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ABSTRACT

Complementary analytical, numerical, and experimental investigations
of fluid flow and heat transfer in closed-loop thermosyphons with verti-

cal heated and cooled sections are presented in this thesis.

A new model is proposed to couple the local results of numerical
simulations performed in the heated and cooled section of a thermosyphon
with a one-dimensional analytical model. The numerical simulations are
based on a finite-volume numerical method which was formulated for the
solution of laminar mixed-convection flows in vertical pipes with
(or without) conjugate conduction in the pipe wall. Experimentally, a
closed-loop thermosyphon was specially designed and constructed for this
study. In the closed-loop, the power input is supplied by a semi-~
transparent gold-film which provides a uniform wall heat flux while

enabling flow visualization,

The proposed model was successfully validated against experimental
data obtained in this study. Results obtained with the proposed mode!
also indicate that traditional one-dimensional models can significantly
overpredict the average velocity in thermosyphons when strong mixed-
convection effects are present in the heated and cooled sections. It is
also shown that conduction in the pipe wall can significantiy affect the
velocity and temperature fields in mixed-convection flows. Photographs
of flow visualization experiments in mixed-convection flows are also

presented.
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CHAPTER 1I

INTRODUCTION

1.1 AIMS AND MOTIVATION OF THE THESIS

This thesis presents complementary experimental, analytical and
numerical investigations of a closed-loop thermosyphon with vertical
heat transfer sections operating in a steady-state, laminar flow regime.

A schematic illustration of this thermosyphon is given in Fig. 1.1,

Closed-loop thermosyphons are natural circulation loops in which
fluid flow is induced by buoyancy forces. As an example, consider the
geometry shown in Fig. 1.1, where the fluid inside the closed-loop is
heated and cocled at certain locations. This creates a temperature dif-
ference and consequently a density gradient inside the loop which, in
the presence of the gravitational force field, activates the buoyancy
force that drives the fluid circulation. Under steady-state condi-

tions, this buoyancy force is balanced by shear forces on the pipe wall.

Closed- loop thermosyphons have numerous practical engineering appli-
cations: Examples include buoyancy driven natural circulation loops in
small nuclear reactors designed to heat buildings (Glen and Hilborn
[1984]); internal combustion engines (Japikse [1973]); emergency cooling
of nuclear reactor cores (Zvirin, [1981a]); and solar water heaters
(Tabor {1984]) and Mertol et al. [1981]). The main advantage provided by
closed-loop thermosyphons is that they can transport heat from a source

to a sink without a pump. The proper design of all these engineering




systems requires the modelling of closed-loop thermosyphons. For
example, in the case of a nuclear reactor, it is crucial to be able to
predict the flowrate and the core temperature distribution that would
result in the event of emergency cooling using natural circulation.
Ancther example can be envisioned by referring to Fig. 1.1 where one may
want to know what heat-exchanger length and wall temperature are
required to keep the absolute temperature inside the loop below a cer-

tain level.

Of particular interest to this study are the mixed-convection phe-
nomena in the heated and cooled sections of the closed-loop thermo-
syphon. |1t may seem surprising to refer to a mixed-convection situation
in a natural circulation loop, but this can be rationalized by iooking
at a packet of fluid as it travels around the loop (Welander [1967]).
After completing one revolution, this packet of fiuid appears to be
"forced" into the heated (or cooled) sections. Since the overall flow-
rates are usually relatively small (small Reynolds number), buoyancy or
free convection effects, caused by heating (or cooling) of the fluid in
the heated (or cooled) section, are significant (relatively high Grashof
number). Thus the conditions in the heated and cooled sections resemble
a mixed-convection situation. In addition, because of the relatively
small Péclet number, axial conduction in the fluid and in the pipes of
these two sections may be important in certain cases, and the situation
is then one of conjugate mixed-convection. Thus, the problem of inter-
est is one of modelling the flow inside a closed-loop thermosyphon in
which the vertical heat transfer sections experience conditions akin to

conjugate mixed-convection.
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Modelling of closed-loop thermosyphons has been studied in the past.
So-called one-dimensional models have been used to predict the velocity
and temperature distribution in a toroidal thermosyphon (Mertol [1980])
and in a closed-loop thermosyphon with vertical heat transter sections
(Huang and Zelaya [1988]). In the one-dimensional approach, velocities
and temperatures are averaged over the cross-sectional area of the pipe
and the flow is assumed to be fully developed inside the whole loop.

The validity of this approach becomes questionable for cases where buoy-
ancy effects significantly influence the velocity and temperature pro-

files inside the loop, |ike the ones considered in this study.

Accurate modelling of closed-loop thermosyphons can be accomplished
by solving numerically the three-dimensional differential equations that
govern the fluid flow and heat transfer in the entire closed-loop.
Lavine [1984] performed such calculations for a toroidal thermosyphon.
However, the computational costs involved in these compliete three-

dimensional simulations are very high.

In this study, a new approach, with accuracy, complexity, and compu-
tational costs in between that of the one-dimensional approach and the
complete three-dimensional numerical simulations, is proposed to model
closed-loop thermosyphons with vertical heat transfer sections. It
involves iterative coupling between a one-dimensional model and local
results of two-dimensional mixed-convection numerical simulations per-

formed only in the heated and cooled sections of the loop.

The proposed model enablies the determination of the average velo-

city inside the loop, and provides detailed temperature and velocity




profiles in the heat transfer passages of the loop. The two-dimensional
numerical simulations of conjugate mixed-convection flow in the heated
and cooled sections are carried out using a finite-volume based numeri-

cal method.

In order to validate the proposed coupling procedure and the numeri-
cal simulations, a complementary experimental investigation was under-
taken. An experimental facility was designed and built for this study.
One of the novel features of this apparatus is the utilization of a thin
semi-transparent gold-film as an electrical heating element in the
heated section. This provides a nearly uniform heat flux boundary con-

dition while enabling flow visualization in the heated section.

