force and energy balances existing in a particular flow
patterns make such a treatment extremely difficult. Attempts have, therefore, mainly been confined
to the annular pattern, due to its structural simplicity compared with other flow patterns. An
intensive attention was devoted to slug flow since this flow pattem is inherently unsteady with large
time variation of the mass flow rate, pressure and velocity at any cross section normal to their
direction and poses therefore special and difficult problems for the design if this condition is to be
avoided. In practice, the sectorial models have been often used in conjunction with some numerical
method to define the flow pattern and the extent of the flow regime or other transitions from one to
anbther.

However, the sectorial method encounters a large number of programming difficulties much
more than the lumped method. Unlike the lumped simulation method for a two-phase loop system,
the simulation code based on the sectorial method includes many generic component models (the flow
pattern models, the flow transition models, the pressure drop models and the heat transfer models

etc.) from which general systems can be simulated.
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As describe above, two-phase flow problem has a large number of unknown variables,
according to Hsu, Y. [1976]. With these unknown variables, two-phase flow problem can be solved
analytically by 12 equations (energy, momentum and mass equations) with many assumptions which
are impossible to.obtain only exact solution of the two-phase flow problem.

Unlike the lumped simulation method of TLT systems, the sectorial simulation method
requires a large number of empirical correlations for generic component models. The heat transfer
in the evaporator section of a TLT was calculated as one lumped heat transfer area in the lumped
method. But in the sectorial method, the evaporator section of a TLT is subdivided into each flow
regime. Also, for these flow regimes, different heat transfer correlations and pressure drop
correlations are needed.

As was for the lumped method, the sectorial method are based on the thermal resistances
involvedina TLT system. Inthe lumped method, the thermal resistance for the evaporator of a TLT
is defined as that of one lumped heated section. However, in the sectorial method, the thermal
resistance, R,,,,, must be determined through various flow regimes involved in the evaporation
phenomena. The sectorial simulation program starts with entering of the working fluid at the bottom
of the evaporator. A pre-assumed iteration set of the inlet condition will be set into the program
start. This pre-assumed inlet condition is reset by ensuing iteration procedures. The description of
two-phase flow in the loop is complicated by the existence of an interface between the two phases.

The working fluid flows in a TLT system, not only in a vapor phase but also in a liquid phase flow
in the same direction, continually changing its flow regime along the loop. Therefore, the two-phase
flow and heat transfer involved are very complex and it is very difficult to explore each heat transfer
characteristics respectively, according to the different flow regimes. When the returning condensate
from the condenser of a TLT enters the evaporator, it is heated and the flow regime may change to
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bubble flow. In simulation, the inlet condition is checked first with some criterion such as the
criterion for the existence of the bubbly flow. If the bubbly flow exist, two-phase flow parameters
in this flow regime are calculated. Consequently, increasing void fraction and flow velocity
encounters the next flow patterns. When the rise veiocity of bubbles in the bubbly regime exceeds
the velocity of Tayler bubble, it is considered that the bubbly flow can not exist [Taitel et al., 1980].
If the flow satisfying the transition criteria from bubbly to slug flows, a check has to be made for the
consequent transition criteria, i.e ; slug to annular transition and annular to drop flow transition. If
the state of the two- phase flow is placed in only slug flow, then slug flow regime starts and the
calculation of two-phase parameters in this regime proceeds.

Inthe present simulation study, the vertical flow-regime map [Taitel etal., 1980] combines slug
and churn flow-regimes into a single regime called slug flow with the first criterion controlling the
transition in small tubes and the second criterion applying in large tubes. The transition from the slug
flow to the annular flow is checked by Taitel’s transition criteria [Taitel et al., 1980]. If the transition
criteria from the slug to the annular is satisfied, then the next transition criteria is checked as in the
previous procedure. Consequently, in the evaporator of a TLT, the flow changed to annular flow.

Inthe annular flow, the gas flows along the center of the loop tube. The liquid flows partially as a
film along the walls of the tube, and partially as droplets in the central gascore. I[fonly the transition
criteria from the slug to the annular flow is satisfied, then the calculation procedure of the annular
two-phase parameters is proceeded. The next step is followed by the same procedure. Finally the
evaporator outlet condition will be met. Furthermore, because the transitions between the various
flow regimes do not occur suddenly, it is possible to observe a number of transition flow patterns
which possess characteristics of more than one of the main flow patterns described above. With a
steady state assumption, mainly two or three flow patterns will be observed such as bubbly and slug,
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bubbly and annular along the evaporator .

Since there could be no absolute number of flow regimes exist, in the present sectorial
simulation method, only four patterns, i.e., bubbly, slug, annular and drop flows, are considered
because of the lack of comprehensive analytical and empirical analyses. For the flow transitions
between one flow pattern to other flow patterns, the vertical volume flow-regime map is considered,
available in open literature.

The individual heat transfer and pressure drop models for bubbly, slug, annular, and drop flow
regimes are discussed in the following sections. Various models for the transition regions for the
regimes are also discussed.

The heated working fluid in the evaporator section flows into the connecting transport pipe
with increased phasic velocity, quality and void fraction. The state of the inlet fluid flow into the
transport pipe of a TLT is considered to be an annular flow.

The pressure drop along a TLT is calculated using adiabatic annular flow pressure drop
correlations. For a transport pipe, it is assumed that the transport pipe is well insulated to prevent
heat loss. The working fluid from the transport pipe reaches at the condenser inlet in the state of
saturation. The vapor is condensed on the condenser tube inside surface. The condensation heat
transfer coefficient is calculated and the pressure drop calculated as a single phase liquid state. The
condensed liquid flows into the condensate return line and condensed liquid accumulates in the return
line pipe. This accumulated liquid pushes the working fluid to flow into the evaporator section, and
the cycle repeats.

The pressure drop along the loop is calculated with the condition of the working fluid state

(single phase or two-phase).
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To obtain the convergence of the program, the convergence routine is provided in the
calculation procedure between the evaporator inlet and the end of condensate return line. Mainly,
the sectorial simulation is considered converged when the simulation iteration procedure satisfied
energy, mass and momentum balances. The simulation must also satisfy that the total pressure drop
summation through the TLT system is zero. The simulation flow charts for single and multi pipe

TLTs by the sectorial methods and given in Fig. 4.2 (c) and F ig. 4.2 (d), respectively.

4.6.2 Sectorial Model based on Flow Patterns
4.6.2.1 Flow Pattern Map

When a two-phase flow occurs in tubes, it is important to be able to predict which flow
pattern is likely to occur for any given combination of phase properties and flow rates, and for any
given tube diameter. Flow pattern predictions are usually obtained from flow pattern maps, of which
there are two types as described below. In the present study, the flow pattern map and transition
methods developed semi-experimentally by Taitel et al. [1980], Ishii et al. [1984] and others [Hewitt
and Roberts, 1969, Mishima and Ishii, 1980, Ishii and Grolmes, 1975, etc.]are adopted. These flow
pattern maps were developed from geometrically horizontal orientations, but an unified model was
further developed so that it could become also applicable for various other geometries. The flow
pattern maps and transition criteria by these workers are given in Appendix. A. The major problems
of the flow pattern maps developed by Hewitt and Roberts [1969], Taital et al. [1980] and Ishii et
al. [1980] are that they are for the two-phase flows of adiabatic, large mass flow rate and high

pressure as shown in Table 4.3. The flow pattern maps used widely are also shown in Appendix A.

125



4.6.2.2 Flow Regimes Considered in Simulation

To describe two-phase flow phenomena in tubes is very difficult because a two-phase flow
is complicated by the existence of an interface between the two phases. This interface for gas-liquid
two-phase flows exists in a wide variety of forms. This interface depends on the flow rates and
physical properties of the phases, on pressure, and on the geometry and inclination of the tube.
Although all investigators agree that the flow pattern has a major influence on two-phase (gas-liquid)
transport phenomena, the influence of flow pattern is quite often ignored. For the particular case of
the upwards flow in vertical tubes, we consider only the flow patterns of bubbly, slug, annular and
drop as previously discussed. These are illustrated in Figure 1.2 and their main features are briefly
described below.

- Bubbly flow : In a bubble flow, the vapor phase flows as discrete bubbles in a liquid
continuum. The bubbles are usual]y distorted spheres.

- Slug flow : When the bubble concentration in bubble flow becomes high, bubble
coalescence occurs and the largest bubbles are of the same order of size as the tube
diameter. Further coalescence results in the deformation of the bubble into the bullet
shaped pocket of vapor which is characteristic of slug flow. Slug flow then consists
of these pockets of vapor, commonly called plugs or Taylor bubbles, separated by
regions of bubbly flow, commonly called slugs. The slugs of vapor are surrounded
by a thin liquid film which flows vertically downwards. The nose of the bubbles has
spherical shape.

- Annular flow : In annular flow the vapor flows along the centre of the tube. The
liquid flows partially as a film along the walls of the tube, and partially as droplets in
the central vapor core.
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- Drop flow : Unlike the unheated tubes, in the case of a vertical heated wall where any

liquid at the wall is evaporated does true drop flow occurs.

Itis possible to extend the above description of flow patterns. For example, the annular flow
regime may be sub-divided into wispy and non-wispy annular flows, with wispy annular flow
occurring as a result of the agglomeration of the liquid droplets in the vapor core into large streaks
or wisps. Furthermore, because the transitions between the various flow regimes do not occur
suddenly, it is possible to observe a number of transition flow patterns which possess characteristics

of more than one of the main flow patterns described above.

4.6.2.3 Flow Regime Transitions

The topic of flow pattern transitions from one flow pattern to another is still a matter of active
discuésion. Even most researchers are trying to make a generalized flow pattern map for vertical and
hoﬁzontal two-phase flow, the flow pattern transition is still unsolved phenomena. Therefore, the
maps given in most open literatures should be used as a general guidance only and, if there is a crucial
interest in any specific transition, then a closer study should be made. The flow regimes and flow

transitions which are considered in the present study are described in Table 4.4.

(a) Criterion for the Presence of Bubbly Flow [Taitel et al., 1980]
At the beginning of a simulation for a TLT, the flow state is checked for the given inlet
temperature. The following criterion will check the minimum evaporator pipe diameter where a

bubbly flow may exist.

234sin28  [(a-p)e]

4.49
(0355in9+054cos€)[ g0 ( )
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Dispersed bubbly flow will exist if the stable maximum diameter of the dispersed bubbles,

Ay maz» 18 less than the critical bubble diameter, d, ..

04
dy pae = (0.725 +425p°-’)(o/p,)° °(% j’) (4.50)
14
Ay ={ 04 } @.51)
(P -pc)2

(b)  Bubbly Flow to Slug Flow Transition [Taitel et al., 1980]

The transition from a bubbly flow to a slug flow occurs as a result of bubble coalescence
leading to gradual bubble growth and the formation of large Taylor type bubbles which occupy the
whole evaporator cross-section. Bubbly flows may not generally exist in tubes of small diameter
where the rise velocity of small bubbles exceeds that of the Taylor bubbles as shown in Eq. (4.52).
The small bubble rise velocity is given by the correlation given as Eq. (4.53) below. Typically, the
transition to slug flow occurs when the void fraction is around 25-30% [Taitel et al., 1980]. The

bubbly to slug flow transition model suggested by Taitel et al. [1980] is:

pl p'

2 R n
v, = osso‘[Di] - os{ﬂp’—p‘k} (4.52)
and the Taylor bubble rise velocity is:

v, n_ss[”—"’r = 15;[M} 4.53)

Py
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Then, the criteria of the transition from bubbly flow to slug flow is:
Vis > Vi (4.54)

This criteria is supposed to be valid in the range of a = 0.25 [Taitel et al., 1980].

()  Slugto Annular Flow Ttransition [Taitel et al.,1980 and Mishima and Ishii, 1984)
According to Taitel et al. [1980] and Mishima and Ishii [1984] indicate that the annular flow

transition is principally governed by the criteria given as:

], = ) 2 2 jg,cm
oo } (4.55)
P,
Kuy= ——£8 Ku,,,
(o, - p.)} (4.56)
80—
Py

with the first criterion (flow reversal) controlling the transition in small tubes, and the second criterion

(droplet entrainment) applying in large tubes. Unfortunately, the data reported by the authors are not

sufficient to make any reasonable judgment as to the most appropriate values of j, ., and Ku, .
Jgeu =1and Ku,,, =3.2. 4.57)

This criteria is satisfied in the range of @ = 0.52 [Taitel et al., 1980].
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(d)  The Transition to Drop Flow, the value of a, , is [Taitel, 1990}

a,, =0.9999 (4.58)

4.6.2.4 Programming Implementation

In the simulation programs, the flow pattern transition criteria from a open literatures are
provided. As has been discussed, the flow transition phenomena in a two-phase flow are very
complex and important subjects whicih may be further investigated. The models in the literature are

mostly for very narrow experimental conditions (pressure, flow rate and geometrical factors).

4.6.3 Heat Transfer

The assessment of the correlations for heat transfer coefficients used is complicated by the
complex nature of the correlations themselves. In general, each correlation is designed to represent
heat transfer under a specific set of thermal-hydraulic and thermodynamic conditions, and each is
typically measured for a fairly limited range of those conditions. A determination of accuracy may
be available for the developmental range of parameters, but an extension of the accuracy estimate
outside that range is difficult at best, and perhaps impossible physically. By treating each correlational
model individually, a critical reviewer might generally conclude that the database over which the
model was developed does not apply directly to the geometries or thermal-hydraulic conditions of
the present interest. The use of any given heat transfer correlation, either directly or in a modified

form., is an engineering judgment, and the use of integral assessments becomes meaningful.
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4.6.3.1 Two-Phase Boiling
(a) Bubbly Flow:

A bubbly flow is defined as a two-phase flow where small bubbles are dispersed or suspended
as discrete substances in a liquid continuum. Typical features of this flow are moving and deformable
interfaces of bubbles in time and space domains and complex interactions between the interfaces, and
also between the bubbles and the liquid flow. The heat transfer coefficient correlation of Bohdal et

al. [1999] given below was used in the simulation study.

h, = A(%)(Re)‘"(Fr)'”’(Ku)”‘(ao)"“ (4.59)
(b) Slug Flow :

The heat transfer characteristics of the slug flow region are very different from those of the
annular flow region. Flow boiling heat transfer at low qualities, low mass and heat fluxes, where
convective heat transfer associated with slug dominates is important for a TLT system. The heat
transfer characteristics under these conditions are significantly different from those exhibited at higher
quality and higher mass flux. Inspite of its significance and the different heat transfer characteristics,
very little published information exists on the subject.

The correlation for the heat transfer coefficient correlation of slug flow by Wadekar and

Kenning [1996] is used in the present simulation.

| LP Lx
hag = hp[ I L‘} . h,[ = L,] (4.60)
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(c) Annular Flow :

Vapor-liquid annular two-phase flow regime is frequently encountered with flow boiling in
a vertical boiling tube. In a vertical tube evaporator, as much as 90 % of the tube length may be in
annular flow [Collier and Thome, 1994]. In this region, the fluid flow in a tube could be separated
into the liquid film flowing adjacent to the wall and the core vapor flow with liquid droplets entrained.
The heat transfer coefficient can be predicted from the estimation of velocity and temperature profiles
across the two fluid layers.

It is very difficult to choose the heat transfer correlations for annular flows because the
general two-phase flow heat transfer correlations used in the lumped method are originally developed
from the annular flow model and mostly from empirical or semi-empirical base. During last few
decades, these correlations are often used in various conditions and geometries without proper
Justification. In the present sectorial method, the correlation of Lavin and Young [1956] and Rhee

and Young [1974] are tested in the simulation, and the relevant equations are given in Appendix C.

(d) Drop Flow :

When the vapor quality reaches a certain critical value, the amount of liquid present becomes
insufficient to maintain a stable film on the walls. This is the condition referred to as two-phase burn-
out or dry-wall condition. The heat transfer mechanism of this drop flow regimes has been
considered as a single phase forced convection to a vapor stream with migration of droplets to the
wall with vaporization on contact. In present study, the empirical equation by Lavin and Young
[1956] is used in the simulation study, which is given as:

0.0162(Re)** (Pr)**(1- x)* (4.61)
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4.6.3.2 Programming Implementation
In the present simulation study, the annular - drop flow transition is not encountered, nor
observed in the present experimental program. The drop flow heat transfer coefficient correlation

given above was in the simulation computer program only as a reference.

4.6.3.3 Condensation
For the film condensation inside vertical pipes, the calculation of condensation heat transfer

coefficient correlation is the same as that was used for the lumped method.

4.6.4 Pressure Drop
4.6.4.1 Pressure Drop in Straight Pipe

The influence of the flow pattern on the frictional pressure drop in a vertical up-flow has been
considered to be rather insufficient that its importance is overshadowed by the accuracy of the
measurement. Moreover, it is very difficult to find the frictional pressure drop correlations of each
flow regime. In the present study, the following flow pattemns only will be considered, i.e. single
phase regime, bubbly flow, slug flow, annular flow with no entrainment, annular flow with
entrainment and drop flow. The sectorial model based on flow patterns can be applied to the
simulation. However the coherence of this approach is restricted as the classification of the specific
flow regimes is still an unsolved problem.

To obtain the friction pressure drop in heated channels where the qualities vary axially, the
common practice is to use the correlations of a particular flow regime, and to integrate the pressure
drop between the points of interest taking into account the variations in the local quality. But this
method is just stopgap and strictly speaking not correct because all correlations do not correctly
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describe the physics of the processes involved, particularly the departure from the conditions of
hydrodynamic equilibrium to which the adiabatic correlations may be presumed to approximate, are
not taken into account. However, the average pressure drops predicted for diabatic situations are
often not affected a significantly by the inequality, and the latter assumption, therefore, is reasonable
if the variation of the frictional gradient with quality is approximately linear and/or the quality

difference between the two points is relatively small.

(a) Pressure Drop in Single Phase Regime

The calculation method for this regime is the same that used in the lumped method.

(b) Frictional Pressure Drop in Two-Phase Boiling Section
- Bubbly Flow

Bubbly Flow Frictional Pressure Drop Correlation [Beatti, 1973]
o\ [(se+20)e )]
02=11+ x{—'- l} 1+ x{ ———-~— ] (4.62)
P (.U, + #,)p,
dp) ( dp) 2
- = =\=| o, 4.63
( dz ey & la¢l ( )

~  Slug Flow [Chisholm, 1983]

Slug Flow Frictional Pressure Drop Correlation

'(%),./ =2_{;’:_’(1 ~a) (4.64)
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- Annular Flow

Annular flow frictional pressure drop is intensively depends on the annular flow state
between liquid film and vapor interface. The amount of liquid entrainment fraction is can
be very significant according to the geometrical features, working fluid and system
operating conditions. It was seen that the pressure fall abruptly as the liquid entrainment
increases. This effect is related directly to a loop system and subsequently it is possible
that the loop system encounters instability problem. Hence the liquid entrainment model
[Ishii and Mishima, 1982] was applied to the simulation, which is given in Appendix K.
This process has an interrelationship with the instability analysis discussed later.

Liquid Entrainment Equation [Ishii and Mishima, 1982]

e= tanh{7.25 x 107 G,*)**(D")"*(Re,)* (4.65)
d_PJ _PetefVe
(dz ey 2D (4.66)

—~ Drop Flow:

In the drop flow regime, the pressure drop was considered as a single phase vapor flow.

(c) Pressure Drop in Transport Section
It was observed from experimental study that the flow pattern in the transport section of a
TLT is dominated by annular flow. Hence, in the simulation, the pressure drop calculation model

used for vertical adiabatic annular flow was adopted, which is given in Appendix K.
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(d)  Pressure Drop in Condenser Section

The pressure drop calculation method of the condenser is the same as the lumped method.

(e) Pressure Drop in Condensate Return Line
The pressure drop in the condensate return line of a TLT is calculated as single phase pressure

drop which is the same as that for the lumped method.

4.6.4.2 Pressure Drop with Area and Flow Direction Change Models
The pressure drop calculation of the sectorial method through the sudden area changes (such

as valves, junction and orifices) and the flow direction changes is the same as that for the lumped

method.

4.6.5 Void Fraction

It is necessary to predict the void fraction or liquid hold up for the evaluation of the elevation
and friction pressure drop. Many empirically and theoretically derived models for the lumped case
are available, but an extensive search for the sectorial case has revealed that none of the correlations
are generally applicable and the accuracy is limited.

Void fraction is affected by a variety of variables including fluid properties, mass flow rate,
quality, loop geometry, heat flux If any, etc. A rather strong influence is also set up by the flow
pattern making it therefore desirable to express the void fraction individually even for each flow
pattern. However, to do so at the present time, would probably only complicate the calculations and
introduce another source of error to the computation method which at best is less than 10 to 20 %
accurate in the low quality region.
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Collier [1995] recommended the drift flux model for bubbly and slug flow and for annular

flow regime, Ishii’s model is applied to the simulation.

regimes dependon C,,and #

(a)

(b)

The drift flux model is given as Eq. (4.67), and the correlations of bubbly and slug flow

8J

(8)
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Bubbly Flow [Zuber Findlay, 1965)
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Slug Flow [Zuber Findlay, 1965)
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(©) Annular Flow [Ishii, 1982]

C,=10, & =|z{.‘i&)m@l’) 4.72)
t ~ P D P

4.7  Geometrical Considerations
The five TLTs studied have different geometries and in the simulation, the geometrical

differences of TLTs was considered individually. The details is given in Appendix L.

4.8  Effectiveness
Itis logical to define the effectiveness in order to predict the performance of TLT system, The
effectiveness, £ , is defined as the ratio of the actual heat transfer rate for a heat exchanger to the

maximum possible heat transfer rate [Mills, 1995].
E= == 4.73)

The maximum heat transfer in an exchanger of any exchanger configuration (Parallel or

Counter Flow) is defined as

Oem = Com(thn - 1..0) (4.78)
where
Coun = min[C,,C] (4.75)
C, = My, (4.76)
C.=mc, 4.77)
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Then the effectiveness of any exchanger configuration is

- Q _ C"("Uﬂ —thml) _ Cc(':m -tcan)
E== = =
o Tl i) )

(4.78)

4.9  Fin Efficiency

The heat transfer from a prime surface can be increased by attaching fins or extended
surfaces. Use of a finned cooling surface is particularly effective in the case where the heat transfer
coefficient between the wall and one fluid is substantially greater than the heat transfer coefficient to
the other fluid. Thus, for example, fins on the outside of pipes are very effective when liquid flows
inside the pipe and vapor flows on the outside. Fins are also used on the liquid such as in the case
of condensing vapors having low heat transfer coefficients.