To summarize, the goals of this thesis are:

(i) Formulate, implement and test a one-dimensional model of
fluid flow and heat transfer in a closed-loop thermosyphon

similar to that shown in Fig. 1.1.

(il) Formulate, implement, and test a finite-volume based numerical
method to simulate two-dimensional conjugate mixed-
convection in the heated and cooled sections of the closed-loop

thermosyphon.

(iii) Formulate a method that couples the results of two-dimensional
mixed-convection numerical simulations, performed in the heated
and cooled sections, with a one-dimensional model in order to

predict fluid flow and heat transfer in the closed-loop

T T L ey =
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thermosyphons, accurately and affordably.

(iv) Design and construct an experimental apparatus to ascertain
the validity of the proposed method to simulate closed-loop
thermosyphons. This experimental facility was designed to provide
average velocity data, and flow visualization data and local wall

temperatures in the heated section.

1.2 SYNOPSIS OF RELATED INVESTIGATIONS

The purpose of this literature review is to present the salient fea-
tures of previous studies in the areas of closed-loop thermosyphons
and conjugate mixed-convection flows. The review also indicates the
drawbacks of certain studies and the gaps found in the literature, which

provided some of the motivation for the present work.

The review is organized in three categories, which themselves have
sub-sections. First, studies of fluid flow and heat transfer in closed-
loop thermosyphons are examined. Then, the area of conjugate mixed-
convection in pipes is reviewed. Following this, a brief review of the

papers pertaining to the thin gold-film technique is presented.

1.2.1 Closed-Loop Thermosyphons

This section is divided into three sub-sections. General papers
related to closed-loop thermosyphons are treated first. Then, the
review concentrates on two types of closed-loop thermosyphon geometries:

Toroidal thermosyphons and closed-loop thermosyphons with vertical heat




transfer passages.

1.2.1.1 General papers on ¢losed-loop thermosyphons

Literature surveys on closed-loop thermosyphons have been published
by Zvirin [1981a], Lavine [1984], and Merto! and Greif [1985]. More
recently, a thorough review of the subject was done by Greif [1988], and
included in a special issue of the ASME Journal of Heat Transfer, comme-
morating the 50tP anniversary of the heat transfer division of the ASME.
The inclusion of this "state-of-the-art" review of closed-loop thermo-
syphons in this issue of the ASME Journal of Heat Transfer certainly
reflects the past, present, and future importance of these heat transfer

devices.

In the following paragraphs and sections, when reference is made to
the stability of natural circulation loops, it should not be confused
with the subject of laminar-turbulent transition in pipes. A stable
natural circulation loop is one which can sustain a steady, unidirec-
tional flowrate. Even though the subject of closed-loop thermosyphon
stability is not specifically addressed in this study, it is important
to the understanding of closed-loop thermosyphons and to the justifica-
tion of certain assumptions in subsequent Chapters. It is, therefore,

included in this review,

Japikse [1973] presented an in-depth review of the literature on all
types of thermosyphons (open, closed and closed-loop). In his review,
however, very little is mentioned on closed-loop thermosyphons, reflect-

ing, as noted by Japikse, the lack of attention given to this area up to

u
b
;
p
:
;
3
4
L.
:

.

e v g okl o dam



1973. Furthermore, in this review, Japikse [1973] failed to report on

the pioneering work of Keller [1966] and Welander [1967] on closed-1o0p

thermosyphon stability.

Keller [1966] studied the stability of a closed-loop thermosyphon
geometry, similar to the one presented in Fig. 1.1, operating with a
point heat source at the top and a point heat sink at the bottom. He
used a one-dimensional mode! and showed that under certain conditions
the loop experiences periodic flowrate oscillations. Welander [1967]
pursued the work of Keller [1966] and showed, by doing a transient
numerical simulation, that such a loop can experience three modes of
oscillations: a stable mode where the flowrate is constant; a neutrally
stable case where the flowrate oscillates around a mean value that does
not change direction; and an unstable case where the flowrate oscillates

with time and may change direction aperiodically,

1.2.1.2 Toroidal thermosyphons

Toroidal closed-loop thermosyphons (Fig. 1.2) have been studied
extensively, as they are amenable to relatively simple analytical and
numerical treatments. The most relevant papers on toroidal thermosy-

phons will now be examined.

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. Experimentally, they showed the existence of the three

stability modes reported by Welander [1967]. They also found that the




friction factor and the Nusselt number in the cooled section were higher

than the standard fully developed forced convection values.

Damerel!l [1977] and Damerel!| and Schoenhals [1979] extended the work
of Creveling et al.[1975]). They used the same geometry, but with vari-
ous tilt angles of the heated section. Their work reveals that, for a
fixed heat flux and a constant wall temperature cooled section, maximum
flowrate is achieved when the heated section is directly below the
cooled section, @ = 0° in Fig. 1.2. As the angle a is increased, all
other parameters remaining the same, the flowrate diminishes towards
zero when a = 180°, For a > 60°, the agreement between their one-
dimensional model, which assumes that Nu = 3.66 in the cooled section
and that f = 16/Re throughout the loop, and their experimental observa-
tions is very good. For small tilt angles (a < 60°), their model pre-
dictions overestimate the experimental!y observed flowrates. This is
probably due, as they mentioned, to the presence of streamwise flow
reversal in the entrance of the cooled section, which could not be

accounted for in their one-dimensional model.

Damerel | [1977] and Damerel! and Schoenhals [1979] also produced an
experimental stability map which shows, as was noticed earlier by Crev-
eling et al. [1975], that for small tilt angles (a =~ 0°), stable flows
are confined to a certain range of heat fluxes: stable at low power lev-
els, unstable at intermediate power levels, and stable again at high
power levels. For tilt angles greater than o =~ 6°, the flow was always
stable, irrespective of the magnitude of the heat flux. Their one-
dimensiona! model also showed that, for a given set of operating condi-

tions, multiple steady-state solutions are possible. Experimentally,
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they were unable to reproduce multiple solutions except for the simple

case of a = 0°.

It was not until the work of Acosta et al. [1987] that the multi-
plicity of steady-state solutions was experimentally confirmed. Acosta
et al. [1987] used a tilted square loop where the heated and cooled sec-
tions were in the bottom and top leg, respectively. They observed that,
over a certain range of power input and tilt angles, the flow could be

either in the clockwise or counterclockwise direction.

Greif et al. [1979], Mertol [1980], and Mertol et al. [1983] carried
out transient and stability analyses of the toroidal thermosyphon shown
in Fig. 1.2 (with a = 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 tran-
sient, 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] report good agreement between the results produced by this tech-
nique and those obtained in the linearized stability analysis of Crevel-

ing et al. [1975].

Axial heat conduction in the fluid of a toroidal thermosyphon was
examined by Mertol [1980]. It is concluded that for small values of the
Péclet number, axial conduction in the fluid tends to make the tcmpera-
ture in the thermosyphon more unitorm, therefore decreasing temperature
gradients. This results in less buoyancy and smalfer velocities in the

thermosyphon, which also yields more stable systems.
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Merto!l et al. [1982) carried the one-dimensional analysis of
toroidal thermosyphons a step further by studying the two-dimensioral
aspect of the flow. Their model allowed radial and axial variations of
temperature and radial velocity variations. When the governing equa-
tions are non-dimensionalized, the Graetz number emerges as a parameter.
The friction factor (f) and the Nusselt number (Nu) do not need to be
given a priori, but are now outputs of the solution. |t was shown that
both f and Nu reach their fully developed values when the Graetz number
is small. They compared the flowrates, obtained with their two-
dimensional numerical simulations, with the experimental results of
Creveling et al. [1975]. The agreement is shown to be very good, and
better than that obtained with their previous one-dimensional model
(Mertol [1980]). Their model fails, however, to predict the streamwise
flow reversals observed experimentally by Damerell and Schoenhals

[1979].

Lavine [1984, 1986, 1987] performed three-dimensional, steady-state,
numerical simulations on the same toroidal thermosyphon for two Grashof
numbers (Gr) and three tilt angles. Her results show that the flow is
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 Stern et al.
[1988]. Secondary cross-stream motions, which are expected to be pre-
sent because of pipe curvature, were also obtained. 1t was found that
flow reversals become stronger as Gr is augmented and weaker as the tilt
angle is increased. The peripherally averaged quantities, fRe and Nu,
are generally greater than the values obtained from correlations for

fully developed flows.
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Lavine [1984] compared her three-dimensional results to the one-
dimensional analysis of Greif et al. [1979] and to the two-dimensional
study of Mertol et al. [1982]. In the worst case, the one-dimensional
and two-dimensional models overpredict the axial velocity by 47 % and
31 %, respectively. These three-dimensional numerical calculations
converged slowly and required CPU times of the order of 1 to 2 days on
an 1BM 4341 computer, even though the Grashof numbers used were rela-
tively small. For high Gr, finer grids are required due to steeper gra-
dients. For these cases, converged, grid-independent solutions could
not be obtained by Lavine [1984]. Unfortunately, this precluded any
comparison with the experimenta! data of Damerell and Schoenhals [1979]

and Stern [1988], which were performed at relatively high Gr.

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

tion studies also revealed the presence of streamwise flow reversals.

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 vein as Mer-
tol et al. [1982], re-emphasizing that Nu and fRe approach their fully

developed values when the Graetz number is small.

Sen et al. [1985a] studied toroida! thermosyphons with known heat
fluxes, The originality of their work lies in the treatment of the

time-dependent problem where they reduce the one-dimensional momentum
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and energy equations to an infinite set of ordinary differential equa-
tions using the 2x-periodicity of the temperature. |t is shown that

stable, periodic or even chaotic solutions can be obtained.

Sen et al. [1985b] looked at the steady-state velocity of an
inclined toroidal thermosyphon with constant flux heating and con-
stant-temperature cooling. They showed that the point of maximum velo-
city did not necessarily occur for a zero inclination angle (a = 0° in
Fig. 1.2), as was previously concluded by Damerell and Schoenhals

[(1979].

1.2.1.3 Closed-Loo hermosyphons with vertical heat transfer passages

This geometry consists of heated and cooled sections oriented verti-
cally and joined together by a piping system so as to form a closed-loop
(Fig. 1.3). Studies on thermosyphon solar water heaters are also

reviewed in this section.

Zvirin et al. [1978] examined the stability of natural circulation
solar water heaters by perturbing the steady-state results. It was
found that loop instabilities could occur for cases of high energy uti-

lization,

Mertol et al. [1981] used a one-dimensional analysis to study the
performance of thermosyphon solar water heaters as a function of various
parameters. One of their conclusion is that a variation in tank (which
is the cooled section in this case) elevation relative to the solar col-

lector (which is the heated section) has no significant effect on the




¢ 3

13

daily performance of the solar system, as long as the bottom of the tank
is higher than the top of the solar collector. When the bottom of the
tank is lower than the top of the collector, the daily output of the
solar system is reduced since reverse circulation occurs at night. This

work represent a classic example of the usefulness of mode!ling closed-

loop thermosyphons.