The design method of for the cooling fins of various shapes is based on the same principles
as those used for calculating the cooling capacity of rods of constant cross-section. The greater the
distance from the base of the fins, the smaller the heat flow, so that for a constant cross section, the
temperature gradient decreases along the fin length. Theoretically, if the heat transfer coefficient is
constant, a fin bounded by a pair of parabolas is the most efficient one [Hewitt, 1994). In practice,
a fin of such shape is too costly to manufacture, thus it is usual to design fins having trapezoidal
sections. The fins used in the present study is basically of thin rectangular shape, attached to the
cylindrical base of pipes.

The fin efficiency of circular or rectangular fins attached to a TLT involves Bessel functions,
which can usually be represented in tabular and graphical forms. For the analysis and simulation of
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aTLT, approximate, but reasonably accurate empirical expressions presented by McQuiston and Tree

[Hewitt, 1994] were used. The equations for the fin efficiency are given in Appendix I.

4.10 Thermal Properties

As stated in the reference [Lee et al., 1996], the thermal properties of the working fluids,
which are used in the computer simulation, such as the density, viscosity and pressure versus
saturation temperature, were calculated using the generally accepted method and approximations
given in Reid [1966]. These calculations were necessary because of the lack of published data,
especially for FC-72 and FC-87. Results of calculations involving FC-72 and FC-87 when compared
with a few known thermal properties showed about + 10 % difference [Leeetal., 1966]. The thermal
properties of other working fluids are formulated into equations using a data regression for the
temperature range of -50 °C to 300 °C. The analysis of these equations for the thermal properties of
each working fluid showed the difference of about = 5 %. All equations related to thermal properties

are shown in Appendix M.

4.11 Operating Limit
In a TLT, heat is transported upward by the vapor generated in the heating section. The
vapor flows up through the connecting transport tube and condenses in the cooling section. The
condensate is then returned to the heating section by gravity. However, when the heat- transport
rate is increased greatly, a limiting point may be reached where a sharp rise in the wall temperature
or sharp deterioration in the heat transfer coefficients takes place in the heating section. This
performance limit can be classified into two types.
The first type of the performance limit occurs at very low liquid fill charges. There is a
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required minimum quantity of working fluid fora TLT to have a continuous circulation of vapor and
condensate in accordance with the heat transport rate. If the quantity of working fluid is less than
the required minimum, the returning liquid may not reach the heatiqg section in time, resulting ina
dry-out of the heating section, or the wall temperature slowly rises. Thus, this type is usually called
the dry-out limit.

The second type occurs when the heating surface is covered by vapors. Vapor bubbles are
generated in the liquid pool of the evaporator section, and this nucleate boiling becomes more intense
with increasing heat flux. Ata certain critical radial heat flux, individual vapor bubbles are combined
to form rather quickly a vapor film at the wall. This vapor film insulates the evaporator surface from
the evaporating liquid. Owing to the poor thermal conductivity of the vapor, only part of the heat
input to the wall is transfer to the fluid and there is a sudden increase of the evaporator wall
temperature. This boiling limit is called burn-out limit. This limit should prevail for relatively large

liquid fill charges. The two limits are included in the simulation code.

4.12 Simulation Interface Windows

The interface windows in the simqlation code developed for TLT are based on that used for
the TCT of Rhi [1996). The simulation code developed for a TLT consists of four windows
(interfaces generated); the main window, the thermosyphon design window, the processing window
and the toolbox window. Each interface window has been designed for.easy use of the code.

Selected interface windows are given in Appendix N.
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4.13  Instability of Two-Phase Closed Loop Thermosyphon
4.13.1 Nature of Instability

The fluid flow in a TLT is created by buoyancy forces as a result of the differences in fluid
density induced by the temperature variations between the hot section (evaporator) and the cold
section (condenser). Hence, the fluid in the vicinity of the heat sink is cooled and becomes more
dense, thus tends to fall downward. Conversely, the fluid in the vicinity of the heat source is heated
causing it to become lighter and rise upward. As a result of this motion, the temperature distribution
is altered and the total buoyancy force is correspondingly changed. Nevertheless, as long as this force
continues to act in the same direction, the fluid velocity continues to increase. This process does not
go on indefinitely, however, since a retarding force due to viscous friction is developed. This force
acts in the direction opposite to the direction of the fluid motion, and its magnitude increases as the
fluid velocity increases. When the velocity has become large enough so that the frictional force
becomes equal to the buoyancy force, the net force acting on the fluid in the direction of flow is zero.
Hence, there is no further acceleration of the fluid, and the flow rate remains constant thereafter under
steady applied thermal conditions at the heat source and heat sink. The fluid entering the heated flow
channel always has the constant temperature while the velocity of the stream is fixed by the density
difference between the hot section and the cold section. Under certain conditions this system may
be unstable; that is, a small deviation from the equilibrium temperature distribution or the equilibrium
velocity may be propagated in space or time with increasing amplitude. This description illustrates
the normally expected operation of a loop. Nevertheless, the mechanisms described above are
adequate for the purposes of an initial discussion of the operation of a TLT.

Due to the simplicity of the one-dimensional equations of conservation of mass, momentum

and energy for a single-phase fluid, the corresponding flow and thermal behavior of a TLT are easily
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described analytically provided that steady state conditions apply.

A TLT mainly consists of the evaporating section, the transport section, the condensing
section and the returning section of the condensed working fluid. The buoyancy force is the main
driving force of TLTs. The void distributions in turn are functions of the local heating and cooling
rates and the fluid velocities within the loop. As shown in Fig 4.4, the pump head is the buoyancy
head for a TLT. The oscillatory behaviour of the flow is caused by the system seeking a stable
operating point. In doing so, the system tends to both over and undershoots the equilibrium point.
The frictional shear stress results in a unstable state at a buoyancy force domain of transport section
[Hsu, 1976]). In a TLT flow system, especially, in the transport section, flows the annular flow
phenomena is dominant. The flow pattern can be changed to bubbly, slug, and annular according to
the flow rate. The annular flow pattern can change to dispersed annular flow with an interfacial

instability between the liquid film and the vapor flow, and finally to just single phase flow of vapor.

4.13.2 Two-Phase Annular Flow

As stated in Chaptor 1, the two-phase flow in TLT system is dominated by annular flow over
90 %. Annular two-phase flow can be characterized the flow in which the interface between the
phases is not smooth but covered with a complex pattern of waves. So far it has been reported that
interfacial waves exist over the whole range of conditions. The waves observed vary widely in
wavelength and in amplitude, some amplitudes being several times greater than the mean film
thickness, and this waviness of the interface dominates a number of important phenomena in an
annular flow. Although the effect of waves to the pressure drop is not as yet clearly understood, it
is clear that the pressure drop is inevitably strongly dependent on the waves.

Experimental and theoretical studies of wave behaviour and their influence on other
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phenomena in annular flow are still at a very early stage of development. And, therefore, in this
present study, the Kelvin-Helmhotz interfacial instability approach is applied to the two-phase annular
flow region of the transportation section of the TLT systems as an attempt to obtain same

quantitative results.

4.13.3 Analysis of Instability

The major point of the Kelvin-Helmbholtz instability applied to a TLT is that the outlet velocity
of the fluid from the evaporator section must be higher than the critical velocity to sustain stable
annular flow in the transport section. The outlet velocity of the fluid can be prevented to rise by the
effect of surface tension or liquid entrainment etc.

Therefore, the major parameters concerning the analysis are the outlet velocities of the two-
phase flow from the evaporator, y;and u,. The density and velocity conditions vary markedly along
the evaporator section of a TLT. The density is highest at the evaporator inlet and the flow velocity
is highest at the evaporator outlet. The effect of a small perturbation in the inlet velocity is to change
the whole distribution.

One method of representing the system, which has the attraction of a simple physical
interpretation, is to imagine a feedback loop in which a change in the applied pressure drop produces
changes in velocity and density which are initially resisted only by the inertial effects. When the
velocity and density change, they produce feedback effects via friction, hydrostatic, and momentum
effects. This scheme has other problems of interpretation, however, particularly at zero frequency
since the inertial terms are then of zero amplitude.

The effect of a change in the pressure drop is considered to increase the single-phase velocity
after allowing for its inertia and friction, and the repercussions on the pressure drop resulting from
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movement of the boiling boundary, two-phase region and superheat region are regarded as the

feedbacks.

4.13.4 Kelvin-Helmholtz Instability in a Vertical Pipe [Hewitt, 1970}

The Kelvin-Helmholtz instability theory is well described in Ref. [Hewitt, 1970]. This
section will summarize briefly the theory and propose an idea to be pursued. The Kelvin-Helmholtz
instability was developed to define the interface phenomenon between two inviscid fluids of different
densities. The literature applied to two-phase flow is very rare and it appears that none applied for
any TLT systems. The instability resulting from the pressure drop in a TLT must be from the annular
flow state because if an oscillatory flow rate is to be possible, the driving force can not be generated
in the evaporator section but in the vertical riser above the evaporator. Any kind of forces and state
which can prevent the flow can induce a pressure drop and flow unstable.

The annular flow state in a pipe is expressed as a mixed state between the vapor flow and the
liquid flow. Consider the basic flow of two incompressible inviscid fluids of different velocities and
densities separated by a vertical interface in a TLT transport section on which a regular train of
waves of wavelength, 4,, are moving with velocity, ¢, as shown in Fig. 4.5. To illustrate the
mechanisms and concepts of this kind of instability, it is needed to work through a classic problem
that demands not much of mathematics. For amathematical solution, a problem can be simplified as
following;

- By considering the action of the two phases separately, the first simplification is to

evaluate the forces exerted by the gas phase on the wavy boundary and then the effects

of these on the liquid phase are assessed.
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- A second simplification is to consider the phenomenon from a reference frame moving
with the wave. This reduces the problem to the equivalent one of flow past a stationary
boundary.

Figure 4.5 shows the streamlines of a flow with a mean velocity of, @i, in the vapor phase and,

U;, in the liquid. It can be noted that the amount of distortion to the streamlines decreases with
increasing distance from the interface. As the vapor flows around the curves of the streamlines.
centrifugal forces are set up and these must be balanced by a pressure gradient in the direction normal
to the streamline. Since the vapor velocity is roughly the same at all points, the magnitude of the
pressure gradient will decrease with increasing distance from the interface in accordance with the
decrease in the curvature of the streamlines, ultimately falling to zero at infinity, where the pressure
and velocity fields are undisturbed.

In the annular flow in a TLT, the liquid flows in a thin film enclosing the vapor phase in a
cylindrical core. It is interesting to consider the effect of this change of geometry has on the stability
problem. assuming the mean velocities of the two phases and the shape of the interface remain
unchanged.

Considering a vertical upward co-current flow, the surface tension is the only force opposing
to normal stress. The wave will grow in amplitude when the sum of the local liquid and vapor normal
stresses exceed the surface tension stress. This implies that the interface is stable when the surface
tension stress exactly balances the effects of the normal stresses, and is unstable in the opposite case.
For the vapor phase. the curvature of the streamlines will fall off more rapidly with the distance from
the interface because there can be no distortion of the centre line streamline because of the
assumption of axial symmetry. Consequently, the periodic normal stress exerted 6n the interface will
be less. although this will be partially offset by the velocity variations resulting from the changes in
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the flow cross section. A similar effect occurs on the liquid side since the tube wall now becomes the
position of the undisturbed streamline. Also it can be deduced that the thinner the liquid film, the
greater the vapor velocity needed to cause an increase in amplitude of a given size of wave.

The unstable feature of the TLT system is when the annular flow is disturbed because of the
unbalance in the normal stress between the liquid and the vapor interface. This unbalance will lead
to cut off the flow stream or some chaotic flow situation and also lead to velocity and pressure
perturbation. Finally this unbalance will induce a large pressure drop. When the annular flow in the
riser is stable, the pressure drop is just induced from the pipe wall friction.

Considering Kelvin-Helmholtz instability in an annular flow, the problem of interfacial
stability can thus be considered as the determination of these values of the flow and fluid parameters
which make c (wave velocity) positive for a given value of the wave number k (wave number).
Simply in a pipe flow, the wave disturbance can be assumned to be axisymmetric. The Kelvin-
Helmholtz instability in an annular flow is mainly the relationship between the liquid flow and the
vapor flow. Therefore, the behaviour of the vapor phase will be considered first followed by the
liquid phase.

The disturbance to the interface is accompanied by velocity and pressure fluctuations in the
vapor. Since the flow is axisymmetric, the velocities can be related to a Stokes stream functions of

the form,
v =y(r)+op(r) (4.79)
The pressure can be expressed in a similar form as,
P= p(y)+dp(r) (4.80)

where the first terms are the steady state stream function and pressure respectively, and the second
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terms is the perturbations induced by the wavy interface. This perturbation can be expressed as
exponential forms of Sy (r)= y(r)e®,and dp(r)= p(r)e® . Ifthese relationship is applied to
the equations of motion in a cylindrical coordinate, the normal stress exerted by the vapor phase on
the interface is,
o L(k)-1
S - o) 8

”ng k’"pg(ug C) [ I,(b-;) J (4 l)
The similar procedure can be applied to the liquid film. In this case, the liquid film is assumed to be
thin enough, and then we can get the normal stress in the liquid film interface as,

(4.82)

a cosh km - |
7y = kip (4, - c)z[—]

sinh km

The instability of the interface will occur due to the unbalance between 7. and . This instability
directly leads to the unstable state of the TLT. Therefore, we need to find the stable state between
the interfaces. The stable state of interface can be found by relating the surface tension, as

T = pe = Ok*iE™ (4.83)

Inserting Eq. (4.81) and (4.82) into (4.83), we obtain

- — COShb?—l -~ — I(b-;)_l ~ 3
kmp, (5, - c)z[m] + kmp, (i, - c)? l:—olﬁ:l = ok*me® (4.84)
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Simplifying,

p(i4 —c)* B, + p,(u, -c)* B, = ok

(Bip, + Bypy)c* —2(B\piy - Bypii, ) +(B,piay” + Byp,ia,” — k) =0

The solution of Eq (4.88) is,

.. ABp# + Bp,B, ) 4ck(Bp, + Bp,)- 4BBpp (7, - )

vl

.

Then we obtain the following characteristic equation.

coshkm -1

sinh km ]

L(kF)- 1]
I(k7)

For a stable annular flow,

40k(Bp, + B,p,)- 4BBp,p, (@, - ) < 0

Then,

4BlBlplpg(i‘ - iI)2 2 4ak(Blpl + szx)

Therefore, we can obtain the stable velocity state expression as,

(- )2 |4ck(Bp, + Bp,)
4

4

ABp,+ Bp,)

Y

4Bl szlp'
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Again, this equation can be simplified for a long wave and a normal annular flow (B, = 1) as

@,-7)2 \/ ”_f"‘ Gkﬁ+%’) (4.93)
The stability relationship in a vertical annular flow is now reduced to a simple formula. But
this relationship cannot explain the whole system instability because the TLT system instability can
be explained by the whole system phenomena as described in the early section of this Chapter.
The simple relationship above could not reach the exact instability criteria and can not satisfy
different geometrical effects and the effects of various working fluid. In the simulation, the instability

criteria is compared with experimental results by the relationship as shown in Eq. (4.93) with constant

Als

@,- )2 Al‘/mz: (%kﬁq» Z—:] 4.94)
4

The empirical constant 4, obtained from the SSL is given in Table 4.5. The constant A is

obviously different for different geometries and working fluids. The stable length, &, is defined as;

k= (/’I‘Ps)g (4.95)
) o
and then Eq. (4.93) becomes
w2
@, ~T)2 4, |22 [i(("—")g) k,+f'-] (4.96)
mp, |2 c P
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In the simulation, this instability criteria is a part of the computer program and liquid film
thickness, entrainment and other parameters of Eq. (4.96) are calculated. This criteria is related to

other two-phase flow parameters.
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CHAPTER 5

RESULTS AND DISCUSSION

This chapter is divided into two-sections, one for the experimental result, Section 5.1, and the

other the comparison between the experiment and the simulation, Section 5.2.

5.1 Experimental Results
The experimental test results in terms of the overall heat transfer performance of TLTs are
shown in tabular and graphical formats. Figures 5.1 (a)to(f), 5.2,5.3,5.4 (a) and (b) and Tables 5.1

to 11 show the overall performance and summarized description of the TLTs tested in the present

study as illustrated in the following.

SSL Figs. 5.1 (@) & (b), Tables 5.1 t0 5.7 MCM cooling in ATM
5.3and 5.4 (a) & (b) switching systems
MSLI Fig. 5.1 (c) Tables 5.8 and 5.9 Refrigerator and Freezer
MSL I Fig. 5.1 (d) Tables 5.8 and 5.9 Basic TLT
LSLI Fig. 5.1 (e) Tables 5.10 and 5.11 Waste heat recovery system
Tables 5.10 and 5.11 Waste heat recovery system
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The heat transfer characteristics of the present TLTs are evaluated in terms of the overall
temperature difference of the system, At, ., which is one of two appropriate parameters to identify
the heat transfer phenomena involved, because the heat flux, q, is simply (U; x At, ). The other
parameter is, of course, the overall heat transfer coefficient, U,

Figs. 5.1 (a) and (b) indicate that the SSL system of the present design would satisfy all the
design objectives imposed, including the design target cooling heat flux of over 8 W/m? with the
overall temperature difference of 50 °C as a MCM cooling system. Also Figs. 5.1 (¢) to (f) show the
overall performance of MSL I, MSL II, LSL I and LSL II, respectively.

It can be seen in Figs. 5.1 (a) and (b) that the choice of working fluid for TLT does not affect
the overall heat transfer characteristics greatly within the design goal of 8 W/em? with At, . of 50°C.
This was not the case for the two-phase closed thermosyphon as was seen by [Rhi, 1996]. However,
the choice of working fluid must be considered in terms of the system vapor pressure and saturation
temperature of the working fluid because the system stability depends strongly on the working fluid.
This phenomena will be discussed again later. The figures for the SSL demonstrate that acetone
seems to be the best working fluid for the present application. The worst seems to be FC-72. All
other working fluids exhibit nearly the same heat transfer performance. However, it was noticed that
water as a working fluid for the present application is accompanied by a large pressure fluctuation
in the loop, consequently inducing a high temperature fluctuation in the evaporator section.

The MSL I s the heat transfer system employing two-phase loop thermosyphons for the heat
extraction from confined spaces. As shown in Fig 5.1 (c), the experimental results indicate that the
heat extracting rates of about 7 W/°C m’ and 11 W/°C m? (the areas based on the outside heat transfer

areas of the evaporator sections) at the average ambient air temperatures of the confined spaces of
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-17 °C, and 3 °C, respectively, can be attainable under the forced convection heat transfer at the
finned evaporator sections. R134a was used as the working fluid.

Figures 5.1 (d) to (f) show the effect of At _ on the heat transfer rate of MSL II, LSL I and
LSL II, respectively. As shown in Fig. 5.1 (d), MSL II can perform the heat transfer rate of 1,500
W with 60 °C of At,.. For LSL II, experimental tests were carried out with two different condenser
geometries, i.e, Counter and Parallel, as described in Chapter 3. Fig. 5.1 (f) shows that the difference
between the counter flow and the parallel flow is rather insignificant. In a system which transfers
heat between two different fluid media, the heat transfer performance may be explained by the system
effectiveness and Fig. 5.2 shows the system effectiveness versus At of LSL II for both condenser
geometries. It can be seen in the figure that the system effectiveness is placed within a range of 25 -
35 % and that LSL II with counter flow shows better performance than the parallel flow system in
terms of the effectiveness.

The overall temperature difference of the system, At, ., depends, not unlike that of TCT, on
the dimensionless volume of the working fluid, V", the evaporator-condenser length ratio, L", the air
flow velocity at the condenser section, u,,,,, the saturation temperature of the system, t,,,, the heat
flux, q, and the choice of the working fluid. The effect of each of these parameters will be discussed
here.

The effects of various parameters for Medium and Large scale loops have restrictions due to
the difficulties in changing configurations. Therefore, the range of parameters to be discussed will

be very limited except for SSL.
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S.1.1 Effect of number of condenser sections (SSL)

When the results of the small scale TLT system, SSL with one condenser, Fig. 5.1 (a), are
compared with those with two condensers, Fig. 5.1 (b), it can be seen that there is an increase of
about 15 to 20% in the performance of the latter to that of the former. This is expected because one
of the major thermal resistances in the system occurs at the interface between the fins of the
condenser and the ambient air which is the ultimate heat sink. However, the design of the system

with one condenser section is more adequate for the present project objective.

5.1.2  Effect of Different Evaporator Design (SSL)

As mentioned in Section 3.1.2, for the small scale loop, SSL, three (3) different designs were
adopted for the evaporator sections of the system; i.e., Evaporators A, Band C. InFig. 5.3, the heat
transfer performance characteristics of the SSL cooling system with these three different evaporators
are presented. The figure indicate that the evaporators B and C are superior to Evaporator A.

However, a close examination of the evaporator A disclosed that it resulted mainly because
of an increase in the thermal contact resistance between the heater surface and the evaporator due
to the buckling deformation of the relatively thin wall of the heat transfer surface of the evaporator,
induced by the vacuum inside.

The results indicate that the design of Evaporator C should be adopted for the performance

as well as for the easiness of its manufacturing process.
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5.1.3 Effect of Cooling Mode; Forced Convection vs. Natural Convection (SSL)

A series of experiment was carried out to establish the maximum cooling heat flux of the SSL
system under the free convection mode and the results are presented in Figs. 5.4 (a) and (b).

It was seen in Figs. 5.1 (a) and (b) (Forced Convection Mode) and Figs. 5.4 (a) and (b)
(Natural Convection Mode) that with acetone as the working fluid, the SSL can provide, with the
overall temperature difference of 50 °C, the cooling heat fluxes of over 10 W/m? under the forced
convection mode and more than 5 W/m? under the natural convection mode. This implies that the
present small scale TLT system may easily satisfy most of cooling requirement of many electronic

component without any forced cooling using fans.

5.1.4  Effect of Air Flow Velocity, u_,, on Condenser Sections (SSL, LSL 1 and LSL II)

Figures 5.5 (a) to (f) show the effect of the air velocity in the finned condenser section on the
heat transfer capacity of the TLT systems (SSL, LSL I and II). The velocity of air on the condenser
section is a factor which affects the heat transfer capability of the system.