Zvirin et al. [1981a] used the concept of form losses in their one-
dimensional analysis. Their particular interest was in modelling the
emergency cooling of nuclear reactor cores. A comparison of data
obtained from their one-dimensional mode!, an experiment on a small
scale nuclear reactor, and the operation of an actual nuclear power
plant reveal that the agreement among the three sets of data was within
30 %. They speculated that the difference was probably due to exper-
imentally observed three dimensional effects which could not be handled

by their one-dimensional analysis.

Hallinan [1983] and Hallinan and Viskanta [1985] conducted a series
of experiments on the heat transfer from a vertical tube bundie in a
natural circulation loop. They report that the flow remained stable in

all cases over a relatively broad range of conditions. They also sug-

gest an empirical correlation, which could be useful in the design of
tube bundles in nuclear reactors, to relate the mean Nusselt number to
the governing non-dimensional parameters. They experimentaily observed
a transition from laminar to turbulent flow for Reynolds number (based
on nydraul ic diameter of the flow passage and on velocity) as low as

340.
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Huang [1987a] studied the behavior of a rectangular closed-ioop
thermosyphon with vertical heat transfer passages. This loop is pre-
sented in Fig. 1.3. He obtained empirical mixed-convection correlations
for vertically downward cooling flow in a natural circulation loop for
various values of hydraulic resistance. Experimentally, the hydraulic
resistance was adjusted by using a gate valve located within the loop.
He found that for a given flowrate (or Re) the dimensionless group
NueGr/Pr increases with an increase in hydraulic resistance. This can
be explained by the fact that when the hydraulic resistance is increased
it takes more power and, consequently, more cooling to have the same
fiowrate in the loop. Therefore, the dimensionless group NusGr/Pr,
which is proportional to the cooling rate will have to increase. His
findings reaffirm the conclusion of Holman and Boggs [1960] who per-

formed a similar experiment with Freon 12.

In another article related to the same geometry, Huang and Zelaya
[1988]) presented analytical and experimental results for various values
of the hydraulic resistance. Their one-dimensional model assumed con-
stant flux in the heated and cooled sections and negligible heat losses
from the rest of the loop. Analytically, form losses in the gate valve
were accounted for by using an equivalent length of pipe. The results
obtained with their one-dimensional analysis agree very well with their
experiments. This seems to indicate that one-dimensional modelling of
closed- loop thermosyphons with vertical heat transfer sections, using
the just-mentioned assumptions, can be accurate. Analytical and exper-

imental transient results are also presented. It is shown that, start-

ing from rest, the flow oscillates, much like a damped spring-mass sys-

tem, to finally reach its steady-state value.
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Huang and Zelaya [1987b] aliso carried out a stability analysis of
their loop. They discovered that the loop tends to be unstable for high

power input, low friction and high relative height between the cooled

section and the heater.

Flow in a rectangular closed-loop thermosyphon with two vertical
heat transfer passages, maintained at constant wall temperatures, was
also examined experimentally and analytically by Durig and Shadday
[1986]. Their one-dimensional mode! used averaged Nusselt numbers and
friction factors obtained from a separate two-dimensional numerical sim-
ulation of mixed-convection flow in vertical tubes performed by Shadday
[1986]. When compared with their experimental results, they show that
the use of these two-dimensional inputs into their one-dimensional
model, instead of the fully developed forced convection flow correla-
tions, considerably improves the mass flowrate prediction in the closed-
loop. However, since the numerical simulations are not implicitly
coupled to the solution to the one-dimensional model, these averaged

values have to be known beforehand for a broad range of conditions.

1.2.2 Conjugate Mixed-Convection Flow and Heat Transfer in
Vertical Pipes

The following survey of the literature is primarily concerned with
conjugate laminar mixed-convection flow and heat transfer inside heated

vertical pipes.

Since turbulent flows are not specifically addressed in this study,
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the survey is limited to laminar cases. However, the laminar to turbu-
lent transition in mixed-convection flows is reviewed as it pertains to
some of the theoretical developments discussed in Chapters 2 and 3 and
to some experimental observations obtained during the course of this

investigation.

This section is divided into three sub-sections: First, the limiting
cases of mixed-convection (forced and free convection) are briefly
examined; then, the literature on mixed-convection is surveyed; this is

followed by a review of the effects of wall axiai heat conduction.

1.2.2.1 Forced and free convection

The forced and free convection regimes can be regarded as particular
cases of the more general mixed-convection regime. The subject of pure
laminar forced convection flow in ducts, has been treated very tho-
roughly by Shah and London [1978] in their classic monograph and in a
recent article by Shah [1983]. These references contain benchmark
results for a number of cases, ranging from fully developed flow to sim-
ul taneously developing flow in pipes. Some of these results were used
to test the numerical codes developed during the course of the present
study. Also worth mentioning is the recent work of Kakag and Yener
[1983] on laminar forced convection in the entrance region of ducts,
where both hydrodynamic and thermal boundary layers develop simulta-

neously.

A few researchers have investigated pure free convection flow in

vertical heated passages. Dyer [1975) studied the development of lami-
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nar natural convection flow in a vertical duct open at both ends and
heated by a constant heat flux. Karki and Patankar [1984] solve the
natural convection problem in a vertical shrouded array. Dalbert [1981)
investigated natural convection in a vertical channel with symmetric and
asymmetric heating. All of these studies basically used the same solu-
tion technique. |t consists of specifying an inlet velocity, rather
than the pipe length, to start the numerical calculations., Then, the
momentum and energy equations are solved numerically, using a parabolic
marching-type procedure, until the exit pressure is equal to the ambient
pressure This, in turn, determines the length of the pipe for a given

inlet velocity.

1.2.2.2 Mixed-convection

The subject of mixed-convection in vertical pipes has been reviewed
by a number of authors: Metias and Eckert [1964]; Kays and Perkins
[1973); and, more recently, by Jackson et al. [1989]. It is worth not-
ing that this last reference contains an excellent review of the turbu-

lent mixed-convection regime.

Hal Iman [1958] studied mixed-convection water flow in a vertical
tube heated with a constant heat flux. Analytically, he solved the case
of fully developed flow and heat transfer. Experimental data on local
Nusselt numbers in the developing region as well as in the fully devel-
oped region are also presented. In the fully developed region, the
experimentally determined Nu are shown to agree well with his analytical
solution. He also shows that the Nu increases and the thermal entrance

length diminishes as free convection effects become more important.
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In some experimental runs, Hallman [1958] observed a transition from
a steady laminar flow to a random eddying flow. This phenomenon was
observed for Re as low as 150. The observations of such transitions
were based on wall temperature fluctuations since his heating section
was made of an opaque tube, thus precluding any flow visualization. As
mentioned by Hal Iman, the accuracy of the transition location was some-
what limited by the fact that thermocoupies were located 5 cm apart, and
by the damping of wall temperature fluctuations, caused by a high heat

capacity Inconel tube.

Hanratty et al. [1958] examined the effect of natural convection on
the velocity field for an upward flow in a vertical and transparent tube
subjected to a constant wall temperature. By injecting a dye, they were
able to detect fiow reversals and unstable turbulent fiows downstream of
these reversals. They also obtained analytically the velocity and tem-
perature profiles in the fully developed region for the uniform heat
flux boundary condition. The shape of these profiles is a function of
the Gr/Re parameter. As the Gr/Re parameter is increased, the velocity
profile at the pipe center is flattened until a value of Gr/Re = 22.

For larger values of Gr/Re the velocity profile develops a dimple at the
pipe center line and the maximum velocity no longer occurs at the tube

center.

Scheele et al. [1960] extended the work of Hanratty et al. [1958].
They undertook experimental observations for the constant heat flux
case. Their heated section was opaque which prevented any dye filament

observations in this section. Observations of transition to turbulence
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at the exit of the heated section are in good agreement with the ones of
Hallman [1958]. 1In some cases, transitional flows were noted for Re as
fow as 100. Tvhey also postulated that the velocity profile must be dis-
torted at least to a condition of flatness, Gr/Re = 22, just before a

point of inflexion is established in the velocity profile, in order for
transition to occur. However, they were unable to verify their hypothe-
sis experimentally because for Gr/Re = 22, their heating section was not
long enough for the velocity profile to reach a flatness condition at

the center of the pipe.

Scheele and Hanratty [1962] alleviated this deficiency in the ear-
lier work of Scheele et al. [1960], by using a longer heated section,
Transitional flows were detected by measuring the abnormal, but peri-
odic, temperature fluctuations recorded by a thermocouple inserted in
the center of the pipe at the outlet of the heated section. They con-
tirmed previous hypotheses by observing that the lowest Gr/Re ratio at
which transition was detected corresponds very closely to the Gr/Re
ratio calculated by Hanratty et al. [1958], for which the velocity pro-
tiles had an inflexion point. Although the flow was unstable at low
values of Re, it did not exhibit the characteristic random structure of

turbulent flows unti! the Re was close to 2300.

In a paper related to the same geometry, Scheele and Hanratty
[1963] report on experimentally determined Nusselt numbers for fully
developed flows. It is shown that for the same Reynolds number the val-
ves of the Nusselt number are significantly increased when free convec-

tion effects are superimposed on forced convection.
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Although the work of Scheele and his colleagues, described in the
previous paragraphs, is quite valuable, it pertains mainly to fully
developed mixed-convection flow of water. Scheele and Greene [ 1966]
recognized these two limiting factors in a further study. They used
shorter pipes and focussed on non-fully developed flows. The experimen-
tally observed values of Gr/Re at which unstable flows occurred were
greater than that for fully developed conditions. This is probably
because a greater value of Gr/Re is needed for the velocity profile to
develop a point of inflexion in such a short distance. Unfortunately,
solutions to the developing velocity profile were not available at that
time, so that no conclusive evidence could be obtained on the existence

of points of inflexion leading to unstable flows.

Kennemy and Somers [1962] reported the presence of "non-laminar"
(but not turbulent) mixed-convection flow in a vertically heated circu-
lar tube for Re < 3000. The existence of these non-laminar flows was
inferred by a sudden decrease in the wall temperature and by relatively
large temperature fluctuations in the fluid. For the same Reynolds num-
ber, this non-laminar condition increased the Nusselt number by as much

as 30 % above the laminar value.

Metias and Eckert [1964], using the literature review of Metias
[1963], proposed limits of applicability for the different regimes of
heat transfer in vertical pipes, ranging from laminar free convection to
turbulent forced convection, including the mixed-convection laminar
region. Lawrence and Chato [1966] investigated, numerically and exper-
imentally, the entrance effects on an upward flow of fluid in a vertical

tube subjected to a constant heat flux condition. Their heated section
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consisted of six electrically conducting tubes separated by five trans-
parent Plexiglass couplings. The existence of transitional flows was
inferred by temperature fluctuations occurring within the fluid, meas-
ured by inserting a temperature probe at the coupling section. They
concluded that the axial distance from the entrance at which transition
takes place depends on the heat flux and fluid flowrate. By comparing
their experimental ohbservations of transition to the velocity field
obtained numerically they found that transition always occurred after
the velocity profile had developed an inflexion point, thus, confirming
the assertion of Scheele and Greene [1966]. Numerically, they used the
boundary-layer type conservation equations and accounted for viscosity
and density variations. Their numerical results agree very well with
those of their experiments, except near the tube entrance where they

suspected that the boundary-layer approximations may be at fault.