It is seen that the total thermal resistance was reduced because of the increased convection
on the condenser section. However, it can also be seen in Figs. 5.5 (a) and (b) for the SSL that an
increase in the air velocity greater than 2 - 3 m/s would not significantly increase the overall heat
transfer capacity of the assembly. The reason for this phenomenonis illustrated in Fig. 5.5 (c) which
shows that the air flow velocity on the condenser section has little effect on the forced convection
heat transfer coefficient, 4, once the air velocity is larger than 2 - 3 m/s. Even when the heat
transfer capacities of the working fluids were different, a similar tendency was observed. The effect

of air velocity for one and two condensers is shown in Fig. 5.5 (d) in which the same trend can be
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noticed. In Figs. 5.5 () to (g), the similar trends for LSL I and 11 with SSL are also seen. Figs5.6
(@) and (b) show the effect of the air flow velocity in the condenser section on the system
effectiveness. It is obvious that the system effectiveness increases with the increase of the air
velocity as seen in Figs. 5.6 (a) and (b). Regardless of the system geometries, the velocity of air on
the condenser section is a factor which affects the heat transfer capability of the system. However,

there is a limit above which the effect is negligible.

5.1.5 Effect of Coolant Temperature (MSL Il and LSL I)

Figs. 5.7 (a) and (b) show the effect of increasing coolant temperature thereby reducing the
overall temperature difference across the loops for a constant heat loads.

The coolant temperature on the condenser section also is a factor which affects the heat
transfer capability of the system. The effect of water coolant temperature, t., in the condenser section
on the heat transfer capacity is shown in Fig. 5.7 (a) for MSL H.

It is seen that an increase in t. is accompanied with the increased evaporator surface
temperature.  This implies that the heat transfer capability of the system would decrease with
increasing water coolant temperature as expected.

On the other hand, air cooling system, LSL I, does show very little effect of cooling air
temperature unlike the air flow velocity as shown in Fig. 5.7 (b) and this is because of the relatively

small heat transfer coefficient of the cooling air medium.
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5.1.6 Effects of Number, Arrangement and Length of Condensers (SSL)

It is expected that an increase in the heat transfer area of the condenser should reduce the
overall thermal resistance of the system, thus increase the overall heat transfer capability. The
experimental apparatus of the SSL was modified to accommodate two condenser sections to see if
an increase in the condenser section area of the present design would further improve the heat transfer
performance of the proposed system under the conditions of the forced and free convection,
respectively, at the condenser outer surfaces. The results are quite encouraging as shown in Fig. 5.8

at the air velocity of 4.5 to 5 m/s. However, it can be deduced that there must be a limit to the
number of condensers that can be increased for the system. This is one parameter that can be easily
predicted by the analysis (simulation) which is to be discussed in Section 5.2.

In Fig. 5.9, the effect of the arrangement of two condensers on the heat transfer rate is
shown. The heat transfer performance of the case for the condensers arranged “side-by-side” is
higher than that of the case for “in-row”. This is because in “side-by-side” arrangement, all incoming
air faced by the both condensers is at the ambient temperature, whereas in “in-row” arrangement, the

incoming air faced by the second condenser is at a higher temperature because it has already picked

up heat from the first condenser.

Figure 5.10 shows the effect of the length of the condenser (the condensing area exposed to
the forced convection) on At,_ . It can be seen that an increase in the condenser area resulted in
smaller At, , which is obvious, and this is the reason why an additional condenser (condenser No. 3)

was added in the study. The evaporator C was always used in the study involving two condensers.
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5.1.7 Effect of Saturation Temperature, t,,, (SSL, MSL II, LSL I and LSL II)

Figs. 5.11 (a) to (d) show the effect of the saturation temperature of the working fluid on the
system performance for SSL, MSL II, LSL I and LSL II. In defining the heat transfer coefficients,
h,, and h_,,, it is essential to use t,,. Itis seen in Two-Phase Closed Thermosyphons for the case of
Ref. [Rhi, 1996] that the higher t,,,, the smaller At, . (i.., the higher U;) for a given working fluid.

In the experiment, the temperature of the transportation zone can be assumed to be the saturation
temperature [Lee and Mitel, 1971].

However, for the SSL, the range of the working temperature of the present study is already
prescribed as a design parameter, that is, At, . = 50 °C with tc at 25 °C, the range of t. is quite
restricted and no special effort was made to study the effect of t,, on Q at a given condition.
However, from the previous study [Lee et al., 1996], it can be safe to expect that the overall heat
transfer coefficient of the test thermosyphon, U, increases considerably with an increase in the
saturation temperature, t,, in all working fluids because the boiling heat transfer coefficient (or
overall heat transfer coefficient) always increases with increasing system pressure. Figs.5.11 (a)to
(d) obtained from the experiments carried out for MSL II, LSL I and I indicate this trend. The
thermal properties for working fluid in TLTs are a function of saturation temperature and pressure.

Increasing the heat input leads to the increase of the saturation temperature and pressure.

5.1.8 Effect of Quantity of Working Fluid (SSL and MSL )

The quantity of the working fluid in a TLT would directly affect the heat transfer performance
of the system. Figures 5.12 (a) to (g) show the effect of working fluid amount for SSL and MSL
IT with different working fluids. An important constraint in the operation of a TLT is the effect of

Vur oF V.
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In the present study, the quantity of the working fluid inside a TLT is defined as the ratio of

the volume of working fluid at the ambient condition to the inside volume of the evaporator section:
v,
Vo=— 5.1
V. (5.1

For a two-phase closed thermosyphon, the estimation of the optimum amount of a working fluid is
usually based on an assumption that the two-phase flow heat transfer in a TCT (two-phase closed
thermosyphon) takes place in two modes, i.e., the heat transfer in the evaporator is that of the pool
boiling, whereas the evaporative heat transfer is taken place from the falling condensate liquid film
above the pool of the working fluid. There are several analytical studies on the amount of working
fluids in heat pipes or TCTs based on very simplified assumptions but they all grossly underestimate
the real situations [Lee et al., 1996].

However, for TLTs, this issue is not well documented in the literature. The amount of a
working fluid should be sufficient enough to transfer the heat in the evaporator section as well as the
amount of vapor and the returning condensate in the transporting loop and the condenser section.
In the small scale loop (SSL) study, instead of the dimensionless parameter, V°, the dimensional
volume of working fluids, V., was used because the objective of the present study was very specific.
Figs. 5.12 (a) to 5.12 (e) illustrate the effect of the amount of the working fluid charged in TLTs on
the total temperature difference or on the heat transfer rate for 3 working fluids, i.e., acetone, FC87
and R11. The study showed that for the system with one condenser, the optimum value of the filling
charge is in the range from 30 to 40 ml and for the system with two condensers, about 50 ml. It was

noticed from the experiment study that all other parameters have little or no effect. At the same time,
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it was seen that there exists aminimum value of the filling charge which depends mainly on heat flux,
the type of working fluid and the internal volume of the system.

For MSL I, the similar effect with the SSL was observed as seen in Fig. 5.12 (f) and (g).
Fig. 5.12 (f) shows the similar trend with that of the SSL and it can be seen that for the MSL II

system, the optimum value of the filling charge is about 50 % of total loop volume.

3.1.9 Effect of Inclination of Condenser Section; Free Convection Mode (SSL)

In Figs. 5.13 (a) to 5.13 (c), the effect of the inclination of the condenser with respect to the
horizontal plane for the free convection cooling is shown where the horizontal plane is taken as the
inclination angle of zero.

Since the fins are attached to the condenser pipes normal to the vertical axis, air flow induced
for free convection is hindered, reducing the effect of convection if the inclination of the condenser
section is vertical (90°) as seen in the figures. However, the reality is much complex. InFig. 5.13
(b), for Q <60 W, the effect is opposite and we can not explain why this is so for the moment.

Figure 5.13 (c) shows the effect of the inclination of the condenser in the inclination range of
8 - 90° from the horizontal plane. It is seen that the heat transfer performance is decreased with

increasing the angle from the horizontal plane to the vertical plane.

5.1.10 Effect of Contact Resistance (SSL)
When the filler material (or attaching medium) between the heater and the evaporator surface
is properly selected and packed, the effect of the contact resistance of the filler can be correctly

simulated using the property data of the filler provided by the manufacturer of the filler materials.
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It is extremely important that this resistance must be as small as possible to obtain the high heat
transfer of the cooling system using TLTs.

In the present study, the results shown in Fig. 5.14 were obtained under the same pressure
force applied to the filler by tightening the four screws in the corners of nylon boxes of the heater
assembly (Plate 3.5). It is interesting to see that the aging of the filler improves significantly; the
thermal resistance of the filler decreases with time, and this may be due to moisture migration with

time into the filler.

S.1.11 Effect of Non-Condensible Gas (SSL)

It has been well known that the performance of a Two-Phase Closed Thermosyphon (TCT)
will deteriorate in the presence of non-condensible gases which evolve from dissolved gases in the
working fluid and the absorbed gas in the thermosyphon structure. The dissolved non-condensible
gases in the working fluid are swept along with the vapour flow and accumulate at the condenser end.
This will form a gas plug that represents a barrier to the flowing vapor and may eventually shut down
the operation of a TCT. To eliminate the sources of the non-condensible gases, the working fluid
must be systematically purged of the dissolved gases. However, the presence of a non-condensible
gas in a TCT can be utilized in a positive manner to control the system temperature.

The effect of the presence of non-condensible gases in a Two-Phase Loop Thermosyphon
(TLT) is not well known and unlike in a TCT, it can not be used in a positive manner to control the
heat transfer rate. Usually the presence of the non-condensible gas results from the contact between
air and the working fluid during the manufacturing, storage, or charging processes of a TCT/TLT

system. Foran example, up to 6 ml of air can be naturally dissolved under the atmospheric pressure
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and room temperature in 100 ml of water as shown in Table 3.5. Therefore, the dissolved air in
TCT/TLTs must be eliminated under vacuum before it is charged with a working fluid.

This contamination problem is especially serious for the new fluorinert liquids of FC-72 and
FC-87, due to its extremely high solubility of air (as much as 10 times greater than for water) as
pointed out in Table 3.5 of Section 3.1.4.

In the present experimental study, the test TLT assembly had one additional thermocouple
Just below the NUPRO valve connected to the condenser section as shown in Figs.3.1,3.2and Plate
3.6. This thermocouple identifies the presence of non-condensible gases which are then removed
from the TLT.

As was the case of the TCT system [Lee et al., 1996}, a small amount of air inside the TLT
system could significantly decrease the heat transfer performance as seen in Fig. 5.15. Therefore, it

can not be cautioned enough to stress that the presence of non-condensible gases in the system must

be avoid.

5.1.12 Total and Apparent Mass Flow Rate of the Working Fluid (SSL)

To supplement the analysis (computer simulation), a novel experimental device was
introduced to measure the total mass flow rate, m;, of the working fluid. The apparent mass flow
rate, m, is the theoretical mass flow rate calculated from an energy balance, O = mh,. In the loop
ofa TLT, the working fluid may still have a quality less than 1 and consequently, m; > m;. To test
this hypothesis, we have modified our test TLT apparatus slightly as shown in Fig. 5.16 (a). This

modification made it possible to measure the approximate value of m; very close to the reality.
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A typical result is shown in Fig. 5.16 (b) which indicates that the ratio between the total and
apparent mass flow rates strongly depends on the total heat transfer rate. From the study, it is
concluded that a great care must be exercised in the analysis how to calculate the mass flow rate
which must satisfy both the mass and energy balance equations. Knowing m,, the average quality of

the working fluid in the two-phase region can be obtained.

5.1.13 Flow Visualization Study (SSL)

Photographic observations of flow regimes and temperature fluctuations were obtained and
the results are presented in Fig. 5.17. Photographic observations were made by shadow-graphic
technique. From the figures, slug and annular flow patterns are obviously recognized. The figures
with water show that the slug flow pattern is observed even at high heat flux. In case of other
working fluids, the flow pattern changed from the slug flow to the annular flow with increasing heat
flux. Flow pattern is directly ihvolved with the system stability. From the figures, it was observed
that the SSL system is operating in annular flow state at heat flux over 60 W. In the present
experimental study, the flow patterns observed did not fall within the generally accepted flow pattern
map as shown in Figs A.1 of Appendix A.. This implies that the flow patterns of a TLT depends on

the TLT geometries and flow state such as flow rate, pipe diameter, heat flux etc.

5.1.14 TLT Transient Temperature Variation from System Startup (SSL, LSL II)
Figs. 5.18 (a) and (b) show the transient behaviour of the systems from the startup (SSL) and
with a heat flux change (LSL IT). For SSL, the temperature was observed from a thermocouple

installed in the evaporator. As shown in Fig. 5.18 (a), the temperature is increased from the starting
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point to the peak point in which the boiling starts and this period must be for bubble formation. As
boiling begins, the periodic temperature oscillations occur. The basic source of this oscillatory
phenomena is the process of bubbles formation, growth and broken in the evaporator. Summarizing
this oscillatory phenomena in brief, the divorcing velocity of bubbles formed on the interior surface
of the evaporator, and intensifies the heat transfer process in the evaporator. The increased vapor
flow induces to thin the thickness of the condensed film in the condenser and further increases the
coefficient of condense heat transfer. On the contrary, the fluctuation of fluid flow leads to increase
the hydrodynamic resistance along all circulation, induces to slow the velocity of fluid circulation, and
further weaken the heat and mass transfer in a TLT. Besides, the intensive fluctuation of fluid flow
in the TLT can bring about the vibration of heat pipe, this probably decreases the reliability and
durability of the heat pipe. In fact, the influence of fluctuation of fluid flowina TLT loop is complex
and multiple.

Fig. 5.18 (b) shows the transient behaviour of the LSL 1I from the abrupt change of the heat
load to potentially stable state. The temperature behaviours of all thermocouples installed in the loop

were observed. The system behavior for the LSL Il is similar to Fig. 5.18 (a).

5.1.15 Instability of Working Fluid Flow (SSL)

The experimental investigation of the system Mbﬂiw is a direct extension of the present
study. The instability of the working fluid flow within the loop is one of the major concern for the
design of any loop-type two-phase thermosyphons. Figs. 5.19 (a) and (b) are showing the
temperature fluctuation within the SSL studied as a function of heat flux and working fluids,

respectively.
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In Fig. 5.19 (a), it is seen that the temperature fluctuations with water as the working fluid
are severe, even at high heat fluxes. In low heat flux, obviously large temperature fluctuations were
observed. Severe density oscillations occurred in the heat flux of 100 W.

In Figs. 5.19 (b), the temperature fluctuations as a function of working fluids are illustrated.
It can be seen that even without any insert to damp the flow fluctuation, acetone and FC-87 hardly
showed any fluctuation, whereas water has shown very strong fluctuation, especially at the
evaporator and at the inlet of the condenser section. This is because the saturate pressure of water
as the working fluid at these temperature ranges are so low (0.1 ~ 0.2 atm. Pressure) that a slight
system pressure change can easily be translated to a relatively large temperature fluctuation, and for
this reason, water can not be recommended for the working fluid of the SSL of the present
application.

Figure 5.20 (a) show the direct effect of Q on the height of liquid column in the condensate
return line observed in the glass tube provided in the condensate returning tube located between the
condenser and the evaporator as shown in Plate 3.5. It is seen that the higher heat flux, the higher
column height. The liquid column height is directly involved into the system stability because the
static pressure force is the main source of system operation. The fluctuation of the heights of the
working fluid are shown in Figs. 5.20 (b) for R-11 and 5.20 (c) for FC-87, respectively.

Figures 5.21 (a) and (b) show the pressure distribution along the loop of MSL IT and LSL I,
respectively. The effects of various parameters on the pressure drop and pressure drop fluctuation
are reported in Figs. 5.22 (a) to (f) for LSLII. Figure 5.22 (a) shows that the pressure drop between
the evaporator outlet and the condenser inlet is decreased with increasing heat flux. The pressure

drop measurement in Fig. 5.22 (a) is from the third loop of LSL II. It seems that the pressure drop
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for the counter flow has slightly steeper than that of the parallel flow.

Figs. 5.22 (b) and (c) show the effect of the saturation pressure on the pressure drop of LSL
II. Asseen in Fig. 5.22 (b) for LSL II with the parallel flow, the pressure drop of the transport pipe
is decreased with increasing P, and the pressure drop in the condensate return line is increased.
This same trend is seen in the same manner for the case of counter flow in F ig.5.22(c). This trend
agrees well with that of Friedly et al [1979)]. Frieldly et al. carried out the study on the effect of
pressure drop ratio on system stability. Their pressure drop ratio was defined as the ratio of the
evaporator inlet pressure drop (AP,) and the outlet pressure drop (AP), ie., (AP/ AP). From their
study, the system stability decreased with increased pressure drop ratios. This trend can also be found
Figs. 5.22 (d) and (e) where it can be seen that P, is increased linearly with increasing heat flux and
saturation temperature. A change in the system vapor pressure at the range of the saturation
temperature of water is strongly amplified and this in turn induced the pressure difference between
the evaporator and the condenser. Fig. 5.22 (f) shows an example of the pressure drop fluctuation
in a given time and operation condition for the LSL II.

Loop thermosyphon systems are subject to instabilities which are undesirable for several
reasons. As described in Chapter 1, parameters (pressure drop, working fluid amount, insert size,
heat flux and so on) affecting the stability of TLTs have been investigated in the present experimental
study. The detailed parametric effects on the system stability are presented in Section 5.1.17.

As mentioned above, Figs 5.19 (a) and (b) show the clear effects of heat flux and different
working fluids on temperature fluctuation. These instabilities hamper the smooth and continuous
circulation of working liquid and vapor. Sustained flow oscillations may cause the mechanical

vibration of the TLT bundle.
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5.1.16 Effect of Insert Orifice (SSL)

As mentioned in Section 3.1.2, for the SSL, three orifice inserts (cylindrical : d = 5.5 mm and
6 mm in height,, d ;.. =0.51, 0.71 and 1.2 mm, respectively. See Plate 3.7) were used to study the
effect of a change in the pressure drop in the flow channel of the TLT on the flow instability and
temperature fluctuation. These inserts are placed inside the condensate line using a Tee connector
situated near the evaporator section (140 mm from the upper edge of the evaporator).

The results are shown in Figs. 5.23 (a) to 5.23 (d). It can be seen in Fig. 5.23 (a) for the case
with water as the working fluid that decreasing the size of orifices from 3.7 mm (no insert) to 0.7 mm
drastically reduced the fluctuation of the temperature, especially that of the evaporator. Fig. 5.23 (b)
indicates that with the orifice 0f 0.7 mm, the overall temperature fluctuation can be almost eliminated
as the power is increased.

It could be expected that the smaller the size of the orifice, the larger the overall pressure drop
of the system because of the insert, thus reducing the total mass flow rate which would have resulted
in low heat transfer performance. However, F ig. 5.23 (c) and (d) shows that this is not all true.
Previous studies by others generally showed that the system instability decreased with decreasing the
insert size without considering the system performance. [Lorenzini, 1981, and Imura, 1994]. Ina
loop system, the instability has been studied widely by many during last 50 years since Wissler studied
the instability of a two-phase loop system in 1955. But the studies of instabilities have mostly limited
to single phase flow or theoretical approach with limited experimental verifications.

As mentioned by Wissler [1956], the loop oscillatory behavior is mainly from the transport
section due to the lack of driving force. The oscillatory nature is caused by the system seeking a

stable operating point. For this nature, the system tends to both over and undershoot the equilibrium
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point. The oscillatory instability phenomena is dominated by various flow parameters (pressure
drop, density, void distribution, quality, heat flux, working fluid and so on)

In Figs. 5.23 (c) and (d), it is seen that the best heat transfer performance is obtained with
0.71 mm ID insert for acetone and water. However, for the case with acetone as the working fluid,
the differences in the performance with different inserts or even without any insert are relatively smail.
With water as the working fluid, there seems to exist an optimum size of the inserts, namely 0.71 mm

ID insert.

5.1.17 Effects of Other Parameters on System Instability (SSL)

Figures 5.24 and 5.25 show the effect of Q on At,_ in view of the instability. The overall
temperature difference of a TLT increases with increasing heat flux. Increasing heat flux leads to
increase the operation pressure and void fraction, quality, saturation temperature and consequently
the driving force will be increased. Obviously, the increased driving force leads to increase the
stability. Fig 5.26 which is for natural convection mode, shows the same trend with those observed
in Fig. 5.24 and 5.25.

Itis generally accepted that the amount of the working fluid affects the system stability. Ishii
[1990] reported that increasing the amount of working fluid reduced the stability. This feature is
seen in Fig. 5.27 (a) and (b). Theoretical study of Ishii [1990] show that the system stability is
decreased with increasing the amount of working fluid. But the present experimental study as shown
in Figs. 5.27 (a) and (b) indicates that this is not necessarily true. As seen in the figures, the best
stable performance is obtained from 40 ml. This implies that the theory can not predict the optimum

working state with stability combined with the performance.
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Ishii’s analysis [1990] predicts that the stability is decreased with increasing u,,,, and l.. Our
study shown in Figs. 5.28 and 5.29 indicates that the temperature fluctuation with increasing u,,,, and

1. is very marginal.

S.2  Comparisons between Simulation and Experimental Results
5.2.1 Introductory Remarks

This section presents acomparison between the experimental and the corresponding simulated
results for five different TLTs (SSL, MSL I, MSL II, LSL I and LSL IT). In all figures shown (Figs.
5.30 to 5.36) in this section, the line plots represent the simulated results.

As described in a previous study [Rhi, 1996] for two-phase closed thermosyphons (TCT), a
meaningful simulation can not exist without a benchmark experimental test. This is demonstrated
in Figs. 5.30 (a) to (d) for the completeness. Fig. 5.30 (a) is the experimental setup of the TCT
studied and Figs. 5.30 (b) to (d) are the representative resulits.

It will be shown that the success of a computer simulation based on an analytical thermal
resistance network method depends on the choice of empirical correlations for various thermal
resistances. For the TCT mentioned above, selecting 8 empirical correlations for the boiling heat
transfer coefficients (h,), 3 for the condensation (h,), 3 for forced convection (h..r) and 3 for shape
factor (S), there could be as many as 216 possible solutions for a given condition from the simulation
and every one of them could be the right one. Fig. 5.30 (b) presents the simulation results with
different nucleate boiling heat transfer correlations, with a fixed condensation and convection heat
transfer correlation, and shows large differences among the simulation results based on different

correlations.
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However, since the solution was based on the thermal resistance network method, the key to
check the correctness of the simulation is to compare the temperature distribution within the TCT
assembly obtained by the simulation with that of experiments as shown in Figs. 5.30 (c).