Marner and McMillan [1970] solved numerically the case of developing
laminar mixed-convection in a vertical tube subjected to a constant wall
temperature. Their results show that local Nusselt numbers are higher
than the ones obtained using a Graetz-type solution. Furthermore, the
axial variation of Nu was observed to be non-monotonic with a slight
increase near the point of maximum velocity profile distortion from

the laminar fully developed Poiseuille shape.

Collins [1971] solved numerically the governing equations for a num-
ber of mixed-convection flows for both constant heat flux and con-
stant wall temperature boundary conditions. He used a step-by-step mar-
ching procedure to predict the developing velocity and temperature

fields. His results are specific to two fluids: air and water. An
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interesting comparison is made between the axial centerline velocity

variation using these two fluids at the same Grashof and Reynolds num-
bers. The mixed-convection effects are shown to be more important for
water than for air and this, according to Collins, is due to two fac-
tors. First, the thermal diffusivity of water (kf/pCp) is much lower

than the one for air and, therefore, the core portions of a water-filled

vertical pipe will not be heated as much as an air-filled one. Thus,
water heating will take place near the wall, thereby accentuating the
buoyancy effect in that region. Also, the smal! increase in air visco-

sity with temperature slightly reduces the buoyancy effects. But for
water, the viscosity decreases substantially with temperature, and in
the process aids the buoyancy effects. Collins also concluded, based on
his numerical simulations, that changes in the density of water are so
small that they can be neglected in every term of the governing equa-
tions except, of course, in the buoyancy term, thus validating the Bous-

sinesq approximation.

Zeldin and Schmidt [1972] studied developing mixed-convection flows
in constant-temperature vertical tubes. Their numerical solutions,
which used the fully elliptic version of the governing equations,
were compared with experimental results obtained with air. Agreement is
fair and could perhaps be improved by including the temperature depen-
dence of physical properties in their numerical model. 1In addition, and
as noted by Zeldin and Schmidt, axial conduction in the pipe may have
heated the fluid prior to its entrance into the test section, which may
explain part of the disagreement. They predicted, numerically, that for
a given length of the pipe, the centerline velocity would become zero at

a critical value of Gr/Re. Beyond this critical value, their iteration
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algorithm could not converge, which meant that flow reversals could not
be studied. They also mentioned that changes in the temperature and

velocity distributions are barely noticeable when Gr/Re < 1.

Collins [1980] looked at developing laminar mixed-convection in cir-
cular tubes. He used the fully elliptic equations to solve this problem
numerically, including density and viscosity variations. The agreement
between his numerical results and the experimental data of Zeldin and
Schmidt [1972] is generally betier than that between the numerical and
the experimental results of Zeldin and Schmidt [1972]. This demon-
strates the possibility of an improvement in the numerical predictions

if the temperature dependence of viscosity and density are included.

Dalbert [1982] and Penot and Dalbert [1983] presented an extension
to the work on free convection by Dalbert et al. {1981] by including
mixed-convection situations. The forced convection part of the mixed-
convection flow is handled by specifying a driving pressure drop between
the inlet and outlet of a channel. The solution technique is slightly
different than the one described by Dalbert et al. [1981] since the
driving pressure drop is not independent of the channel height.

Instead, an iterative process on the value of the intet velocity is

repeated until the exit pressure is equal to the ambient pressute.

Chow et al. [1984] did a numerical study on the effects of free con-
vection and fluid axial conduction on forced convection heat transfer
inside a vertical channe! at low Péclet (Pe) numbers. The inclusion of
fluid axial conduction required the use of an elliptic scheme to solve

this problem. They show that at low values of Pe, even the entering
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velocity profile can be distorted due to axial conduction in the fluid.
For the same reason, the bulk temperature increases before the fluid

enters the heated section.

Aung and Worku ([1986a, 1986b] numerically studied mixed-convection
in a vertical channel with asymmetric constant wall temperatures. It is
shown that for fixed asymmetric wall temperatures, the flow field expe-
riences a reversal after a certain minimum value of the Gr/Re parameter.
For a fixed value of Gr/Re, the flow reversals are observed to move
downward in the channel as the wall temperature asymmetry is increased.
These flow reversals had been observed experimentally by Sparrow et al.
[1984] in a one-sided heated vertical channel for the limiting case of

free convection.

In the numerical investigations of Chow et al. [1984] and Aung and
Worku [1986a, 1986b], the study of flow reversals is somewhat |imited by
the fact that they used a parabolic marching scheme, which enables pre-
diction of the onset of flow reversals but which prevents any examina-
tion of the flow field past this point. Another important drawback of
their studies is that their results are specific to water. Habchi and
Acharya [1986] alleviated this lack of generality by including the
Prandt! number as a parameter. They show that temperature profiles
inside the channel become more uniform when the Gr/Re? parameter
increases. The resulting Nu are mildly affected, confirming the results
of Aung and Worku [1986a]. They did not venture into flow reversal
situations as their numerical computations were done using a parabolic

marching scheme.
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Shadday [1986] solved numerically the time-dependent axisymmetric
‘ momentum and energy equations for the case of upward flow in a vertical
tube maintained at a constant wall temperature. For small Grashof num-
bers, the flow is steady, but when Gr is increased, unstable flows are
noticed. The unsteady component of the flow was confirmed experimen-
tally in a parallel study done by Durig and Shadday [1986]. Time-
averaged results are also presented and used in the closed-loop thermo-

syphon investigation of Durig and Shadday [1986].

Yao [1987] presents results of a linear-stability analysis of fully-
developed upward flow in a heated vertical pipe. His analysis involves
the perturbation of the full three-dimensional time-dependent Navier-

Stokes equations. He shows that flows can become unstable at low values

of Re and mild heating.