Even though the agreement between the simulation and the experiment are reasonable, the
simulated interior temperature distributions could be quite different from the experimental results,
depending on the choice of the empirical correlations used for boiling and condensation. Forthe TCT
studied, the use of Bier et al.’s correlation for boiling [1994] and Gross’correlation for condensation
[1992] gave the best fit. But to obtain the best possible agreement between the experimental and
simulation heat transfer results, some modification was needed.

To modify a given combination of the boiling and condensation heat transfer correlations, the
following expression by Park [1992] was used for the heat transfer coefficient in the evaporator
section and the condenser sections.

The modified heat traﬂsfer coefficients for boiling and condensation (h,, and h,,,,) are

expressed, respectively, as.

h, =C,x™ 5.2)

e

where x, is the original correlation for boiling;
h. =C.x™ (5.3)
where x_ is the original correlation for condensation.
The constants C, and C, and exponents m, and m_ were then determined from the

experimental data so as to correlate the data best.

For the case of the TCT mentioned above, the values obtained were C, =0.6 and C. = 0.8,
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respectively. [Rhi, 1996]. With the modified correlations of the boiling and the condensation heat
transfer coefficients, it was then possible to compare the simulation results with the experimental

results and consider the effects of the various parameters as seen in Fig. 5.30 (d).

5.2.2 Comparisons for TLTs

The basic concept for the simulation of TLT systems starts from the same concept used for
the simulation of the TCT discussed above. However, the process involved for a TLT is much
different from the one for a TCT. In a TLT system, the simulation starts from the flow feedback
concept and ends with the same. The simulation logics for both the lumped and sectorial methods
require the condition that the two-phase flow inside the loop should satisfy mass, energy, and
momentum balances. And the simulation program must converge to satisfy the other condition that
the total pressure drop summation along the loop must be zero (J'4P=0). Thisis illustrated in Fig.
5.31. The crux of the simulation is to find the convergence point with a large number of iterations
with changing mass flow rate.

Figures 5.32 to 5.36 present the comparison results between the experimental and the
simulation results for all TLTs studied experimentally. The ultimate test of a computer simulation
is to compare the simulation results with the experimental data. Only when the simulation is verified
by the benchmark experimental data, its usefulness is authenticated.

Since the present simulation study is for the two-phase fluid flow in TLTs which involved a
large number of empirical correlations, one must be careful to test the simulation not only for the final
results but also for the crucial elements which would determine the final outcome. It was shown

[Lee et al., 1996] that the success of the computer simulation for a TCT strongly depends on the
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choice of empirical correlations required for various thermal resistances used in the analysis.

The most crucial element among many is the temperature distribution aiong the loop of the
TLT. Only when this bench mark element is verified, one can be confident that the simulation is
dependable for the range for the bench mark elements verified.

In the present simulation study, we used 10 empirical correlations for the flow boiling (for
lumped method) and 2 correlations (for annular flow for the sectorial method) for the boiling heat
transfer coefficients, (hy,), 3 for the condensation (h,,,,), and 3 for the forced convection (hon,), many
possible solutions for a given condition from the simulation are attainable and every one of them
could be the right one as discussed above fora TCT. The present simulation study is focused on the
effects of heat transfer coefficient correlations. However, if we are to consider in the simulation the
effects of other two-phase flow parameters such as the pressure drop, the void fraction, etc., the
solution of the simulation could be numerous without any physical significance for each.

Table. 5.12 tabulates Figures 5.32 to 5.36 for the comparison of the simulation results with
those of the experimental for various parameters. For example, all the figures with the sub-
designation (a) in Figs. 5.32 to 5.36 refer the figures for the simulation results of the five TLTs
studied with the different two-phase heat transfer coefficient correlations but with a fixed
condensation and convection heat transfer correlations.

Figures 5.32 to 5.36 with the sub-designation (a) for Q vs. At, . show large differences
between the experimental results and those of the simulation. The largest differences can be found
in the cases for SSL and MSL I, and the main reason for this may be due to the fact that the
correlations used in the simulation are originally developed for large scale two-phase systems such

as nuclear reactors or industrial re-boilers. The test environmental conditions of the various
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empirical correlations used in the present simulation study are already described in Chapter 2. It is
seen in the figures that the simulation results with the empirical correlations for the two phase flow
heat transfer, hy, of Kandlikar [1989], Chen [1966] and Shah [1982] for the Lumped method and
that of Rhee and Young [1974] for the Sectorial method show the best agreement with the
experimental results. In these simulation, the heat transfer coefficient for condensation, h gogs Of
Nusselt [1916] and the forced convection heat transfer coefficient, h, of Knudson [1958] were
chosen as the fixed parameters. For the case of MSL I, because of the peculiar condenser geometry
which is quite different from those of other TLTs, the condensation heat transfer coefficient
correlation, h,,,, developed by Smirnov and Lukanov [1972] was used. The combinations of
correlations used in the simulation are in Table 5.13.

Even though the comparison for the large scale TLTs show better agreements between the
experiment and simulation than those for the cases of SSL and MSL I & I1, the simulation results by
the Lumped method and by the Sectorial method did not show any partiality for the method used for
the simulation. However, the simulation results with the Lumped method vary widely depending on
the choice of h,, but with the Sectorial method, the combination of h,, b and h,,,, given above
placed the agreement between the simulation and experiment within an acceptable error range (less
than 20 % for LSL I ). Generally, it was noticed as far as the present study is concerned that the
simulation by the Lumped method gave reasonable agreements for the large scale TLTs with the
selected correlations (Kandlikar, Chen and Shah), whereas the simulation by the Sectorial method
gave reasonable agreements for all TLTs within an acceptable error range as seen in F igs. 5.32 to
5.36 with the sub-designation (a).

Since the solution required for the simulation for a TLT is based on a thermal resistance net
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work which requires a large number of empirical correlations for various heat transfer phenonema
along the TLT, the primary key to check the correctness of the simulation code is to compare the
temperature distribution within the TLT obtained by the simulation with that of the experiments as
discussed above for the simulation of a TCT. As seen in Figs 5.32 (b) to (h), depending on the
selection of the empirical correlations for boiling and condensation heat transfer coefficients, the
simulated interior temperature distributions could be quite different from the experimental results.
In the case of the simulation by the Lumped method, for all TLTs except MSL I, the combination of
‘the boiling heat transfer coefficient correlation of Kandlikar [1989] and of Chen [1966] for MSL I
and the condensation heat transfer coefficient by Nusselt [1916] gave the best fit among all the
correlations. In the case of the Sectorial method, the heat transfer coefficient correlation for the
annular flow boiling of Rhee and Young [1974] gave a rather good agreement with the experimental
results. However, it was noticed that even this combination of the empirical heat transfer
correlations for boiling and condensation did not give any reasonable agreement for the cases with
different working fluids as was with the simulation for a TCT. Therefore, to achieve the best fit
between the experimental and simulation results, the correctional method used for the TCT is adopted
to modify the heat transfer correlations for boiling and condensation, h,, and h,,, respectively, for
a given working fluid.

To modify a given combination of the boiling and condensation heat transfer correlations, h,,
and h,,,, the expression given above as Egs. 5.2 and 5.3, were used and the values of the correction
constants for modification are given in Table 5.13.

The comparisons between the simulation and the experimental results for the temperature

distributions of the five TLTs studied are shown in the figures with appropriate sub-designations as
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given in the third column of Table 5.12.

Figs. 5.32t0 5.36 with the sub-designation given in the fourth column of Table 5.12 for Q vs.
4t , . (modified), show the comparison of the experimental results on the heat transfer rate of the
system as a function of the overall temperature difference between the evaporator and the ambient
air. In spite of complexity involved in choosing the right combination for various empirical
correlations used in the simulation, the agreement is very good. The simulation predicts correctly
not only the effect of the different working fluids but also the magnitude of the heat transfer rates.

Figs. 5.32 to 5.36 with the sub-designations given in the fifth, sixth, seventh and ninth columns
of Table 5.12 for Vyp u,. L, and effectiveness, respectively, show that the simulation results agree
reasonably well with the experimental results for the two methods of simulation used in the present
study, i.e., Lumped and Sectorial models.

The attempts to simulate the system instability are shown in F igs 5.32 (0) to (q). The
instability calculation with the correction factors given in Table 4.5, Chapter 4, agree rather well with
the experimental results. This may be confined for the SSL studied as there are no other experimental
data for other TLTs available for comparison.

The simulation to check the system instability for other TLTs was also attempted. However,
the results of the simulation for the system instability for other TLTs show thatall TLT systems other
than SSL are unstable. This implies that either the large TLT system within the simulation range
may be unstable or the simulation analysis presented in the thesis still requires some further

refinement. This remains to be studied.
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CHAPTER6

CONCLUDING REMARKS

An experimental and analytical (numerical) study was carried out on the fluid flow, heat
transfer and instabilities for five (5) small, medium and large scale two-phase loop thermosyphons.
Experimentally, various parameters which would affect TLT operations such as At, , t.,., u_,,. U,
l; Vg Vipg, pressure drop, effectiveness and instability were investigated. Analytically, two
simulation methods based on thermal resistance net work was considered, namely, Lumped and
Sectorial methods.

The five two-phase closed loop thermosyphons (TLTs) studied were specially designed and
constructed for the present study, and they are one small scale loop (SSL: 5.4 mmID & 1.2 m x 0.5
m), two medium scale loops (MSL I: 0.095 mm ID & 0.423 m in width and MSL II: 0.0202 m ID
& 3 m x 2 m) and two large scale loops (Loop I: 0.0202 m ID & 1.8 m x 2 m and Loop II: 0.0202
mID & 2.208 m x 10 m).

From the study, the following conclusions may be made:

1. Experimental results have shown that for a given loop operating condition (tou, 1, AL,

Vi and V), the loop performances will be affected by changes in the source and sink
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temperatures. Through a careful selection of the loop charge as well as the condenser length,
working fluid, and other parameters, a TLT could provide a very attractive heat transfer
capability over a wide range of temperature differences.

For the instability of TLTs, only the SSL was used. Three different working fluids of acetone,
water, and FC-87 were used in the study. It was observed that the loop instabilities are
affected by the charge, heat flux, working fluid, and msert size. The experimental observation
showed that an insert before the evaporator inlet of the SSL significantly reduced the
temperature fluctuations observed in the loops without any such insert. For the SSL studied,
the best performance was obtained when a 0.7 mm ID insert was placed. It was also noticed
that as the heat flux was increased, the temperature fluctuations were reduced.

The simulation study by the two models, Lumped and Sectorial, on five very different TLT
systems are compared with the experimental results and the limitation of the computer
simulation for such two-phase heat transfer systems is noted. The present study confirms our
belief that a computer simulation alone could not, at the moment, give any meaningful
quantitative results unless it is accompanied with some experimental results for a system
involving some empirical correlations. This implies that no computer simulation should be
developed for a two-phase heat transfer system such as TLTs studied without a benchmark
experimental verification. However, once verified, the computer simulation is capable of
simulating some performance characteristics of such systems.

It was seen that the comparisons between the experiment and the simulation results without
any modification to the many empirical correlations needed in the simulation do not agree well

especially with the experimental results from the smaller scale loops. This could be that the
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correlations used in the simulation are basically developed for large scale heat transfer systems
involving two-phase flow. Any simulation with empirical correlations of unknown origin
must be verified by experiment.

An analysis based on the Kelvin-Helmholtz instability theory for the system instability of a
TLT was made. It was seen that the critical velocity accompanied with a correction factor
can simulate the system instability to a certain extent and that the theory agrees rather well
with the experimental results of the SSL. No comparison with experimental data for other

TLTs was not possible because of the lack of the latter.
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APPENDIX A

Flow Pattern Maps
and Flow Pattern Transitions

1. Flow Pattern Map
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2. Flow Regime Transition and Comparison

- Bubbly flow to Slug flow transition
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- Slug flow to Churn flow transition
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Superficial Liquid Velocity, m/s

10

0.1

0.01

0.001

i Finely Dispersed . , ,,
Bubbles - .° i

0.0001 £ Present Experimental Study

I Hewitt and Roberts [1969]

00001 E | ... —— Taitel and Duckler [1980]
- | === Mishima and Ishii [1984]

0.000001 3
0.00001 0.0001 0.001 0.0! 0.1 1 10 100
Superficial Gas Velocity, m/s
Figure A.1 Comparison of three generally accepted flow pattern maps

(Reproduced from original flow pattern maps)

183



Uncertainties of Two-Phase Flow
Parameters

APPENDIX B

Uncertainties of following selected two-phase flow parameters are presented in tubular

formats.
- Two-phase heat transfer coefficient correlation
- Void fraction correlation
- Two-phase pressure drop correlation
Table B.1 Comparison between Correlation and Experiments
on Heat Transfer Coefficient (%)
i - | o e L4 (— b~}
Correlations - 28 E 'E c g g o
5 E £ o’ - < € 5w
28| e= E |8Ex | = S3¥
532 |52 | 2% | 222 |§ 32
]< 2| 8% - SEa | 2 -
Dengler and Addoms 30.5 62.3 20.0 20.3 14.7 187.5
[1956]
Schrock and Grossman | 89.5 | 16.4 249 |[200 CRT ==
[1959] S
Sani [1960] 26.9 70.3 2.5 |48.6 8.5 e
Bennett et al. [1959] " 17.9 61.8 11.9 14.6 10.8 225.0
Guerrieri and Talty
[1956]
Wright [1961
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Table B.1 Comparison between Correlation and Experiments
on Heat Transfer Coefficient (%) (Continued)

2 dikar1989 o | g
A - S8 |55
ER == | sEg
o w R C SER
o2

174~45.0
37.8~114.1
27.6~91.7

Chen [1966 | -61~135 |29.6 |48.6

W : Water,R : frigts, C: ryogem'c fluids

Table B.2 Comparison between Correlation and Experiments on Void Fraction (%)

Friedel [1977] Klidonas [1986]

Correlation - Water R-12 Water Refrigerant
Chisholm [1973] -1.8 [ 3.5~149

Hughmark [1962] -10.8 185 PR atany & Srenn ]
Smith [1969] 0.5 41|3.1~160 6.4 ‘
Thom [1964] ot A

Bankoff [1960]

Homogeneous

CISE [1961]

Zuber [1965]

Rouhani [1969] :

Armand [1946 e [Pt
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Table B.2 Comparison between Correlation and Experiments on Void Fraction (%)

Table B.3 Comparison Between Pressure Drop Correlations and Experimental Data

In Straight Pipe (%)
Exp. Dukleretal. | Friedel | Weismanand | Idsinga
Correlations [1964] [1977] Choe [1977]
[1976]
Homogeneous < 2| 24.8~ Cmnle -33.1
..\L,.-nlii-i
Lockhart and Martinelli 119.1~418.7 |155.4
[1949] :

Bandell and Schiunder [1974]

Dukler et al. [1964]

Baker [1954]

Hoogendoorn [1961]

Martinelli and Nelson [1948]

Bankoff [1961]

Lombardi and Pedrocchi
1972
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Continued
 Exp. f Friedel [1977] Klidonas [1985]
f; Water R-12 Water Refrigerant I
Zivi [1964] T 74 |
Klidonas [1985] 6.0 |
Walley [1978] il 9.4
|Baroczy (1965 | 5.6 10,6 [ 50 ETe ] |



Table B.3 Comparison Between Pressure Drop Correlations and Experimental Data

in Straight Pipe (%) (Continued)

Table B.4

Correlations

Chisholm [1966]

Friedel [1985]

Exp. Dukleretal. | Friedel | Weismanand [ Idsinga
Correlations [1964] [1977] Choe [1977]
[1976]

Chenoweth and Martin [1955] | -8.5 ~954 } * ] 22.0~403.5
Baroczy [1965] -6.1 -19.8
Chisholm and Sutherland 2 395 )
[1969]
Chisholm [1973] -18.9 -10.2
Thom [1964] -6.4
Becker [1962] ; "1 96.9
Levy’momentum exchange ';%-'_"}'-":' L 47.3
[1960] RESIPIEE I
Armand [1946

Beattie [1973]

James [1965]

Lin and Hanratty [1987]

127.0

-10.4~199

Murdock [1962

147.0
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Table B.S

Two-Phase Pressure Drop in Valves and Area Change (%)

Exp. Friedel [1985] Simpson [1985] Gronnerud (1972)
Correlations —~— 7 N _

Tremblay [1972] 4.0 -42.2 |
Fairhurst [1983] -25.0 -182~103 |
Morris [1983] 70.0 -4.9~282 [
Chisholm et al. [1980] 83.0 138.0 110.0 :
Simpson et al. [1985] 94.0 -21.6~25.5 : l
Strathclyde [1983] L e e |
Dukler et al. [1964] T bE h 1-7.0 Jl
Grennerud [1972] FHASVEIT 6.0 WI
Fairhurst [1983] SRR

Homogeneous

Table B.6 Pressure drop and Void fraction Calculation with Combinations
of Different Correlations (Sub-average percent error, %)
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Ap; Dukler et al. [1964] | Oliemans [1976) Beggs and Brill
o [1973]
Hugmark [1962] 579 301 prenseol
710 694 BRIt P e
Eaton et. Al [1967] 50.6 6.2 589
72.5 78.0 75.3
Dukler et al. [1969] 50.9
Beggs and Brill = e -0.3
1973 i 470




Table B.7 Pressure drop and Void fraction Calculation with Combinations
of Different Correlations (Overall average percent error, %)

* Data sets are obtained from experimental results of “Qil P

Ap; Dukler et al. [1964] Oliemans [1976] Beggs and Brill

@ [1973]
Hugmark [1962] 26.0 130 | . -

306 301
Eaton et al. [1967] 329 4.9 249

40.4 51.6 46.0
Dukler et al. [1969] 41.7 K

-20.3 - -
Beggs and Brill : B Ll -14
1973 DR 214

ipe Line”.

* Above table is rearranged from the results of Garry et al.[1985].
* Detail calculation procedure is given in Garry et al.[1985].

Sample View

Void Fraction Corr.

Pressure Drop Corr.

Dukler et al. [1964
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Figure B.1 Selected Graphical Comparison of different h,, correlations [Hahne et al., 1989]
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Void Fraction (a)

Void Fraction (a)
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Figure B.2 Selected Graphical Comparison of Void Fraction Correlations [Isbin et al., 1979]
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APPENDIX C

Two-phase Heat Transfer Coefficient
Correlations

[
.

Lumped Models

Type A - Martinelli [1949]’s Suggestion :

Rl A

Equation to be correlated :

A=)

X
Drin1 -
h, =o.023ﬁ[ | ")) Pro?
D Hyp

hy = 0.023%(Re,,,)°" Pr3?

0.5 ,
_'_=( x )0'9(&] (&)m
Xn I-x pg H
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Authors
Dengler and . . h,
Addoms [1956]
Guerrieri and Talty | 3.4E 045 h, Various
[1956] Organics
Schrock and 25 0.75 h, Water
Grossman [1959]
Wright [1961] 2.721 0.581 h, Water
Bennet et al. 0.5649x¢%"" | 0.74 h, Water
[1959]
Somerville [1962] | 7.55 0.328 h, n-Butanol
Collier and Pulling |2.167 0.699 h, Water
[1962]
Chaddock and 3.0 0.667 h, Water
Noeranger [1966]
Uchida and 17.5Bo2 1.67 h, R-12
Yamaguchi [1966]
Pujol and Stenning | 4.0 0.37 h, R-113
(1969]
Sekoguchi [1992] | 2.5 2/3 h Water

(b)  Type B - Schrock and Grossman [1959):

Schrock and
Grossman




Authors jnmm-—

Sani [1960] Water
Wright [1961] 6.7 3.5 0.67 1 h, Water II
Somerville 24.5 1.5 0.67 1 h, n-Butanol
[1962]
Chaddok and 19.1 1.5 0.67 0.6 h, Various
Brunemann chlorinated
[1967] paraffins
Pujol and 9.0 445 0.37 1 h, R-113
Stenning [1969]
Pujol and 53 7.55 0.67 1 h, R-113
| Stenning [ 1969] Il

Following correlation are mainly the modification of above correlation.

Gungor and Wintorton [1986] :
h, £ )07 p) 041
£ = | 1+ 300080°% + ( ) —'-J
h, l1-x Py

Chaddock and Noeranger [1966] :

h' l 2/3
e _ -
h, 135(1ooooao+ 15( x])

(¢)  Type C - Modified Chen [1966] ’s Correlations :

Mainly Chen’s correlation is to describe the effect of nucleate boiling in forced convective
boiling. Therefore, his correlation includes two terms such as nucleate boiling heat transfer
coefficient correlation and convection heat transfer coefficient correlation with correction
factors.
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Chen’s correlation :

Two-phase heat transfer coefficient

= the contribution of forced convective heat transfer +the contribution of bubble
nucleate boiling

h =

1p

h,,. = 0.00122[

hMlC + h»lac

0.79 045 _0.49
k, ot P

c Py

0.24 0.75
o_s#lo.zsoh};u 024 }" - ’W(P')] [Pm(t') -h| S

P = HF(1/ X,,)

195

Chen [1966] | Graphical Form, F vs (1/X,) Graphical Form , S vs (Re,,)
Butterworth | F(X,) =1 for X, < 0.1 S(Re,) = (1+2.56 x 10*Re,, """y’
[1979, (given | F(X,) =2.35(0.213+1/X,)*™*
in Hewitt, for X' > 0.1
1994)]
Bennett et al.
[1980] . [l - exp{~F(X, 1 X, /k,}]
F(X X,k
X, = 0.041[o/(g(p-p,)]**
Shah [1982] |F=1+
l.8(llx“)OJI[p‘/p.]O.N[u'/p']o.O?
Gungor and F=1+137(1/X,)"% +24000Bo'"* | S =1/(1+1.15 x 10°F?Re,"")
Winterton
[1986]
Jung et al. F=2.37(0.29 + (1/X))**
[1989]
Kenningand | F =1+ 1.8(1/X,)*"¥
Cooper for 0.6 < 17X, 240
[1989]
F =3.2x(x/(1-x))*Pr*®
xM'?+]




Following correlations used basically the same concept with Chen’s correlation and in some
case, the correlation is modified with Chen’s correlation.

Bennett and Chen [1980]

hp = hmic + hm

h,;. is same as in Chen’s correlation.

For pure components
(ﬂ) =1
A )
F(Pr) = Pr2®
Shah [1976]
h,

v.=S= f(Co, Bo, Fr,)

4

Co:(l__x)o.l(&)OJ
x ]

h,/h, is found from a chart according to the value of Co. Graphical Chart s given in Shah
[1976]
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Shah [1982)

h,:
for vertical
N,=Co
for horizontal
N, =Co for Fr, 20.04
N, =0.38Fr,**Co for Fr, <0.04
where
w-((3-0712)
x P
h/h,=1.8N*8
R,
For N, >1.0

hy/h, = 230Bo®  for Bo > 0.0003
h/h,=1+46Bo%* for Bo < 0.0003
For 0.1 <N, <1.0
hy/h, = FxBo%’exp(2.74N, ")

For N, <0.1
hy/h, = FxBo*exp(2.74N, %)

2

and Bo:L

pigD Ghy

F=14.7 for Bo>0.0011

F=15.43 for Bo <0.0011
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P

p = max [h, h,]
Gungor and Winterton [1986]
h, = Eh + Sh,,
116 085
E = 1+ 24,00080" + 137(1/ X,
§ = 1/[1+0000001 15E2 Rej"|
h, is Dittus - Boelter correlation

hw = 55P**(-04343In P

)‘0-” MO qo.m

Kandlikar [1989]

h, = h,[C‘CoC* (25F7,)" + C,Bo" F,(]

Co <0.65
(Convective
Regi
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Fluid Fy
Water Il 1.00
R-11 u 1.30

R-12 I 1.50 k-lﬁa 1.10 "

ﬂ Nitrogen 4.70

Neon 3.50
Bjorge et al [1982]
b= —Jwo
t, - -
3
(tw—tear).
Qor =95+ 95 l‘(_w—w'-]
Ly = s

k Re0.9
qu=FB Prl'l_;(’\v"m) Cl
2

1 2
FB = 0.1{—X" + _-X:'n)
for Re,> 1125

C, = 5Pr;+ 5Pr, In(1+ 5Pr; )+ 251n(0.0031 Re?*?)

for 50 < Re,> 1125

C, = 5Pr,+ 5Pr, In(0.0964 Re?**- 1)

for Re, < 1125

C, = 0.0707 Pr, Re?*
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9 = Busihg A
,u,h}g’s( pr- Pg) % |/s

[g(pl pg)J KOS plRCIR( _p 3

for water B,, = 1.89 x 104

Steiner and Taborek [1992)

h, = [(hNBFNB)J + (hﬁ) F, )3]1/3

_ k(£ /8)Re-1000)Pr
*7 D1 123(r 18) " (PrP- 1)

f =[0.7904In(Re) - 1.64]”

Fpp = {[(1- x)" + 18x°5(1 - x)°% (P1 /pg)o.ss]-z.z .
N TN

for water

Pyg = h,,[l.731’,°’7 (61 ﬂ] PZ][¢/¢ ]°9-0-3&°"[RP/RW]0.133

for other fluids

hyg h[12P°2’+25P+ J[¢/¢]o9o.3p,°:[

0.133
R,/R,|
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0.133

Fu = Fu(9/8,)" (D/D,)**(R,/R,.)" F(M)

17
Fop = 2816P 4 (34+( P,)]P”

for cryogens

nf = 0.7- 013exp(1.105P)

for all fluid except cryogens
nf = 08- 0.lexp(L75P)

F(M)=0377+01991n M + 0000028427 M> < 25

where M is molecular weight

Liu and Winterton [1991]

h, = \/(Fh,)z + (Stm)

for laminar flow

h,=035ﬁ(£)*’~'6( £ 18(Re,~ 1000)Pr, )( (D"JMJ

D\D,)  (1+127/778(Pr>*-1)
for turbulent flow
-0s 05 08
0.19(Re, Pr, D,/ L
heke 3.66+12(ﬂ) +(l+0.ld(£J ) ARe, Py D, )o«n
b D, D,J J1+0117(Re, Pr, D,/ L)

h - 742qos7R-oznogp/p,Po 12 /( lo gP,)Q”

S=(1+0055F°! Re?'¢)”
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F= (l+ xPr,(p,/pg - l))o.35

Kilmenko [1988]

Nu,, = max[Nu,, Nu_]

012
® 0.6 -0.54 0.33 k"
N . L . ! . ( ‘il)

where Pe’ is a modified Peclet number, K, is dimensioless parameter.

Freons

Organic fluids 0.0068 3.5+1.3
Cryogenic fluids

Pe

0.2 k 0.09
Nu_ = 0087 Re?* Pr,““(—) [—'

k)

P
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(d)  Type D - Modification of h, or h,, :

e Comelmions ]

Coulson and 023
k
Mcnelly hy, = (1_3+§](3') Re?2 pr?? Reo_u(/‘g](m]
[1956 ] )
Groothuis and & P 0.14
Hendel [1959] h,p = 0.029(3’) Ref'” prus(_LJ
H,

| Kvamme
[Mathur,1986]

hi _ l (1 - x) 0.8
h, R,

Sachs and
Long [1961]

k,
hrp = 0023( D) Re os P2

Ananiev
{1961]

Chawla [1967]

08
k; af x )\ p
hy = (3) C;(Re, F’z) z(l-_J[p—] Re{3S pr24s

Beaver and

Hughmark
[1968]

04 I 08
h, = 0023 Re%® Pr* (ﬂ) (_]
H.,) \R

R, is Martinelli’s liquid holdup

Sohns [1974]

k
h, =0 .264( 31) Re:;” Prlzl

Crain and Bell
[1973]

k d 0.1
h, = 00587( D) Re;’”Pr“( D) x%
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Shah [1981]

.\ 025
hrp = hl(l*’ig-)

Ji

Elamvaluthi
and Srinivas
[1984]

k /l 0.25 /[ 0.14
h = o.s( —’) Re?’ Pr“’(—‘) (—")
® D #I #w

Doughherty et
al. [1990]

0.14
k 066 p_033| Hy
=01 66(-’-) Re,™ Pr (—J
e p) " M,

Steiner and
Taborek
[1992]

" ”’[““Y"+l-9<x>°~°(?)w]I

8

Mobarak et al.
[1984]

forx <0.1

forx > 0.1

Chawla [1970]

os
k, af x P, 0315 _04s
RO P

f 4

C,=0.006,C,=0.475 for ReFr, <109

C,=0.015,C,=0.3 for Re,Fr,> 109, ¢ is determined from Graph
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2. Sectorial Models

(a) Bubbly Flow (a <0.25)

Mikielewicz [1973] - \ 2708
h.=h B(L) + ( hﬂ
b — 7Y X" hl )
| Rhee and Young 0.31
[1974] By = 0023Re?® Pro*+ 03Re%* Pro® (& - 1] ( PD
Py

Bohdal et al., [1999]

oo = B2 (Re)? () (K (B0) ™

A=45x10"°
Re:[ G(l-x!D)
HI("‘a)
GZ
Fr=
gDp!
Ku» q(1-a)

B hﬁp‘vl(l = x)

q
Bo =
P xhﬁ
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L] 0.12 6 -
,+L£&(_Lﬂ] [&] (,_P_e) = )
x p\l-xp, ) \p, P 01+ Fr

0.128
n= 0.32(ﬂ]

4

(b) Slug Flow

Wadekar and Kenning [1990]

L L
hxlug i hp[ p }+hs[ ‘ }
L+ L, L,+L,

gk 3p 0.333
= 04| ST F1 ;
h, = 0.0038Re, 4[ ] Pr, 065

Hi
08
- ooozs k[ A=D1 o,
h,-0.0023D[ P J Pr,

L 80DV,
P7 | fu,(D- 26) - 4V,

L =20D

. 49
V,= [1- 3]14,,4_.

05
V,+V, gD\p; - p
u, = 1.2[g_[} + 035{1(,’_3)}
I

P Ac
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Re; = zDy,
ug = h”[l. L:L }+h’[L l:L }
pT L p T s
Kenning and Cooper [1989]
. Gx

o [0a,(p-5,)]

with Chen’s correlation

l 087 —0s
F=I+IB(Z) [J,]

(c) Annular Flow

Davis and David k
[1961] By = 06( D

Lavin and Young
[1965]
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- (c) Annular Flow (Continued)

Rhee and Young 081
[1974] o 59.03(1—“-‘) F1%3
h[ l -X

Kenning and Cooper | with Chen’s Correlation

[1989]
F= l+l.8(

) Drop Flow

0.87
2
X,

n

Lavin and Young [1965]

k
By = —20.0162(Re)*™ (Pr)°*(1 - x)*
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APPENDIX D

Condensation Heat Transfer Coefficient
Correlations

Table D.1  Condensation Heat Transfer Coefficient Correlations

3 174
1 | Nusselt n k; p,(p, - pg)gh,g
[1916] cond uAt
2 | Bromley [1952] r conr) ™
k?pl(pl-p:)hﬁg(l+4 ZI ]
R
B,y = 0943 VY
N 4
3 Rohsenow e [0 (p p )g v
[1956] = 0943 5| <FNE7 P )8
i = 094371 == [ + 068c,a1,,
4 Hassen and 2 13 e
prhyk/ cosp
Jakob = 0727 —&——
akob [1958] oo 0727[ Y
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Table D.1

Condensation Heat Transfer Coefficient Correlations (continued)

. Comelaton ]
5 k oS
[1960] B = 00572 Pr)* 09
A
6 Akers et al. for 1000 < Reg < 20,000
[1960]
vé
#Cp, 0.33( hg ) 02
h,, =138 3 Pr, CoAT Re,
for 20,000 < Reg < 100,000
176
_ oy 4CD o.n( he ] 0.67
h, =01 —kl Pr, —_Cp,A T Re,
7 | Akersetal. for Re < 50,000
[1961] DG\ "
Bpng = 503Pr>* ( —)
H
for Re > 50,000
08
DG
h s = 00265 Pr,w(—)
H
8 )
Meyers and o=y ) 2]
[1961] DI\
C.is constant depending on working fluid
9 Chato 02s
[l 962] f - 0357C klsp,(p, - p')h,.g(] + 0.68(CPIA '/hﬁ ))
cond s u,DAt
C, is a function of angle as a graphical format. [Chato, 1962]
10 | Soliman et al. 03
[1923] ) Peoms = 0-036——-"’2 P el
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Table D.1

Traviss et al.
[1973]

Condensation Heat Transfer Coefficient Correlations (continued)

for Re, > 1125
F; = 5Pr+ Sin{1+ 5Pr,} + 251n(0.0031Re?*")
for 50 <Re, <1125
F; = 5Pr+ Sin{l+ Pr,(0.0964 Re?™ - 1)}
for Re, <50

F; = 0.707 Pr, Re®*

12 | Aliand £ o oh V4
McDonald h,, = B| —L 8%
[1977a] wDlt,, -1,
for 0° <R <40°; Bl =0.727
for 40° < g < 90°;
B = 0.727[co{ 50 90
B = —5— (0.31Re;"’2+ o ’,,)
v 237x10
A Prl.] . 05
* 16 (Rew- Re,)" Rei'.“}
14 | Shah [1979]

38x°7(1 - x)°*
hw=h,o[(l—x)°"+ 81— %)

(P/Pa)038

fforll < G <211 kg/m’s,0<sx<1,1<Pr

<13
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Table D.2 Condensation Heat Transfer Coefficient Correlations on Horizontal Finned Surface

II

Beatty and Katz k, D gh
[1948] Pooni s = 0.689{7@‘}
1 " 1 A, 1
= = 1'30” i 4
{D,,} A L' 4, D
L=x(D;-D})/4D,
Ay =n A, + A,
2 Shekriladze and ;) Ve
Gomelauri R L A
[1966] cond.f u,AtD,
3 Smirnov and 33 14
Lukanov g ;= 0.689 Mg_h_fi
[1972] ' #AD,,
| A, | A, 1 A4
— 4 = £ ___ ey S . WL
{D"} 1’30”/' A.f y2Z +n A,/ D:/a + A,/ D,m
L=xD; - D})/4D,
Ay=n A, +nA,+ A,
4 Rudy ¢ I
[1982] Peona. = Py {;’}
¢ = cos“{[zacosa] - 1}
P8bR,

e e v
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Table D.2 Condensation Heat Transfer Coefficient Correlations on Horizontal Finned Surface

(continued)
e # -
5 Webb et al. ¢ 4 4 p
e 2]

174
k | pioh 6.S, (g+ l)
h, = 21491 —%&
4 S [ #ikAL (;+ 2)3}

h, is heat transfer coefficient on the unfinned region.
h,, is heat transfer coefficient on the finned region.

6 | Honda and Nozu

[1987] k, Nuan,(1-7.,)+ Nugn,(1-7,,)

hemis = (-2 )+ (-7, )0-7,)

$=¢ /n and 1 =(t,~t.)/(tees ~1.)

1, and?,, are determined from heat conduction equation.
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APPENDIX E

Void Fraction Correlations

1. Lumped Models

Homogeneous

Zivi [1964] | 1 1 0.67 0
Lockhart and Martinelli [1949] 0.28 0.64 0.36 0.07
Thom [1964] 1 1 0.89 0.18
Baroczy [1965] 1 0.74 0.65 0.13
Turmer and Wallace [as given by 1 0.72 04 0.08
Butterworth, 1975

Table E.1 Void Fraction Correlations based on Lumped Model
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Table E.1 Void Fraction Correlations based on Lumped Model (Continued)

given by Isbin, 1979)] os P 10
a=p-k1- ,9) Fr,‘°-°‘5(1- ——]
P, crit
k=08
Kiitti¢iiglu [1969 (as for water
given by Isbin, 1979)] o P 20
a=p-(1-p)° F'f”(“FJ
ﬂ
Premoli [1970 (as given 1
. a 4
by Isbin, 1979)] | ( 1- x p_gJ
X p
05
S=1+E ( - yEzJ
\1 YE,
L
Y18 I
0.22
E,=1578 Re'°~'°(—’i]
Pe
-0.08
E, = 00273We Re*’-"(ﬂ)
Py
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Table E.1 Void Fraction Corrélations based on Lumped Model (Continued)

Locher [1973 (as given
by Friedel, 1977)]

Moussalli [ 1974]

Madsen {1974]
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Table E.1  Void Fraction Correlations based on Lumped Model (Continued)

1

1
Yamazaki [1976 (as a P x

given by Isbin, 1979)] (I-a)i-ha) p, 1-x

Friedel [1975 (as given . , pYoe

by Isbin, 1979)] a=p-05391- g)"* Fr,'°'32'(l _F)
valid for

0.12 <P/P_, <0.57
1 <Fr, <88
%
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2. Sectorial Models

(a) Bubbly Flow

e (Comlions

Armand [1946] R !
R 02+12(g/9)
Bankoff [1960] a=(0.71+0015P)a,,
Hughmark [1962] a=Ka,
K is determined by z
Rel/6 Frl/s
S V7 S
Y ﬂ
Gz[i + l-_x]-
Re= i— , Fr= i ,
(1-a)u +au, gD,
v =(m, /PI)(""I 1 py+ni, /Pg)

Wallis B
[1969] (2)= ()

B CO +‘78.l /(j)

1

) 1+ [(1— x)p, /xp,]
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(a)

Bubbly Flow (Continued)

C,= 10+ 0.12(1- x)

025

8”(1’1‘ P,)

L1
Plz

Uy

(b)  Slug Flow

| e

Armand [1946]

R 02+ 12(0,/0,)

Wallis [1969]

G=12, @, =oss{ >

Dg(pf ~ P

)J

Bonnecaze et al
[1969]

(1-4)

n=1-
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(©) Annular Flow

Smith [1970] a 1
a= - 05
, P 1-x
et S(E Y R
X p |+;£
x
Ishii [1975] (a)= (8)
G+, /(J)
12
_ 7 =2y Kl (p, - pg)
Co =10, ug , = pgD P
Tandon et al for 50 <Re, <1125 u
[1985]

a= [1 - 1928Re;*** F{X,)" + 09293Re;*® F(X")"]

for 1125 < Re,

a=[1-038Re"™ F(x,)" + 00361Re*™ F(X, )]

F(x,)= 015 x;' + 285,047 "

‘Chen and

= _ 1 = _
Spedding [1981] R =17 Pz and R =-~ 7

2/3
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(©) Annular Flow (Continued)

Klidonas and 1
Wallis [1985] a= {

E = I-ﬂexv{—0.370-3 ﬂ)[&]- | }

Po N\ p,
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APPENDIX F

Pressure Drop Correlations

1. Lumped Models

Homogeneous -4
Model [1942] 2 o [1+ .{&- J)[“ ,{ﬂ_ 1]}
pl ﬂg

Marlinelli- ¢l¢27 = f(x, p)
Nelson

[1948]

\
\
1
|

@, is defined as a function of quality and pressure in graphical format.

Lockhart and Correlation is given below.
Martinelli
[1949)

Levy [1952] for viscous-liquid/viscous-gas

= e, 2
2 _ | = - fad & a3
¢ -(Y_l , Y 1+xwﬂl+x,, 1+ X,

S

0
)
x pl l‘g
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Lockhart and Martinelli’s Frictional Pressure Drop [1949]

or viscous;
laminar)
Giquid (turbulent
or viscous;

Re,, = 4w, /7Dy,

Liquid (turbulent

>2000

¢2

(dp/ &),
(dp/ ),

“

223

Reg, = 4w /7D u, | > 2000

r 0.2 1.0 0.2 1.0

s 0.2 0.2 1.0 1.0

C 0.046 16 0.046 16

C, 0.046 0.046 16 16

|
x w, (2, 0388 ' atn . v , . v , o, :
ml8) 1| metallal] (@it | (2

X = X,.=Z:‘9 X = X,,— v Xw= y £
(dp/dz) /(dp/dz), «= Voo Vr.
& = 2 2 2 2
(dlp/dz),,/(dp/dz), r . [ [
P = 2 2 2 2
(jp/dZ), (dp/dz), ¢8’"’ 8. ¢g-~ bem




Levy [1952)

for turbulent-liquid/turbulent-gas

”2=(1

for viscous-liquid/viscous-gas

1
2
¢1 = (l_a)z

7 )7/4 1
7/4
20 (1-¢ "2)(0.125- %(1- a "2))

Jakob et al.
[1956]

@ MO

Correlation include total pressure drop (frictional, acceleration,

gravitational).

{(

0.795x 10°)(x/ L) *787 [9%-037esr
P +6

Chenoweth and
Martin [1955]

@, is defined as a function of liquid fraction and property index.

b= f(B.T?)

[1967]

I is physical property parameter.
Chisholm and ) C 1
Laird [1958] =145+ 57
Thom [1964] ¢ = f(x,p)

@, is defined as a function of quality and pressure in graphical format.
Broczy @, is defined as a function of quality, mass flow rate and property index in
[1966] graphical format.
Chisholm 1




Groennerud

(:z—p),, =fF,(x+4(x"' -\ ))

[1972]
Je=1.0, for Fr, 2 1.0
fer = Fr* +00055(in(1/ Fr, ), for Fr,< 1.0
Chisholm 2 _ 2 _ (-mr2 @-nk2 _ _(2-n)
1978, fo = 1+ (T2 - D Be2(1- x) 2 4 ]
r2. C- 27" 42
rz-i
Friedel
Ho79] _\ape 1 22) _p._ 324FH
o = ( o/ dz) , 9o = E+ [y 0O%5 7,003
lo
dpp) 2fypr’
- = , o = 0.079Re;, ™"
( &), " Dp, 4 %
E=(l-x)?+x? P1fgo , F=x"®(1- x)°2
| PeSo
\ 091 0.19 07
He [ﬂ () (1-£4)
pg) H H
.2
We= m°D
Pre@
Chen and #; = 4050Re;**' Re%
Spedding s * y




2. Sectorial Models

(@) Bubbly Flow

Baker [1954]

Hoogendoon 2 _ Ao
and Buitelaar b=
(1961] Aio/A, is presented as a graphical format to a base of gas to liquid density
ratio. Author recommends that the correlation can be used in bubbly and
slug flow pattern based on their graphical chart.
Govier and Re. = Re,
Aziz [1972] o= 1"a
1
2__ 1
¢I (l _ a)z-n
Beattie [1973] pD{dp/ dz)

f:
20’{1+x(—"'—J}
pp-1

Rc:DG l+X(p,/p‘—l)

mol ,\{(35”‘ +2u,)p, -,

(4, + 1 )p,

e-peofe-f fopsge-of
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(1, + 1),




(b) Slug Flow

Baker [1954] # = 1920x'%
' G[
B109n61;ecaze etal. (dp) _(”-UF)(Zp,f,uiJ
[ ] dx siug - 1- Ne ch
uys = (1= 7 Yur +uen,

- (1-2)

120+035(1- o, /) / (6¥Fr )

(c) Annular Flow

Chien and Ibele ¢ = 3885x 10°Re®""" Re*™
[1962] f :
Beattie [1973] fe pD(dp ! dz)
| 26341+ x(—"' J
P -1
1+ X -1
Re = DG 1+ (pl/ Py )
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(c) Annular Flow (Continued)

(%) = 0.005(1 +149

.X) 214;;)g
; R/ D,

Chisholm [1985]

2-n

&n 2-n
w=Bx2(l-x)7 +x*"

n is Blasius exponent

a 1
G=173E,| E2X
’[ 1-1/K X,,(I-XM)OI

0.605 , 0.09091 _ 0.4545
pg .ul o

E (pl . )0.1515do‘““

14

Xo= S

.\ 0.9091
G=l73E,l:E°“ —“—( & J ]

= - 1/K\1- X,,
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Yao and Sylvester [1987]

—— ——————— - —

D (1+1400F)* " D
_7(Re) 4, [p,
F=—rg—t =
(Re,)” 4 Vo,

- T

myg

m, + e,
P = : Ps

_( d_p) _PetefVe
d/, .~ 2D

E=1-exp(-01254 - 15))

. 0s
§- 3048, 4, (&_)
4 hi
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3. Pressure Drop Correlations due to Two-Phase Flow Obstruction Area change

Lottes [1961] G| p 2( 1 IJ
Pepaaon = e 1y \ayo  a,
1 1
(1-x)? - ]
U(l‘ﬂl) (1‘04)
Jassen [1966] G* | 1 [ 1 I
AP conracnon = 20,8, ?{ZI '(al_a-;:) +
1 1
(1-x)*(1-a - ]
( l) Cz(l-a3)2 (1-04)2 J
2 2_( J 2[ I 1]
L —_——]+Q- -—
02{ gx "\Ca;  a, +(1-x) C(l-a3) a,
P 2_[ 11 ] _)[ 1 1 J
+=—xay —-—| +(1-x)1-a - 3
X\ Ca 7 ( 2 02(1-04) (l-a,)'
Geiger and G
Rohrer [1966] APy = 7—=(1- 07 + Kpp)
28.p
K7pc is defined in Ref. Geiger and Rohrer [1966] as a complex equation.
Chisholm and 2 c 1
Sutherland bo= 14+ 57
[1967]
p-2.)\(2) (%)
C=|1+ -l{;) ] (—') +(—')]
[ (C2 b Pg P
for contraction, C, =1,
for expansion, C, = 0.5,
for 900 bends, C, = 1 + 35(D/L),
for 1800 bends, C, =1 + 20(D/L),
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Beattie [1973]

g G o G v

231

Chisholm [1983] $2=1+(T- 1‘ Bx-m2() - ), x"‘")]
“eerp D
(/D) is evaluated from graphical chart.
Chisholm [1983] o G, L |
= 1+ 3+ 30




4. Pressure Drop Correlations for Orifice

Baroczy [1965]

Beattie [1973] Ko
2G={l+x(—ﬂ—J}
g1
Re < DG l-«-)&'(p,/p‘r -l)

Strathclyde ve  \( 516
[1983] ¢,§=[1+.{ﬂ] -1] 1+r(&] -|J
Py \ Py

Fairhurst [1983] u[n(&\( x )]

Sadatomi and
Sato [1988] ¢,§ =
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APPENDIX G

Thermal Resistances
——

The heat transfer flow rate of the system is defined as:

Thermal Resistances in loop systems are similar with each other. Those depend on how to
heat and how to cool.