Morton et al. [1989] investigated numerically and experimentally
flow recirculations in laminar developing mixed-convection in
vertical circular tubes, subjected to a constant wall temperature bound-
ary condition. Generally, their elliptic numerical simulations pre-
dicted very well the flow recirculation zones observed experimentally.
For some cases, though, the flow reversal predictions were further down-
stream than what was observed experimentally. They postulated that this
difference was due to axial conduction in the pipe, which pre-heated the
fluid upstream of the heating section and which was not accounted for in

their numerical formulation.
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1.2.2.3 Conjugate heat transfer in pipes

Axial heat conduction along the walls containing a heated (or
cooled) fluid can significantly influence, in some cases, the heat
transfer to the fluid. This coupling of heat conduction in the walls
and convection in the fluid is referred to as conjugate heat transfer.
Most of the papers on this topic deal with forced convection situations,
with a minimum of attention given to the simultaneous effects of devel-
oping mixed-convection and wall conduction. In the following para-
graphs, two non-dimensional governing parameters related to pipe
axial conduction are used: A, the ratio of wall thickness to pipe
diameter; and K, which represents the ratio of the thermal conductivity

of the wall to the thermal conductivity of the fluid.

Davis and Gill [1970] studied the effects of wall conduction on heat
transfer with Poiseuille-Couette flow between parallel plates. It is
concluded that increasing K and A enhances wall conduction effects, whe-

reas an increase in Pe diminishes the importance of wall conduction.

Igbal et al. [1972) solved, using variational calculus, the problem
of conjugate heat transfer for the case of laminar fully developed mix-
ed-convection in vertical non-circular ducts. Only circumferential pipe
conduction was considered. It is shown that large values of K tend to
homogenize the circumferential wall temperature. Conversely, as K

approaches zero, the wall heat flux becomes circumferentially uniform.

Mori et al. [1974] investigated numerically the effects of wall con-

duction in pipes where the flow is hydrodynamically fully developed. It
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is concluded that for "sufficientiy" thin walls, the condition at the
outer surface can be considered to prevail at the fluid/solid intertace.
In their simulations, the calculation domain was restricted to the
heated section, thus, neglecting axial conduction in the upstream and

downstream pipes.

Faghri and Sparrow [1980] considered simul taneous wall and fluid
axial conduction in laminar pipe-flow heat transfer. The geometry con-
sisted of a directly heated pipe section preceded by an adiabatic pipe
section, The flow was assumed to be fully developed from inlet to out-
let and the analysis was restricted to thin-walled tubes. This problem
was solved numerically using the full elliptic equations. It is shown
that a substantial amount of convective heat transfer can occur in the
non-directly heated pipe. As the AsK parameter increases, the magnitude
of this phenomenon and the extent of the upstream region where it occurs
increase. This is further enhanced for small values of the Péclet num-
ber for which axial fluid conduction becomes important. At the entrance
of the heated section, Nusselt numbers are shown to be lower than the

ones obtained by the classic Graetz-type formulation.

In three separate numerical investigations, Zariffeh et al. [1982],
Fithen and Anand [1988] and Campo and Schuler [1988] studied the com-
bined effects of wall and fluid axial conduction on laminar heat trans-
fer in circular tubes. In these studies, a hydrodynamically fully
developed parabolic velocity profile is assumed throughout the calcula-
tion domain and pre-heated and post-heated sections were included. The
first study used a Galerkin-type finite element approach to soive the

energy equation for both the solid and fluid regions, while the other
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two studies used finite differences methods. Fithen and Anand [1988]
report that preheating of the fluid (upstream of the heated section) can
extend as far as 22 radii for a constant heat flux case and 7 radii for
a constant wall temperature case. Zariffeh et al. [1982] calculated the
ratio of convective heat gain in the heated section to the overall heat
added. It is shown that this ratio can be substantially lower than unity
for small values of the Péclet number and/or large values of K. Campo
and Schuler [1988] showed, much Iike Davis and Gill [1970] did for par-
allel plates, that pipe wall conduction effects are important when K and

A are high and Pe is small.

In the first of a series of papers related to conjugate heat trans-
fer, Barozzi and Pagliarini [1984] experimentally investigated coupled
conduction and laminar forced convection in a circular tube, with water.
Heat was supplied to the fluid using a wire inserted into an helical
groove machined on the outer wall of a copper pipe. The pre-heated sec-
tion was made of Plexiglass and allowed for the development of the velo-
city profile. The general agreement between the results generated by
this apparatus and numerical simulations performed by these authors is
fair. At the entrance, the agreement is reported to be very good
despite not allowing for wall conduction in the upstream section, in
their numerical simulations. Even though general trends are well pre-
dicted, the discrepancy between numerical and experimental results
increases with downstream distance. According to them, this is believed
to be due to the growing effects of density and viscosity variations on

heat transfer.
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Barozzi and Pagliarini [1985] did a numerical study on the conjugate
heat transfer with hydrodynamically fully developed laminar pipe flow.
The heated section was subjected to a constant heat flux condition on
the outside surface of a wall with finite thickness. They show that the
inner surface heat flux is more uniform when A and K are small and when
the Péclet number is high. Axial pipe conduction effects are more pro-
nounced at the inlet of the heated section than at the outlet. Thus,
pipe axial conduction may be less important, on average, for long tubes.
It is also shown that axial pipe conduction may alter the usual linear
bulk temperature variation (obtained for a truly uniform heat flux con-
dition) as the heat flux is not distributed equally within the heated
section. Recently, Pagliarini [1988] added fluid axial conduction to
the just-mentioned analysis. As expected, it is concluded that fluid

axial conduction is important for low values of K and small Peclet num-

ber.