1. Thermal resistance through the filier (SSL)

2. Thermal resistance through the plate (SSL)

1
Ry=—=
"8

where S is shape factor as defined as in Appendix J

3. Thermal resistance due to the boiling (All TLTs)

1
Re = h,xdL,,
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. Thermal resistance due to the condensation (all TLTs)

1

R = hmdl,

. Thermal resistance through the tube (all TLTs)

In(D/d)

&=2MJ

where L can be the length of evaporator or condenser.

. Thermal resistance due to the forced convection through a finned area. (SSL, MSL I,
MSL II, LSL I, LSL II) - this thermal resistance can be from hot or cold side.

1

conv”TAconv

where n is defined as Eq. (I.1) in Appendix 1.

- Thermal resistance due to the forced convection through a bare tube (MSL II)
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APPENDIX H

Correlations for Forced and Natural
Convection Heat Transfer Coefficient

1. Empirical correlations for forced convection from a finned area

a. Knudsen and Katz [Holman, 1996]

hd _ C(M) pr3 (H.1)

Vs

C =0.683, n = 0.466 for 40 < Re < 4000

b. Fand [Holman, 1996]
Nu, = (035+ 065Re3™)pro> (H.2)
c. Churchill and Bemstein [Holman, 1996}

Nu=03

062Re” Pr'? [“( Re )”'J"’ H3)

* [1+(04/Pr)]| "\ 282,000
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2.

Empirical equations for natural convection without air flow in the condenser
section [Bejan, 1993]

V- 1[ 7RaPr }"‘+4(272+315Pr)Lc
“=3|520+ 21Pr) 35(64+ 63Pr)D
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APPENDIX 1

Fin Efficiency

The total fin efficiency is defined as [Hewitt, 1994]:

4,

7= 1- 22 {1-,) L)

A= Aﬁ" + A, (1.2)

4= (L.~ N,5,) 1.3)

tanh(mY¥

”ﬁu = _'"(—l:’_) (1.4)
2k,

m= kol 1.5)
Nuk

B = 5 (L6)

SR 0
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a. for annular fins

L .
nor a8)
b. for rectangular fins
L L
% 128 Lhorzoma horzomal _ () 5 19)
’; Do chmall
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APPENDIX J

Shape Factor

For a rectangular pipe buried in semi-infinite medium having isothermal surface as shown

in Fig. J.1 [Kutateladze, 1963].

e e e - % e e . e e e m = = e . e - - e e -
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APPENDIX K

Annular Flow Pressure Drop Calculation
Models

The present annular flow frictional pressure drop calculation model is mainly based on Yao
and Sylvester [1987]’s model. Entrainment model developed by Ishii and Mishima [1982] as applied
for entrained liquid fraction calculation.

Minimum Reynolds number which the entrainment can occur. [Ishii and Grolmes, 1975]

. 372 p 3/4 p 2
|2 | [EL| {4
(Ref)m' (0347] (p,] (ﬂ,] &1)

If Reynolds number satisfied the minimum Reynold number, the entrainment is calculated by,

e= tanh{725x 107 (/") 4(D") # Re )] K2)
p a3 /4
j t = g _g—/ (K.3)
Js Jg[”g(/’/ = Pg)l 3}
172
D = D[————g(p = £ ‘)} (K4)
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Re, = —— K.5)

Zigrang and Sylvester [1982] suggested the friction factor relationship for annular flow in

vertical pipe as shown below.

e/D 502 (e/D 13
- 6
¥ 737 " Re, '°g[ 37 ¢ Re,c” K6)

1
= -2.01
s °

Henstock and Hanratty [1976] developed the ration of the time averaged thickness of the

annular liquid film to the pipe diameter.

659F ']

b [ 190A™" 5 &)
F= {:e—ljf);z—f‘/% (K.8)
y= {[0.707(Re,)°’]” +[o.0379(ke,)°"]2"}“ (K.9)
Re, = % X.10)
Re, = 2e2 K1)
an
pe= ['h‘ ;:'"’]p, K.12)



(8= ®1

- em, + m, K.14)
T Py '
DZ
4 - ”_4"& (K.15)
D =D-25 (K.16)
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APPENDIX L

Geometrical Considerations

The five TLTs studied have different geometries, and in the simulation the geometrical

differences of TLTs are considered carefully and described in detail, here.

1. Small Scale Loop (SSL)
(a) Evaporator Section

The evaporator section of the SSL was designed to attain the best heat transfer performance
to satisfy the design goal. As mentioned in Chapter 3, the evaporator section was designed as a
square box heated only one side. Itis very difficult to simulate the evaporating process which occurs
in such a square box as an evaporator section. Also it was not possible to find any suitable heat
transfer correlation for the particular geometry from open literatures. In the simulation, the

evaporator section was dealt as a pipe equivalent for the heat transfer surface area.

(b) Transport Section

Transport section consists of vertical and horizontal pipe lines. The vertical line is connected

243



to the evaporator outlet and the end of horizontal line connected into the condenser inlet. In the

simulation, the flow regime in the vertical line is considered as annular flow with entrainment.

(c) Condenser Section

The condenser section has three vertical pipes. To simulate the condenser section, it is
assumed that the vapor flow is condensed upon entering the condenser section and a film
condensation process starts. In the simulation, the heat transfer correlation for the film wise
condensation are applied, and for the calculation of the pressure drop, the flow is considered as that

of single phase liquid flow.

(d) Condensate Return Line
The main pressure drop in the condensate return line is hydrostatic due to the gravitational
force. The pressure drop calculation for the condensate return line is carried out by the correlation

for a single phase liquid flow pressure drop correlation.

2. Medium Scale Loop I (MSL I)
The MSL I has a quite different configuration from other TLTs, that is:
- simple evaporator sections, but the two-phase flow in such systems has rarely been
studied.
- short transporting pipe line, and

- complex condenser section as shown in Fig. 3.9.
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(a) Evaporator Section

As shown in Fig. 3.10 and 3.11, the evaporator sections consist of inclined pipe with 6 (case
I)and 4 (case IT) bends. The study on the evaporating process in such inclined pipes with many bends
is extremely rare. In the present study, this particular geometries of the evaporator is simulated as

a vertical pipe In the simulation, it was not easy to obtain a convergence for the iteration process.

(b)  Transport Section
It was the same as to the case of the SSL. The transport pipe has a 180° and a 90° bends and

a short horizontal and vertical pipe line.

(c)-  Condenser Section
The condensation heat transfer in a radially finned tube was not widely studied and only a few
studies could be found in the literature which could be used for the simulation. The details are given

in Appendix D.

(d)  Condensate Return Line

The condensate return line is similar with that of the SSL and the same method for the SSL

was used.

3. Medium Scale Loop II (MSL IT)
As shown in Fig3.12, the MSL Il is a usual rectangular loop thermosyphon, the kind of TLTs

experimentally well studied by many researchers.
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(a) Evaporator Section
The evaporator section is a simple vertical pipe with electrical heating wires. The simulation
for the evaporator section is made with the correlations given in the previous sections for two-phase

parameters.

(b) Transport Section

The simulation program is the same as that with the SSL.

(c) Condenser Section
Unlike the SSL, the MSL II has a water cooling condenser section. The simulation program

is similar to that for the SSL, but cooling medium is now water.

(d)  Condensate Return Line

The condensate return line followed the method used for the SSL.

4, Large Scale Loop I (LSL I)
The LSL I is much difficult to simulate than other TLTs discussed, and such a system has
never been simulated by others. The LSL I has multi-row evaporator and a multi-pipe row condenser

section which require both pressure and mass balances in the simulation.

(a) Evaporator Section

As shown in Fig. 3.14, the evaporator section consists of 5 pipes with uniform electrical
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heating, and in the simulation the two-phase flow phenomena of each evaporator pipe must be
separatively considered.

Heat Transfer - The heat transfer process in each evaporator pipe is calculated as in the
previous TLTs. Although the heat input to each pipe is not exactly all the same as observed in the
experimental program, in the simulation, it is assumed that each pipe has equal heat input.

Pressure Drop - The pressure drop calculation requires a large number of iteration process.
At the working fluid inlet, the pressure drop due to the area change is calculated. And then the
pressure drop of the first evaporator pipe is calculated, followed by the calculation of the pressure
drop of the next pipe. The pressure drop of the 2nd evaporator pipe is compared with that of the 1st
pipe. When the calculation procedure reaches the top of the center evaporator pipe, the mass flow
rate is compared with the inlet mass flow rate. If the inlet mass flow rate is equal to the outlet rate

under the acceptable error range which is specified, the simulation continues to the next.

(b)  Transport Section

The transport pipe is similar to that of the MSL II which is dealt in the next section and the
calculation procedure is the same as that of the MSL II. Only transport pipe line of LSL I is much
longer than MSL II. The only difference is that the length of the transport pipeline of the LSL [ is

much larger than that of the MSL 1I.

(c) Condenser Section
The same iteration procedure of the evaporator discussed is applied to the condenser section

in the simulation.
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(d) Condensate Return Line
The condensate return line has a similar shape with that of the MSL II. Although the pipe
size and length are different from those of the MSL II, the calculation method is the same as that of

the MSL I

s. Large Scale Loop II (LSL II)
The LSL IT is much complex than other 4 TLTs discussed so far. The LSL II consists of five

identical loops of the same geometry and size.

(a) Evaporator Section

As shown in Fig. 3.17, each evaporator section of 5 loops has 12 pipes, similar to that of the
LSL I. The simulation procedure, however, requires much more iteration processes. For a
consecutive loop calculation, the inlet temperature of the subsequent loop is calculated by Eq. (L.1)
given below.

- Parallel flow case

-l (L.1)

- Counter flow case
For counter flow case, simulation needs more iteration to find the correct hot air

temperature. Firstofall the inlet temperature into the first loop is assumed, then from
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the energy balance, the inlet temperature into the subsequent loop is calculated. This
temperature is compared with the input cold air temperature and the iteration process

is continued until the convergence criteria which is prescribed is satisfied.

(‘cald - ’cold.calc.) <¢ L.2)

(b)  Transport Section

The feature of the transportation section is similar to that of the LSL I and the calculation

method is the same as that of the LSL L.

(c) Condenser Section
The condenser section, has the same shape as that of the evaporator section. According to
the direction of cold air flow, the simulation requires a large number of iterations. The calculation

procedure for heat transfer and pressure drop is, however, the same as that of the evaporator section.
(d) Condensate Return Line

The calculation procedure for the condensate return line is the as that of other TLTs discussed

above.
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APPENDIX N

Simulation Windows

Simulation program consists of many different interface windows such as main window,
input window, output window etc. Here, main and design windows are presented.

o MDY nuﬁl

Figure N.1 Main Window
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Figure N.2. Design Window
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APPENDIX O
ERROR ANALYSIS

The experimental errors were calculated using the method recommended by Kline and
McClintok [1953]. The evaluated uncertainties in the variables are:

L (length): £ 0.25 %

T (temperautr): + 0.2 °C

E (voltage): + 0.5 %

I (current): £3.5%
Using these variables, the following was calculated.
1. Power

Q=ViI=79
i—Q=V=100

al

i—Q= =079
av

iQ 2 jQ 2 12
|2 (2]
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172
wy = [(0.79 x02)% +(100 x 0.01)’] = 1012

Q=79x£1.012 W (1.13 %)

2. Area

A=L, xL,=0.001225 m’

0A
oL

=2L, =007

e

(4

172
W, = [(0.07 x o.ooooos75)2] = 0.000000612

A =0.001225 + 0.000000612 m* (0.05 %)

3. Heat Flux

g=%=—""_=64489 W/m?

jgq 1 1
—=—=———=8163
g0 A 0001225

A__2___ P 6667
‘A 42 0.0000015
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4 2 P 22
[(_) (%) ]

172
w, = [(—5266667 x 0.000000612) + (8163 x 1.012)2] = 8267
q = 64489 = 826.7 W/m? (1.3 %)

4. Overall heat transfer coefficient

_ 64489

Uy =3 =1499.7
At, . 43
AU 1
L -. 5 = -0.00054
oAt,_. ( A ‘;.-c)
AU
L. = 00233
q "~ (at,..)

wUr =

2 2 172
( U, ) (JU, ]
ﬁA tll-c wmb" * ﬁq wq

172
w, = [(-0.00054 x02)% +(0.0233 836.7)2] =193

Ur =1499.7 £ 19.3 W/m? °C (1.2 %)
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Table 1.2 Two-phase Flow Parameters [Hewitt, 1978)

Primary Design Parameters Heat transfer coefficient, Mass transfer
coefficient, Pressure drop, Critical heat flux

Primary Design Parameters (Fault Condition) | System discharge and related parameters,
Bubble growth and collapse, Dry-out under
fault conditions, Rewetting

Secondary Design Parameters Vibration, Transient momentum flux, Flow
distribution, Stability, Quality, Mass flow,
Liquid level

Second Order Parameters Flow pattern, Film thickness and amplitude,

Mass flow distribuition, Phase concentration,
Void fraction, Velocity and momentum flux
distribution, Bubble and particle size,
Temperature distribution, Entrainment,
Contact angle

Third Order Parameters Film thickness and interfacial wave,
Fluctuations in velocity, pressure, temperature
and wall shear

Scaling Scaling law
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Table 1.3  Error Range of Two-Phase Main Parameters used in Simulation

Two-Phase Parameters Remarks Error
_ _ A Rane)

Flow Pattern Map

Determined empirically
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Flow Pattern Appendix
A
Flow Pattern Transition Determined empirically | Appendix
A
Heat Transfer | Single- Single Phase Convection | Determined empirically | <10 %
Coefficients | Phase
Boiling Lumped Determined empirically | Appendix
B.
Two- : : .
Phase Sectorial Determined empirically | No Ref
Condensation Determined empirically | No Ref
Frictional Determined empirically | Appendix
Single B
Pressure Phase ) -
Drops Accelerational ‘| No Ref.
Gravitational _ No Ref.
Area Change Model Determined empirically | Appendix
B
Frictional | Lumped Determined empirically | Appendix
Two- B
Phase
Sectorial Determined empirically | No Ref.
Accelerational Determined empirically | No Ref. II
Gravitational Determined empirically | No Ref.
Area Change Model Determined empirically | No Ref.
Other Two- | Void Fraction Determined empirically | Appendix
Phase B
Paramet
elers Annular Flow Entrainment Determined empirically | No Ref.
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Category Subcategory Type Mechanism Characteristics
Static Simple Ledinegg (Bow (&) < (ggg) Flow undergoes a sudden,
(fundamental)  excursion) instability \ 3G /= 3G /m large-amplitude
excursion, to a new,
stable operating
condition
Thermal (boiling) Substantial decrease of heat ~ Wall excursion with
crisis transfer coefficient possible flow oscillation
Flow-regime transition Bubbly flow has less void but Cyclic fiow regime
instability higher Ap than annular transitions and flow rate
(relaxation flow; condensation rate variations
instability) depends on flow regime
Nonequilibrium-state  Transformation wave Recoverable work
instability propagates along the disturbances and
system heating disturbances
waves
Compound Unstable vapor Periodic adjustment of Occasional or periodic
formation (bumping,  metastable condition, process of liquid
geysering, vapor usually due to lack of superheat and violent
burst) (relaxation nuclestion sites vaporization with
instabilities) possible expuision and
refilling
Condensation Bubble growth and Periodic interruption of
chugging condensation followed by vent steam flow due to
surge of liquid (in steam condensation and surge
discharge pipes) of water up to
downcomer
Dynamic Simple Acoustic oscillations  Resonance of pressure waves High-frequency pressure
(fundamental) oscillations (10-100 Hz)
related to time required
for pressure wave
propagation in system
Density wave Delay and feedback effects in  Low-frequency oscillations
oscillation relationships among flow (=1 Hz) related t0
rate, density, pressure drops  transit time of a mass-
’ continuity wave
Compound Thermal oscillations Interaction of varigble heat  Occurs close to film
transfer coeflicient with boiling
flow dynamics
Boiling-water reactor  Interaction of void/reactivity Relevant only for a small
instability coupling with flow fue! time constant and
dynamics and heat transfer  under low pressure
Paralle! channel Interaction among a small Various modes of dynamic
instability pumber of parallel channels  flow redistribution
Condensation Interaction of direct contact  Occurs with steam
oscillation condensation interface with  injection into vapor
pool convection suppression pools
Compound asa  Pressure drop A flow excurision initistesa  Very-low-frequency
secondary oscillation dynamic interaction periodic process
phenomenon between a channel and a (0.1 H2)
compressible volume

Table 1.5 Two-Phase Instabilities [Bergles, 1981]
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i 201 3.2

Condenser
Number

Characteristics of Condensers, SSL

Dimension of
condenser

_Table 3.3  Cooling Channels for the Condenser

Maximum velocity
without confinement

Maximum velocity
between fins

302

Full channel | 200 mm x 35 mm 0~ 1.65m/s
Ist insert 150 mm x 35 mm 0-18m/s 0-~48m/s
2nd insert 100 mm x 35 mm 0-~24nm/s 0-~64m/s
_3rd insert 50 mm x 35 mm 0~ 2.54 mv/s
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Table 3.5 Solubili

of Non-Condensible Gas in Working Fluids

304

Working Fluid | Boiling Point | Solubility, 2t 1 atm.
mi/100 mi liquid
FC-72 56 °C 48 (at 25 °C)
FC-87 30°C 54 (at 25 °C)
Water 100 °C 2.6 0, (at 30°C) H
Water 100 °C 1.7 H, (at 30 °C




Table 4.1 Flow Regimes Considered in the Lumpe

| FlowRegimes | Description | References

Single Phase Convection Basic flow regime

Incipient Boiling Transition Davis and Anderson [1966]
Two-Phase Forced Convection Basic flow regime

Liquid Deficient Region Transition Rhee and Young [1975

Table .2 ,used in Simulation

vl Comelain

Table . Description of Flow Pattern Maps referred in Simulation

ot [ fovcoin | e ]

Type A | Martinelli [1949] Pujol and Stenning [1968]
Sekoguchi [1992]
Type B | Schrock and Grossman [1959] Schrock and Grossman [1959]
Wright [1968]
Type C | Chen [1966] Modified Chen [1980]
Kandlikar [1989]
Shah [1982]
Gungor and Winterton [1990]
Type D | Modified h, or h,, others Ananiev [1961] ‘II
‘ Crain and Bell [1973] ll

Hewitt and Adiabatic vertical air-water | 1. air - water flow, 31.2 mm vertical
Roberts [1969] and steam-water flow pipe, 0.14 ~0.54 MPa,
2. steam - water flow, 12.7 mm pipe,
3.45~ 6.5 MPa

Taitel et al. Adiabatic unified model, 25 ~ 50 mm vertical pipe, 0.1 ~ 1.0 MPa,
[1980] 25 °C air-water flow
Ishii et al. [1984] | Adiabatic Vertical, 10.3 ~50 mm, 0.1 ~ 9.7 MPa

25 °C air-water flow
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Flow Re

ime «

Single Phase Flow

4_ 4.4 Flow Regimes and Flow Reg

ime Transitions

| Remaks | Reference |

|
Basic Flow Pattern

Checking the Existence of Bubbly

Transition between single

Taitel et al. [1980]

Flow phase and bubbly flow
Bubbly Flow Basic Flow Pattern
Bubbly - Slug Flow Transition between bubbly | Taitel et al. [1980]
and slug flow
Slug Flow Basic flow pattern
Slug - Annular Transition between slug Taitel et al. [1980],
and annular flow Mishima and Ishii [1980]
Annular Basic flow pattern
Annular - Drop Transition between a,p =0.999

annular and drop flow

Basic flow pattern

Acetone

FC-87

306




Table 5.1. Test Conditions; Flow Patterns, Fig 5.17 (a) to (h), SSL

Acetone

5 20; 60; 100 32;41; 45

Ethanol 40 5 20; 60; 100 37; 39; 47
Ethanol 40 0 20; 60; 100 41; 63; 73
FC-87 40 5 20; 60; 100 34; 44; 52
R-11 40 5 20; 60; 100 34;43; 49
R-113 40 5 20; 60; 100 30; 36; 46
Water 40 5 20; 60; 100 34; 39, 41
Water 40 5 20; 60; 100 41; 50; 60

Insert 0.5 mm
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Table 5.2 Test Conditions; One Condenser , SSL

Conditions
ACETONE | Q-At,. one 30 24- | 200 5 10-55 10-
condenser 25 110
Q-At, . open TS, 30 ” " 5 10-55 10-
counterflow 110
condenser
Q-At, one 30 " "1 45 40-50 80-
condenser 115
Q-At,_ | natural conv. 30 " " 0 15-60 10-80
Q-At,. | insert0.5mm | 10; ” “ 5 10-50 10-
20; 120
25;
30;
40
Q-At,. | inserts: 0.5; 30 " " 5 40-50 80-
0.7; 1.2 mm 120
At -d,, | inserts: 0.5; 30 " " 5 45-50 100
0.7; 1.2 mm
At, - coflow and 30 " " 0- 75-45 100
U counterflow 5.5
condensers
At, - two 45 " " 0- 60-40 100
U condensers, 5.5
1.=400 mm
t-l,,,, natural conv. 30 " " 0 - 20;
30;
40;
50;
60;
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R11

Table 5.2 Test Conditions; One Condenser (continued), SSL

Conditions
Q-At,. one 15; 1 23-1200] 5 13-53 10-
condenser 30 24, 105
5
Q-At, . one 30 " " 24 20-53 10-
condenser 105
Q-At natural conv. | 30 " " 0 20-60 10-63
QaAt,. | insems:05 | 30 | ~ | | 5 [ 15-50 10-]
0.7; 1.2 mm 110
Aty U, 30 " " 2-5 52-49 100
HpiQ insert 0.5 40 " " 5.5 - 10-

Q-At, . one 35 24 | 200] 5.5 17-53 10-
condenser 120
Hpue-Q one " “ | 55
condenser 35 } 10-
120
ket old filler 35- " " 55 - .
40
ket new filler 35- " " 55 R R
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Table 5.2 Test Conditions; One Condenser (continued), SSL

FC-87 Q-At, . one 30; | 24 [200] S 13-50 10-
condenser 40 100
At, - one 30 | " 2.5- 33-32 30
U condenser 5
Hguo"Q one 40 " “ 55 - 20-
condenser 120

ka-ta | new/old filler | 35- " " 5.5 - -

one
condenser

natural conv.
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Table 5.3. Test Matrix, One Condensers, SSL

W.F Acetone | Ethanol | FC-72 | FC-87 | R-11 | R-113 | Water
Coordinates
Q-At, . O O O O o O @)
At -u,, O O O
At, -l O
At ~den O O
HpuaQ O O O
t~i00p O O o O O O O
Karte O O
Q-At, . @) 0] @) O
nat. conv
(insert
0.5mm)
Atbc'vo air O
insert 0.5 mm
Q-At, . O
two condensers
Q-At,, o
two condensers,
natural convection
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Table 5.4. Test Conditions; Two Condensers , SSL

Loop Type WF Vir t. 1 Upex At Q
ml °C, mm m/s °C W

two R-11 50 | 205 200 5 11-54.7 | 10-120
condensers 60 | 205 | 200 | s | 15541 | s0-150 |
evaporator C | Ethanol | 50 | 20.5 200 5 15-58 10-130
50 | 205 200 0 15-62 10-80

R-113 | 50 | 205 200 5 15-56 10-120

50 | 205 200 0 20-55 10-70

FC-72 | 30 | 205 200 5 | 135544 | 10-120

30 | 205 200 0 20-67 10-70

FC-87 | 50 | 205 200 5 11-56 10-150

50 | 205 200 5 16-57.3 10-90

Water | S0 | 205 200 5 35-48 50-105

50 | 205 200 0 43-50 50-70

Acetone 40 20.5 200 5 14-56.8 10-150

40 | 205 200 0 56-63 150

40 | 205 200 0 17-64 10-100

50 | 205 200 5 18-56 20-150

50 | 205 200 0 44-51 100

60 5 11.7-59
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Table 5.5. Test Matrix; Two Condensers , SSL

Q-At,,
Aty -y,
Hga"Q

t-lioep

Q-At,,

nat. conv

O
O
O
O
O
O

O} JON KON FON Ko,
O

Water 50 two no 20, 30, 19.5- 5
condensers insert | 40, 50, 23.5
with 60, 80,
evaporator C
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Table 5.6. Test Conditions for Flow Instability Investigation (two condensers), SSL
(Continued)

Acetone | 50 two no 20, 30, 18.5- 5 @) O

condensers insert | 40, 50, 23.5
with 60, 80,
evaporator C 100,
120
0.7 30, 60, 24.5 5
80, 100,
120

one condenser

with insert | 60,
evaporator C 80,
100,

120,

150

40 | one condenser no 30, 25 ) O O O
with insert | 60,
evaporator C
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Table 5.7. Test Conditions for Flow Instability Investigation (one condenser), SSL
(Continued)

one condenser
with 50,
evaporator C 60,

120
0.7 |30, | 25 5 o O O

120
0.5 30, | 25 5

50 | one condenser no 30,
with insert | SO,
evaporator C 60,

Acetone | 40 | one condenser no 30, 25 5 O O
with insert | S0,
evaporator C
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Table 5.8. Test Matrix; MSL I and MSL Il

Table 5.9. Test Conditions; MSL I and MSL II

Loop Type WF | AL, [ Vim | t u | u | At Q

m °C, |Nm/ | Nm/s | °C w
s
Case | 100g, | -21.6, 3 50 ~ 60
MSL I R-134a 130g | -18.3 i
Case II 100g, | -24, 5 50~60
130g | -0.7
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Loop Type

Table 5.10. Test Matrix; LSL I and LSL I

Table 5.11. Test Conditions; LSL I and LSL If

WF |AL.|Vum | t | uw | u |As, Q
% Nm/s | Nm/s | °C
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Table 5.12 Figures for Comparisons between Experimental and Simulation

At vs.ug, (
Qvsu, (LSLI)

5.32(m)

318

Q : ] —~
S Iz 1.8 2% 3
& TE |3 a% >
5 |2 |55 |
<
%
g
=
2 532 [5320) |5326) [532q)
z (a) ~ ~
532(h) |5.32 (k)
S35 |sne |3 SR
= S|@ SR
= 533 (c) |5.33(d) [
2
O s Vi
= 534 |534(b) |534(c) | 5.34(d)
% @)
S
= 535 |535() [5.35(c) |5.35d)
1 (a)
5536 |536(b) |5.36(c) |5.36(d)
£l@
=%
5 |536(f) |536() | 536 (h) | 5.36 ()
2
O

At vs. |

5.32

(n)

£ 2|

B < l

3 g |

= 1A !
4 |
S ;
2 !

5.32 :

(0)

5.32




Table 5.13  Correction Factor of Heat Transfer Coefficients in Simulation

h, = C,x™
X = evaporation or condensation (annular for sectorial method) or cond, m = 1

FC-87 23 1.9
Ethanol 1.9 0.8

Correlation

| |
| - - !
FC-72 1 1.5 |
II

l

Sectorial

Water 4

lAcetone 1.2
R-11 1.8 0.9
R-113 1.7 1.3
FC-72 0.9 1.6

FC-87

Lump

Chen
22
Rhee and Young | Smimov and Lukanov

1 0.3

Smimov and Lukanov |

Sectorial
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Table 5.13  Correction Factor of Heat Transfer Coefficients in Simulation (continued)

Lumped

Sectorial Water Rhee and Young Nusselt
0.24

Kandlikar

Nusselt

Lumped

2.5 0.6
Sectorial Water Rhee and Young Nusselt

2.5

Lumped

Sectorial Water H Rhee and Young Nusselt u

320



Plate 3.1 Experimental Setup (SSL)
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Plate 3.2  Evaporator Section “A” (SSL)
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Plate 3.3 Condenser #1 (SSL)
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Plate 3.4 Condenser #2 (SSL)
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Plate 3.5 Transport Section (SSL)
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Plate 3.6 Transport Section (Continued - SSL)
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Plate 3.7 Inserts (SSL)
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Plate 3.8 Cooling Fan Assembly (SSL)
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Plate 3.9  Experimental Setup (MSL [I)
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M) Burﬁer

Plate 3.11 Experimental Setup and Burner (LSL I)
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(b) Data Acquisition System

Plate 3.12  Power Supply and Data Acquisition System (LSL I)
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(a) Evaporator before Assembling

(b) Assembled Evaporator Section

Plate 3.15  Evaporator Section (LSL )
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(b) Assembled Condenser Section

Plate 3.16 Condenser Section (LSL II)
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Lumped Method Sectorial Method
A
: g © TN
Single phase : . Single phase
vapor flow | vapor flow
A e | T A
".7.:'..' Drop flow
# :.. L X O\
IR I
Forced convective Annular flow
heat transfer g
S %
P Slug flow
11.0 X— ags
Bubbly flow
X e
Single phase e
liquid flow O ?mgle phase
iquid flow

Figure 1.2 Simulation Models in Evaporator Section
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Two-Phase Loop Thermosyphon with Single Pipe Evaporator

<Lumped Method>
{ START
v

Input thermosyphon loop
geometry,other intial values,
select options (working fluid)

A 4
Estimate initial flow rate

v
Iteration setting <

A 4
- Estimate physical properties
- Calculate pressure drops, temperature, quality, void
fraction, heat transfer coefficients in each heat transfer 5
' regions and pressure drops of each loop components |
' (evaporator, transportation pipe, condenser and return
line and so on)

v
Calculate whole loop

1 Increase mass
Energy Balance ? No— ~ flow rate

Yes : A
\\wnce. €
—_y

Print results | | : Yes

Mass Balance ? No

Figure 4.2 (a) Flow Chart for Single Loop Lumped Method
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Two-Phase Loop Thermosyphon with Mulitiple Pipe Evaporator
<Lumped Method>

START

v
" Input thermosyphon loop
geometry,
other intial values, slect options
(working fluid)
v

- Estimate initial values (flow rate, temperature, thermal
: properties) '
‘

—_

A 4
| Iteration setting

<
v

Evaporator first row calculation :
. Pressure drops, Heat transfer coefficient, pressure
' drops, temperature, quality, void fraction, heat
transfer coefficient

i
i

>e— .Change mass
v ___flow rate

. Evaporator second |

sucessive row
calculation

5 Pressure drops, Heat

No . transfer coefficients

No

<" Isitthe last ~~,
~. o
o row? .

-

—

P&
A

Figure 4.2 (b) Flow Chart for Multi Pipe Loop Lumped Method
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Two-Phase Loop Thermosyphon with Multiple Pipe Evaporator
<Lumped Method>

A
v
Transportation Pipe:
Calculate Pressure drop and other
physical properties

A 4
Condenser : first row calculation
1 Calculate mass flow rate of the first row,
; pressure drop, heat transfer coefficient i

and physical properties.
\ 4

Condenser : ‘

Second row Change mass flow

calculation rate (increase or

i decrease)

A
NO ‘ B

Pressure drop (1st row) = - x
Pressure drop (2nd V ]

| ' > Change mass
P , \ flow rate
! . Condensate return line: | : '
©+ Calculate pressure dropand | ‘ A
o physical properties ' :
i : H : I
L | No

muw

\/

| Print results . ‘ END
%mtum No— : —
T~ Balance ? ! '

Figure 4.2 (b) Flow Chart for Multi Pipe Loop Lumped Method (Continued)
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Two-Phase Loop Thermosyphon with Single Pipe Evaporator
<Sectorial Method>

START +——— Input thermosyphon loop

geometry,
other intial values, slect options

z " (working fluid)
! ‘ i gt

y )\ : ' \ 4

: \ ‘, " Estimate initial values

' -~ Bubbly flow ~~___ ~ ‘ v
vy Criterion ————  lteration setting ¢

: ~
Bubbly | ~ |
r——'—ﬁ : i > ‘ Evaporator :
‘ Slug ¢—— | ' Calculate pressure drops, temperature,
— T “Transiti +quality, void fraction, heat transfer
ti ‘ . . .
v ransi /°“ - coefTicients in each flow regimes.

Annular 4¢———— ’

.

Transition , ]
. S , ' Transpotation Pipe :

Drop t— ' . = Calculate annular flow liquid
—_— ’ . entrainment, find friction factor -
B Y - . - Calculate pressure drop
x=? . = Caculate evaporator outlet vapor and
> x=1 - © liquid velocity
_ T . - Increase mass
:Condenser section : j - Instability . - flowrate
——  Calculate heat transfer coeffcient, ;‘ .. uthoug-ul 4 '
" pressure drop | . T A
T
//
< Calculate whole loop -
\\ !
|
v i
_// i ) -
“<___Mass Balance ? v : - v
\/ . ] :
; Printresults = - END
| i

omemtum Balance
f’

Figure 4.2 () Flow Chart for Single Loop Sectorial Method
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Two-Phase Loop Thermosyphon with Multiple Pipe Evaporator

<Sectorial Method>
START ~ Input thermosyphon loop
geometry,
other intial values, slect options
(working fluid)
A ‘
. A 4
1 Estimate initial values
. A 4
L Iteration setting
—= |
Evaporator first ‘
v row claculation: B
P . Pressure drops, —
- “Bubbly flow ™. .. Heat transfer
“~_criterion | coefficients
o P \ \
4 - -
Bubbly N
‘ ‘ A 4 ~Change mass
————»<_Transition > Evaporatorsecond = flowrate
\/ ‘ : sucessive row A
Slug ¢ | | calaculation: | |
1 Transition < . Pressure drops, Heat | ;
— v | transfer coefficients : .

Annular €¢————

—@ v | No
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Drop ¢+ o

R
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T - X
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— TJqow? -7
Evaporator : ‘ T
' Calculate pressure drops, temperature, | v
quality, void fraction, heat transfer :
.coefficients in each flow regimes. A

Figure 4.2 (d) Flow Chart for Multi Pipe Loop Sectorial Method
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Two-Phase Loop Thermosyphon with Multiple Pipe Evaporator

<Sectorial Method>

N

A

S—

v
‘ Transportation Pipe:
i Calculate Pressure drop and other

physical properties
v
Condenser : first row calculation

‘Calculate mass flow rate of the first row, :
- pressure drop, heat transfer coefficient ;

and physical properties.
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A 4
Condenser: |
Second row Change mass flow
caiculation  rate (increase or
: decrease)
A
\ "’ B |
Pressure drop (1st row) = vy
Pressure drop (2nd row)
' ’ Change mass
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' | Condensate return line: | > ’
. Calculate pressure drop and ‘ D
i physical properties : ;
1 ! ' ! ‘
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omemtum Balance
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Figure 4.2 (d) Flow Chart for Multi Pipe Loop Sectorial Method (Continued)
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QW

SSL, VWF = 30 ml (40 ml for FC-87), lc =200 mm, U= Smss,
t =23 -24.5°C
140 + 12
[ | WF |ExP. ]
- — 11
N Acetone | © ]
120 - R-11 ® : ] 10
| | FC87 | w ore ]
- Water o} ] 9
o4 |RM3 |0 ]
8 Ethanol | & .
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" Lines indicate the best fits 15
80 | ofthe experimental data. by
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Figure 5.1 (a) Effect of At, on Q and q; Forced Convection Mode

with One Condenser, SSL
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QW

SSL, Vi =50 ml, 1= 200 mm, t =21 °C
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of the experimental data.
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Figure 5.1 (b) Effect of At, onQandq
with Two Condensers, SSL
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Case 1 : WF =R-134a, tc=-20.3 ~-21.2°C
Case 2 : WF =R-134a,t,=-2.4~-0.7 °C
80
- | O Casel
[ | O Case2
70 1
60 4 °© o
3 L (o) a
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50 a
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Figure 5.1 (c) Effect of At, _onQand q; MSL [
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Figure 5.1(d). Effect of At,_ on Q and q; MSL II
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QW

LSLI, WF = Water, t.=20-30°C
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Figure 5.1(¢)  Effectof At, _onQandq; LSLI
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QW

LSL I, WF = Water, u, =2.41 -2.57 m/s, u_=3.1 - 3.91 m/s,
.=18-40°C
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O e Counter Flow ]
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Figure 5.1 (f)  Effect of At, _onand q; LSL I
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Effectiveness (%)

LSL 11, Parallel flow and Counter flow in Condenser Section,
WF = Water, u. =3.91 nvs
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28 -

26 -

O ———Counter Flow
& — — — Parallel Flow

Lines indicate the best fits
of the experimental data.

24
140

160 180 200 220 240 260
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Figure 5.2  Effect of At, _ on System Effectiveness; LSL II
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QW

SSL, WF = Acetone, 1. =200 mm, U =35.0-5.5mss,
t. =20-24.5°C
140 12
L EvapomOrA O :
~ | EvaporatorB 0O ——— — |
120 EvaporatorC O —————— P |
[ Lines indicate the best fits 5 - 10
| of the experimental data. }5 ? -
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Figure 5.3 Effectof At on Q and q with Different Evaporator Configurations; SSL
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QW

SSL, Vg =30 ml, 1. =200 mm, t_=23.5 - 24 °C,
natural convection, one condenser
100 - 12

r WF EXP. ’

90 -: acetone | & —_——— .

r water R — ]

. | R113 O ——r— - A - 10

804 | FC72 | o ) 1
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Figure 5.4 (a). Effectof At, . on Q and q; natural convection mode
with one condenser, SSL
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SSL, WF = Water, |, =200 mm, t = 20.5 °C, Natural convection with
two condensers
120 o
[| FC-87(50ml) © ——-— |
| | acetone(40ml) & _— ]
R water (40 ml) g e ]
100 4 | R-113(50ml) © —-—-- -
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Figure 5.4 (b). Effect of At,_ on Q and g; natural convection mode
with two condensers, SSL
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SSL, WF = Acetone, V. =30 ml, |_=200 mm, t_= 24 -25 °C,
Q=100W
75
: ? Counterflow Condenser ]
: '\ Concurrent-Flow Condenser 0
704\ Lines indicate the best fits
T\ of the experimental data
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Figure 5.5 (a)  Effect of U, on At,  with Different Condenser Configuration; SSL
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At °C

SSL, WF = Water and FC-87, V. =30 ml, 1. =200 ml,
t. =24 - 25 °C, Concorrent Flow

75 T \ -
\ O Water 100W
70 |\ | © FC-87 30W
\ Lines indicate the best fits

65 1 \ of the experimental data.
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Figure 5.5(b). Effect of Upng ON A, ; WF = Water, FC-87,

Concorrent flow, SSL
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. of the experimental data. ©  Kier Wm'K

v h_,WmK
] o hy,, WmK
] 2
i 0\__\' ¢ b WmK
- S~
O miem— .
E R — o o
S B
1w
- e O ——————— o ————— 5
. 1 L 1 L I L L 1 L r 1 L L L " 1 L 1 l 1 1
0 1 2 3 4
Upmax- VS

Figure 5.5(c). Effect of Air Velocity on Heat Transfer Coefficients and
Thermal Conductivity; SSL
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At ., oC

SSL, WF = Acetone, V. = 30 ml (one condenser), Vyr=45ml
(two condensers), Q=100 W, 1. =200 mm, t_= 24 - 25 °C
75
- 5
i Vo O  One Condenser
L \ : o Two Condesers
70 1 \ Lines indicate the best fits
2 Vo of the experimental data.
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Figure 5.5(d).  Effect of U, OnAt ;
Comparison between One condenser and two condensers, SSL
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Ath-c’ °C

LSL I, WF = Water, t. =20 °C
200
o Q=7,500W
r 8 ————Q=5,000W
180 A Q
L A e Q - 2,5m w
160 I Lines indicate the best fits
i of the experimental data.
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Figure 5.5(e). Effectof u.onAt,_;LSLI
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Ath—c’ OC

LSL I, W.F = Water, Counter flow in condenser, Vyzgr = 75 %,
t.=20°C

260 +
E o ——— Q = loo,mo w
250 -- A ................... Q = 70,m0 W
Lines indicate the best fits
240 | of the experimental data.
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Figure 5.5(f).  Effectofu_onAt, ;LSLII
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QW

LSL II, WF = Water, At, _ =210°C, t, =18 °C, u, = 2.41 m/s

90000
I Lines indicate the best fits
o Counter Flow of the e imental data.
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Figure 5.5(g). Effectofu onQ;LSLII

388




LSL II, WF = Water, Counter flow in condenser section, u, =24m's
36
0 —=——— u.=39m/s
& ——— u.=3.1m/s
[ [0 — u.=2.5m/s
349 Lines indicate the best fits
| of the experimental data. 8
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Figure 5.6 (a)  Effect of At, _ on Effectiveness with different u_ ; LSL II with Counter flow
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Effectiveness (%)
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of the experimental data. P §
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Figure 5.6 (b).  Effect of At,  on Effectiveness with different u;

LSL II with Parallel flow
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Heater Surface Temperature, °C

MSL II, WF = Water, V=50 %, AL__= 0.5 m
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Sk Q=1500 w |Lines indicate the best fits
170 - | a ———-Q=1200W of the experimental data.
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Figure 5.7 (a).  Effect of t_on Evaporator Surface Temperature ; MSL II

Coolant : Water

391



QW

LSL 1, WF = water, u_=2.1 m/s
10000
[ A ————— Q=7,500W Lines indicate the best fits
0 —————— Q=5,000 W of the experimental data
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Figure 5.7 (b).  Effectoft onQ;LSLI
Cooling : Air
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SSL, WF = Acetone, 1.=200mm,u__ =4.5-5ms, 1.=25°
A v ——— two condensers (V. = 45 ml)
| O e, one condenser (V. = 30 ml)
- Lines indicate the best fits /7
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Figure 5.8.  Effect of Number of Condensers on Q vs Aty . SSL
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QW

SSL, WF = Acetone, V. = 50 ml, t_=20.5 °C (in row), t_=25.5 °C
(side by side), two condensers
120
- Lines indicate the best fits
- of the experimental data.
100 — [} o

g0 - Side by side

60
I o
! o/

40 o d
- o/
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Figure 5.9.  Effectof Q vs. At, _ with Different Condenser Arrangement ; SSL
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A,

SSL, WF=FC-72,V,.=40ml, Q=80 W, Ung =5 mM/s, t =235 °C

80

- Line indicates the best fit

- of the experimental data
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Figure 5.10.  Effectofl_on At _; SSL
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SSL, WF = Acetone, Water and FC-87, I, = 200 mm, Vy; = 30 ml
1. =21.3-245°C

140
O e e Acetone
g —————=— Water
(| & ———— FC-87
1209 Lines indicate the best fits o
of the experimental data.
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Figure 5.11 (a).  Effect oft,onQ; SSL
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-

Q,w

MSL I, WF = Water, AL, .= 1.0 m, Vg = 50 %
1800
- Lines indicate the best fits
| of the experimental data.
1600 -
1400 -.
1200 i
1000 -.
800 -
600 -
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200 m— T - T - T T
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Figure 5.11 (b).  Effectoft,onQ;MSL I
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LSL I, WF = Water, u_=2.06 ms, t.=20°C
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Figure 5.11 (c). Effectof t,onQ;LSLI
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LSL II, WF = Water, u, =2.24 m/s,, u.=3.13m/s, t.=20°C
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Figure 5.11 (d). Effect of t,onQ;LSLI
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At L °C

SSL, WF = Acetone, VWF =40 ml, lc =200 mm, U, =50-55ms,
t_ =20 °C, Evaporator C

65
- Q Exp. Lines indicate the best fits
- of the experimental data.
- 120W | o
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Figure 5.12 (a).  Effect of Vyson A, ; Forced Convection Mode ; SSL
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QW

SSL, WF =FC-87, 1. =200 mm, U, =S ms, t. =24 °C
120
: Vip=30ml 0 ————a—_
I Var=40ml g o
i Lines indicate the best fits
100 of the experimental data. /)D
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Figure 5.12(b).  Effectof V ;on At _vs. Q; SSL
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A, _.°C

SSL, WF = Acetone, 1. =200 mm, U =4.5mss, t =205 °C,
with two condensers
80
i QW Exp. Q. W Exp. |Lines indicate the best
- 40 - 110 S fits of the experimental
i 60 A 130 o data.
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Figure 5.12(c)  Effect of Vyron At ; SSL
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QW

SSL, WF = Acetone, 1. =200mm, u__ =4.5 m/s, t. =20.5°C,
with two condensers
160
i [0 T va =40ml
| B ———— Vyp=50ml P
140 L& —=——= Vo =60ml /Q!
| Lines indicate the best fits /
- of the experimental data. /;
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Figure 5.12(d). Effectof Varon At vs. Q; SSL

403



QW

SSL, WF =R-11, lc = 200 mm, t= 20.5°C, U= 5 m/s,
with two condensers
160
o VWF Exp
L | SOml o ——— — .
140 _.— 60 m] o ..................... % ‘
- Lines indicate the best fits £
| of the experimental data. /D
120 - 4
[ /2
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Figure 5.12 (e).  Effect of VuronAt, vs.Q; SSL
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Ath—c' OC

MSL I, WF = Water,t,=50°C,AL_=1.0m
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Figure 5.12(f).  Effect of Vy;g on At ; MSLII
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MSL II, WF - Water, t_= 50 - 70 °C,
1600
A ———— Vyp-70% _
e T Vi - 50% /t“/n
5 — 3 % / .
oo 4 |° Vs - 30 % .// /
- Lines indicate the best fits //
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Figure 5.12 (g).
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SSL, WF = Actone, V... =40 ml, ] =200 mm, t_=20 °C,
Evaporator C
140
[ | Inclined Condenser (8% | &
L | Vertical Condenser o
120 L Lines indicate the best fits
. of the experimental data. A
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Figure 5.13 (a).  Effect of Condenser Orientation; Natural Convection Mode, SSL
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SSL, WF - Acetone, V. =50 mi, | =200 mm, t =252 °C
I o : A
[ |4 90", Forced Convection (u,,, =5 m/s) /
140 4 [© 8°, Natural Convection ,/
[ |0 90°, Natural Convection //
. a
| Lines indicate the best fits //
120 o  of the experimental data. /
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Figure 5.13(b).  Effect of Inclination of Condensers ; SSL
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Ath—c’ C

51.0

SSL, WF = Acetone, Q =80 W, Vor=50ml, 1.=200 mm,
t=252 °C, natural convection
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0 =90° Line indicates the best fit
) of the experimental data.
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Figure 5.13 (c).  Effect of Inclination of Condensers; SSL
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Kgerr W/m K

SSL, Vyr =35-40ml, lc=200mm,um=5.5 m/s,t =24 °C
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Figure 5.14. Contact Resistance between Evaporator and Heater

with the same Applied Pressure ; SSL
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AL _°C

SSL, WF = Water, V. =40 ml, |_ =200 mm, Uy, = 5.5 ms,
t. =24.5 °C, with insert (d = 0.51 mm),
75
- Line indicates the best fit
" of the experimental data.
65 — K
: o
60 —
! o’
55 — -
04 O
45 —CF
40 L i | | i 1 1 1 ] ol 1 L [ i L 1 1
0 5 10 15 20
vo air® ml
Figure 5.15.  Effect of Non-condensible Gas in the Loop on Performance; SSL
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m, kg/s

SSL, WF =R-113,1,=25°C,u__= 5 m/s, Liquid Level = 46 cm

max
102 -
] Lines indicate the best fits
1 of the experimental data.
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Figure 5.16 (b).  Total and Apparent Masses of the Coolant ; SSL
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(a) Water, d;,,, = 0.5 mm, u,, =5 n's

rersd

(b) R-113, u,,, =5 m/s

1.1 1.2 2.1 22 3

¢

Q=20W Q=60W Q= 100W

s N - Q=20W Q=60W Q=100W

L=41tC L =30°C L=60°C L, =30°C L =36°C L, =46 °C
(d) FC-87, up =S m/s

(c) Ethanol =0m/s

1112 21 22 3.1 32 L 12 21 22 31 32
- - - =20W Q=60W Q=100W
Q=20W Q=60W Q=100W Q= = =

t,=41°C ,=63°C L=T3°C t,=34°C ,=44°C t,=52°C

Figure 5.17. Flow Patterns; V. =40 m/ (SSL)
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(e)Water, Upe = S5m/s

__(DAcetone, u,,, = 5 m/s

1112 13 21 22 23 31 32 33 .1 12 21 22 31 32 3334

Q=20W Q= 60W Q=100W Q=20W Q=60W Q=100W
t,=34°C t,=39°C L, =41°C ,=32°C t,=41°C t,=45°C
(g) R-11, Uy, =5 m/s

-, -

1.1 1.2 2.1 22 3.1 32 l. 12 21 22 23 31 3.

Q=20W Q=60W Q=100W Q=20W Q=60W Q=100W
t,=34°C t,=43°C t,=49°C t,=37°C t,=39°C ,=47°C

Figure 5.17. Flow Patterns; Vy; = 40 ml (SSL - Continued)
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Thermocouple Number (Fig. 3.20)
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Temperature, °C
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Figure 5.19 (a).
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Transient Temperature Fluctuation vs. Heat Flux; WF = Water, SSL
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Temperature, C Temperature, °C

Temprature, °C
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Figure 5.19 (b). Transient Temperature Fluctuation vs. Heat Flux;
WF = Water, Acetone and FC-87, V=40 ml,

=200 mm,u_,_=5m/s (SSL)
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Height of Fluid Column, cm

SSL,WF=Water,VWF=40ml,lc=200mm, um=5.5m/s,tc=24°C
70
- Line indicates the best fit
- of the experimental data.
65 —~ o.
i o ©
o .
60 —
I 0
55 °
i o’
50
L O
= (@]
45 —
40 i 1 1 S B T 1 J R S | 1111]1111 J S S N |
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QW
Figure 5.20(a). Effectof Qon bguig ot 3 SSL
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Height of Fluid Column, cm

SSL, WF =R-11, V. =35 ml, I, =200 mm, u__ =5.5 m/s, t_=24.5°C
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Figure 520 (b). EffectofQon bguic ot + SSL
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Height of Fluid Column, cm

SSL, WF =FC-87, V,,. =40 ml, ], =200 mm, u__ = 5.5 m/s, t_=24°C
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Figure 5.20(c). Effectof Qon Byuid o > SSL
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Pressure, Pa

MSL II, WF = water, V.. = 30 %, t, = 50 °C

80000
S = 1 - Evaporator Inlet
i o Q _ S00W 2 - Evaporator Outlet
20000 L = Q=T700W | 3 Condenser Inlet
[| = Q=1000W | 4. Condensr Outlet
—v— Q=1200W
| —o- Q=1500W
80000 I | ines indicate the best fits
- of the experimental data.
50000 |-
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[ // \\
_ s ]
30000 | / T \\
; S \
i ol __. - Q
20000 | o TS e \\
§ o TN\
\\ \
N
10000 | \\e
ol ’ : — .
0 I 2 3 4

Position of Pressure Measurement

Figure 5.21 (a).  Pressure Distribution of TLT ; MSL II
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Pressure, Pa
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LSL I, WF = water, u_ = 2.06 m/s, t_= 20 °C
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. a— O——. -_0.
i o— ~.—
~a
I [ R 0. .
o
o
" Lines indicate the best fits
- of the experimental data.
0 1 2 3 4

Position of Pressure Measurement

Figure 5.21 (b).  Pressure Distribution of TLT ; LSL I
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Mean Pressure Drop, Pa

LSL II, WF = Water, t, = 188 - 295°C, t. = 18 - 50 °C,
Y, =2.2-2.5m/s,u = 2.6 - 3.9 m/s, Pressure drop measured
in pipe row #3

12000
0 ————- Counter Flow
. ................. Para“el Flow

10000 - Lines indicate the best fits

- of the experimental data.
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Figure 5.22(a).  Effect of Q on Pressure Drop; LSL II
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Pressure Drop, Pa

LSL II, WF = Water, Parallel flow in Condenser section,
4, =188-295°C, 1. =18-50°C, u, =2.2-2.5ms,
u. = 2.6 - 3.9 m/s, Pressure measued in pipe row #3
12000 +
11000 i 0 ————- Liquid line pressure drop
: @ eeereeeeeens vawr line pressm drop
10000 1  Lines indicate the best fits
; of the experimental data.
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sat’

Figure 522 (b).  Effect of P, on Pressure Drop ; LSL Il with Parallel flow
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Pressure Drop, Pa

LSL I, WF = Water, Counter flow in Condenser section,
t, =200 - 290 °C, t. =20 - 40 °C, u, =22-2.5m’s,
u, = 2.6 - 3.9 m/s, Pressure measured in pipe row # 3.
12000 -
: 0 ———=—- Liquid line pressure drop
11000 1 | @ o Vapor line pressure drop
[ - Lines indicate the best fits
10000 1 of the experimental data.
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Figure 522 (c).  Effect of P, on Pressure Drop ; LSL II with Counter flow
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LSL II, WF = Water, Counter flow, W, =2.2m/s,u =2.6 m/s
12000
) Lines are the range of fluctuation.
10000 -
)

8000 -
[+-]
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9. L
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Figure 522 (d). Effect of At,_ on Pressure Drop Fluctuation;

Counter Fiow, LSL I

428



LSL 1, WF = Water, Parallel flow, u, = 2.4 m/s, u_= 2.6 m/s
12000

10000

8000 -

6000 -

Pressure Drop, Pa

4000 -

2000 -

b
0 U U S " & PR Y " A e A i P Y ey
1 ¥ T T

Lines are the range of fluctuation.
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A, ,°C

Figure 5.22 (e). Effect of At, . on Pressure Drop Fluctuation;
Parallel Flow, LSL II
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Temperature, °C
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Figure 5.23 (a).  Effect of Insert Size on Temperature Fluctuation
Insert Size; WF = Water, Q = 100 W, SSL
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Ay C

SSL, WF = Water, V.. = 50 ml, 1_=200 mm,
t.=20.5 °C,d.iM=0.7 mm, with two condensers
55
- Lines are the range of fluctuation.
R O
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Figure 5.23 (b). Effect of Insert on Q vs. At _;SSL
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QW

SSL, WF = Acetone, vwr =30 ml, lc =200 mm, U, = 5 m/s,
t.=225-25°C

140
Insert Exp.
withoutinsert | © — — ——
120 4 | dinsert = 0-51 O e N
[ | dinsert =0-71 g ——— /b
100 | Lines indicate the best fits ;IA/O/O
| of the experimental data. a///
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Figure 5.23 (c).  Effect of Insert on At _vs. Q; SSL

433




QW

SSL,WF-water,VWF=30ml,lc=200mm,um=5m/s,
1. =225-25°C
120
: Insert Exp.
| | without insert o ———— /D
L | d =0.51 o N / /Q
100 — = a o
| | dinsert =0-71 g ———=- Yo
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Figure 523 (d). Effect of Insert on At, _vs. Q; SSL
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Ath—c’ °C
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Forced Convection Mode, SSL
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SSL, WF = Water, V. =40 ml, | =200 mm,u__ = 5.5 m/s,
t.=245°C
. o
" jof
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Figure 5.24.  Pulsation of Temperature Difference vs. Heat Flux;



Alh—c’ OC
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SSL, WF = Water, vwr =50 ml, lc =200 mm, U = 4.5 m/s,
= 20.5 °C, with two condensers
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Figure 5.25. Effectof Qon A, ; Forced Convection Mode, SSL
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Alh-c’ OC

SSL, WF = Water, V. =50 ml, |_=200 mm, t.=20.5°C,
with two condensers, Natural convection mode
60
55
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30 1 | I I - 1 L b S T G | ] d b L) I —t L1 | 1 Lol
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Figure 5.26.  Effectof Q on At, _ ; Natural Convection Mode, SSL
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AL, ,°C

SSL, WF - Water, | =200 mm, Q=100 W, U, =S ms,
t. =24.5 °C, Range is heater temperature pulsation
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Figure 5.27 (a).  Effect of Vuron At ;SSL
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Temperature, °C

Temperature, °C

Temperature, °C

Time, second

Figure 5.27 (b). Effect of Working Fluid Amount on Instability;
WF = Water, Q=50 W, SSL
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Temperature, °C

SSL,WF=Water,Q=50W,Vw=40ml,lc=200mm,tc=21.5°C,

100

90 —

80 —

70 —

- T

60 -

] S |

B e

50 — f

i -l

: L

- L

40 —

30 —

20 Lllllllllllllllllllllll]_llllllllllllllll]ll1lllllllllllllllll
0 1 2 3 4 5 6

U VS

Figure 5.28.  Effect of u,. .. on Heater Temperature Fluctuation; SSL

440



Temperature, °C
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SSL, WF = Water, V. =40 ml, Q=50 W,u__ =5 m/s, t_=25°C,
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Figure 5.29.  Effect of | on Heater Temperature Fluctionation; SSL
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Unit is millimeter.

Figure 5.30 (a). ' Two-Phase Closed Thermosyphon (TCT) Test Assembly
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w

TCT, WF =FC-72, L* = 625, u,,, =4.4 m/s, t,_ = 20 °C
60

- | Lines are simulation
- | Exp. ]

Ay, °C

Figure 5.30 (b). Q obtained by Simulation with Various Correlations for h,;
with h__, of Rohsenow; TCT
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Temperature, °C

Exp.: TCT, WF =FC-72, V* = 7.5,L* = 6.25, u__ = 3.78 mvs,
t, =81.12°C, 1= 23.2°C
Sim. : TCT, WF = FC-72, t, =81.12°C, L* = 6.25,1,-23.2°C, u__~ 3.78 m/s

Modified Bier et al's correlation for Evaporation
Modified Gross' correlation for Condensation

90
- O  Experiment (Q=20.2 W)
80 - K\ ........... Simulation (Q=20.8 W)
E —= : — Before Modification (Q = 26.9 W)
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Figure 5.30 (c). Comparison between Experiment and Simulation
on Temperature Distribution of TCT Assembly; TCT




QW

TCT, WF=FC-72, V*=17.5,L*=6.25, U, =44 m/s,
t,.=233-24.7°C
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Figure 5.30 (d). Comparison between Experiment and Simulation,
Effect of At, . on Q; TCT
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Pressure, Pa

SSL , Simulation, WF = Acetone, lc =200 mm, U = S m/s,
t.=245°C
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Figure 5.31. Pressure Variation of Loop; SSL




QW

SSL, WF = Acetone, |,=200 mm,u___=5m/s, t_=24.5 °C,

Vyp=30ml
240
- Lumped Method
220 f -~ — Chen
————— Shah
— — — Kandlikar
200 - - - - Gungf)r and Winterton
Ananiev
— — — Crain and Bell
0 — - Sekeguchi
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Figure 5.32 (a). Comparison between Experiment and Simulation ; SSL
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Temperature, °C

70

SSL , WF = Acetone, vwr =40 ml, lc =200 mm, U = Smss,
t. =24.5°C,
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Thermocouple Identification
Figure 5.32(b).  Comparison of Temperature Distribution,

Simulation and Experiment; SSL
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Temperature, °C

o]
o

SSL, WF =FC-87, V=40 ml, |_=200 mm,u__ = 5 m/s,
t,=24.5°C
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Thermocouple Identification

Figure 5.32(c). = Comparison of Temperature Distribution,
Simulation and Experiment; SSL
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Temperature, °C

80

SSL, WF = Water, vwr =40 ml, lc =200 mm, Upy =5 m/s,
t.=24.5°C
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Figure 5.32(d).  Comparison of Temperature Distribution,
Simulation and Experiment; SSL
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Temperature, °C
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70

SSL, WF=R-11, V. =40ml, 1, =200 mm, u,_ =5 ms,
t.=24.5°C
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Figure 532(e). = Comparison of Temperature Distribution,

Simulation and Experiment; SSL
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Temperature, °C

SSL, WF =R-113, V,; =40 ml, ] =200 mm, u__ =5 m/s,
1. =245°C

T T
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~~~~~~ " Lump. - 483 W ]
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Thermocouple Identification

Figure 5.32(f). = Comparison of Temperature Distribution,
Simulation and Experiment; SSL
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Temperature, °C

I

=
234 12,34

SSL, WF =FC-72, Vy,; =40 ml, I_=200 mm, u__ = 5 ms,
1.=24.5°C
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Figure 5.32(g).  Comparison of Temperature Distribution,
Simulation and Experiment; SSL
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Temperature, °C

SSL,WF=Ethanol,VWF=4Oml, lc=200mm,um=5m/s,
t.=21.0°C
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Thermocouple Identification
Figure 5.32(h).  Comparison of Temperature Distribution,

Simulation and Experiment; SSL
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QW

SSL, WF = Acetone, Water, FC-87, vwr =30 ml
(40ml for FC-87), 1. =200 mm,u,,, = S m/s, t.=23-245°C
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Figure 5.32(i).  Comparison Between Experiments and Simulation: SSL
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QW

SSL, WF =FC-72, Ethanol, Vir=30mi, lc=200mm,um=5m/s,
t,=21-245°C
140
i WF EXP. Sim.
i Lumped | Sectorial /
120 4 | Ethanoll & |- ____
| Fc12 | o |——— —_— //
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Figure 5.32 (j).

Comparison between Experiment and Simulation;
Forced Convection Mode, SSL
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QW

140

SSL, WF =R-11,R-113, V, . =30 mi, | =200 mm, u__=5m/s,
t,=23-24.5°C
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Figure 5.32 (k). Comparison between Experiment and Simulation;

Forced Convection Mode, SSL
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A"h-c’ OC

SSL, WF = Acetone, Ic =200 mm, U o =35.0-55ms, t.=20-23°C,
Evaporator C, one condenser
65
Q Exp. Sim.
| 90 W v
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Figure 532(l).  Comparison between Experiment and Simulation; SSL

Effect of V. on At, , Forced Convection Mode
Sectorial Method : hw = Rhee and Young, h__, = Nusselt and,
= Knudson

hconv
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A, °C
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Figure 532 (m).  Comparison between Experiment and Simulation:
Effectofu , on At, , SSL
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A"h-c’ °C

SSL, WF=FC-72, V. =40ml, Q=80 W, u__ =5 m/s,
t,=23.5 °C
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Figure 5.32 (n). Comparison between Experiment and Simulation
Effectofl on At _; SSL



Insert Exp.
140 — - -
without insert o}
dinsert = 0.51 o
: =0.71 N
dinserr =12 o
Filled symbols indicate 4
the stable state observed. N
100 4 — e e .
Simulated Stability Possibly Stable
Boundary
Decrease insert )
=2 80 size A .
> )
60 - Y
s o o
40 — A DO © o
A0 o O
20 4 0 o0
a Qo
0 T T T T T T T T T T
15 20 25 30 35 40 45 50 55 60 65 70
a ,°C
Figure 5.32(0). = Comparison Between Experiment and Simulation, Stability Boundary

SSL, WF=water,Vw,,=30ml, lc=200mm,um=5 m/s,
t.=22.5-25°C

Effect of Insert; SSL
Simulation: Sectorial Method
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SSL, Vwr =40 ml, lc =200 mm, Uy =5 mss, t.=23.0-24.5 °C
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[ | WF EXP.
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Figure 5.32 (p). Comparison Between Experiment and Simulation, Stability Boundary
Effect of Insert; SSL
Simulation: Sectorial Method
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SSL, WF - Acetone, VWF =30 ml, lc =200 mm, U, =Sms,
t.=22.5-25°C
140
Insert Exp.
without insert o
120 - d. = 0.51 o) -
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Figure 532(q).  Comparison Between Experiment and Simulation, Stability Boundary
Effect of Insert; WF = Acetone, SSL
Simulation: Sectorial Method
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MSL I - Casel , WF =R-134a,t_=-20.8°C, V. = 130 mg

i Lumped Method
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Figure 5.33 (a). Comparison between Experiment and Simulation; MSL [
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Figure 5.33 (b). = Comparison of Temperature Distribution,
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Temperature, °C

6
5 —O— Exp.-4.2W
494 R==
3
2
N P et
| —— Sec.-8.1W -
0 4| —— Modified. - 4.9 W A)
1| - Lump.-27.1 W
13| —— Modified-45.1 W
2 - : r : I : I [

|
1 2 3 4 s 6 1 Cod

Thermocouple Identification

Figure 533 (c). = Comparison of Temperature Distribution,
Simulation and Experiment; Case 2, MSL |
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MSL I - Casel : WF =R-134a,t, =-20.8°C, V, =130 mg
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Figure 5.33 (d). Comparison between Experiments and Simulations, MSL I
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QW

MSL II, WF = Water, t_= 50°C
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Figure 5.34 (a). Comparison between Experiment and Simulation; MSL II
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Figure 5.34 (b). Comparison between Experiment and Simulation,
Temperature Distribution; MSL I1
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MSL I, WF = Water, t_ = 50 °C
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Figure 5.34 (c).  Comparison between Experiment and Simulation; MSL II
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Evaporator Surface Temperature, °C

MSL II, WF = Water, V,,.. = 50 %, Q = 1000 W
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Comparison between Experiment and Simulation
Effect of t_ on Evaporator Surface Temperature; MSL II
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Figure 5.35(a).  Comparison between Experiment and Simulation; LSL I
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Figure 5.35(b).  Comparison of Temperature Distribuition between Experiment
and Simulation; LSL I
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Effect of u_on At, ,LSLI
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LSL II, WF - Water, Parallel flow, u = 224-253 m/s,u =391 ms,
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Figure 5.36 (a). = Comparison between Experiment and Simulation;
LSL IT with Parallel flow
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Figure 5.36 (c). = Comparison between Experiment and Simulation;
Parallel Flow, LSL I
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LSL 1, Parallel Flow in Condenser Section, WF - water,
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Figure 536 (d). = Comparison between Experiment and Simulation;
LSL II with Parallel Flow
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LSL II, WF = Water, Counter flow, u, = 2.24 m/s, u. =3.91 mss,
t.=18-40°C
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Figure 5.36 (). = Comparison between Experiment and Simulation;

LSL II with Counter flow
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Figure 536 (i).  Comparison of Experiment and Simulation
Effect of u_on Q, LSL II with Counter Flow
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Figure 5.36 ().  Comparison between Experiment and Simulation,
Effect of At, _ on Effectiveness (%) ;

LSL II with Counter Flow
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