1.2.3 Previous Studies Related to the Gotd-Film Technique

A number of researchers recognized the electrically-heated thin
gold-film technique as an attractive source of uniform heat flux for
heat transfer experiments. Baughn et al. [1985] evaluated local heat
transfer coefficients, using the same type of gold-film as the one used
in this study, for three test problems: heat transfer downstream of an
abrupt expansion; heat transfer from a cylinder in crossfiow; and non-
uniform circumferential heating in a pipe. For the problems stucdied,
the conclusions reached are that: (i) wall conduction effects are essen-
tially negligible; (ii) the nonuniformity of the gold coating introduces

an error of the order of * 2-4 percent; and (iii) the change in resisti-
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vity of the gold-film, due to temperature effects, introduces an error

of the order of * 1 percent.

Hippensteele et al. [1983, 1985] used the gold-film technique and
liquid crystals composite to obtain qualitative and quantitative results
of local heat-transfer coefficients on a turbine blade airfoil. As
reported in these studies, if conduction and radiation losses are prop-
erly accounted for, the thin gold-film technique provides a relatively
simple and accurate way for determining local heat-transfer coeffi-
cients. The largest source of error (6-8 percent) is due to the nonuni-

formity of the gold-film resistivity.

The works of Baughn et al. [1985] and Hippensteele et al. [ 1983,
1985] pertain to forced convection situations in which heat transfer due
to thermal radiation and heat conduction processes is small in compari-
son with that due to the convective mechanism. In a study undertaken at
McGill's Heat Transfer Laboratory, Neill [1989] examined the gold-film
technique in the context of natural convection where radiation and con-
duction must imperatively be accounted for to obtain accurate loca! heat
transfer coefficients. Two test problems were selected: two-
dimensional, steady-state, laminar natural convection along a vertical
flat plate and in a horizontal concentric annuius. When compared with
analytical solutions (in the case of the vertical fiat plate) and numer-
ical results (for the annulus), the experimentally determined local heat
transfer coetficient agreed within approximately * 10 % when radiation

and conduction was accounted for appropriately.
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1.2.4 Summary of the Literature Review

1.2.4.1 Closed-loop thermosyphons

Analytical, numerical and experimental studies on closed-loop ther-
mosyphons have been reported. A number of geometries were studied with
different positioning of the heated and cooled sections. In general,
for a given geometry and power input, heating from below and cooling
from above leads to the maximum flowrate. It aliso increases the proba-
bility of obtaining unstable flows, where the flowrate varies aperiodi-
cally with time. When the heated and cooled sections are vertical, the

flowrate is reduced but the flow is much more stable.

The sophistication level of closed-loop thermosyphon models cov-
ers a large scale. At one end of the spectrum, there are simple tradi-
tiona! one-dimensional models which assume fully developed flow over the
whole loop and Nu = 3.66 in the cooled section. While at the other end,
the non fully-developed nature of the flow is accounted for in accurate
but costly fully three-dimensional numerical models. 1t has also been
shown that one-dimensional models could be improved with more accurate

input values of Nu and f.

Experiments have been performed on a number of geometries to ascer-
tain the validity of the aforementioned models. Generally, when exper-
imental conditions approach fully developed flow conditions, the results
of one-dimensional models agree well with those of the experiments. But
when experimental conditions are such that natural convection effects

are strong, the velocity and temperature profiles are distorted from




32

their fully developed forced convection shapes, and one-dimensional mod-
els become inaccurate. Another drawback of past investigations of clo-

sed-loop thermosyphons is that, to the knowledge of this author, none of
the reported studies analyzed the effects of heat losses (or gains) from

sections other than the cooled (or heated) portions.

1.2.4.2 Mixed-convection flow_in vertical pipes

The first studies on mixed-convection in vertical pipes did not
benefit from the current digital computers. Therefore, a number of sim-
plifying assumptions had to be made which limited the analyses to the
study of fully developed mixed-convection flows. However, recent
studies have solved numerically the simul taneously developing mixed-
convection probiem. Marching-type parabolic solution procedures have
been used quite successfully, but are limited to conditions where flow
reversals are absent. Flow reversals are handled by solving the full
elliptic equations. There seems to be a general agreement, supported by
numer ical and experimental studies, that heat transfer is enhanced in

buoyancy-aided flows.

Flow reversals have been studied quite extensively (numerically and
experimentally) for the constant wall temperature case. For the con-
stant heat flux case, however, numerical studies have been limited to
the prediction of the start of the flow reversal region, neglecting the

study of flow reversals downstream of this region.

Experimentally, mixed-convection flows have been studied for both

the constant wall temperature case and the constant heat flux case.
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Flow visualization has been undertaken for the constant wall tem-
perature case, but it is impossible when an optically opaque electri-
cally heated pipe provides the constant heat flux boundary condition.
For this reason, flow reversals have not yet been observed experimen-
tally for the constant heat flux case. Furthermore, observations of
flow instabilities (see paragraph below), which can be obtained by 1ook-
ing at the behavior of a dye filament injected in the flow, have been
undertaken only at the exit of the heated section where the pipe was

made of a transparent material.

As far as stability is concerned, there seems to be a general con-
sensus, supported by analytical and experimental work, that upward mix-
ed-convection flow can become unstable at Re much lower than the corre-
sponding values encountered in isothermal pipe flows. But the flow does
not become truly turbulent until the Re has reached a value close to
2300. The instability is attributed to the presence of a point of

inflexion in the flow.

Since mixed-convection flows are more |likely to occur at small Re,
the associated Pe will also be small (for small Prandt! number fluids),
which means that fluid axial conduction may be important. Then, it
would seem appropriate, to append to the calculation domain of the
numerical analyses, sections located downstream and upstream of the
heated section. This is often done for forced convection flows, but has

not yet been carried out for mixed-convection flows,
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1.2.4.3 Conjugate heat transfer in vertical pipes

The studies reviewed in section 1.2.2.3 all revolved around the same
theme: the study of laminar hydrodynamically fully developed and ther-
mally developing flow in the presence of wall axial conduction. Numeri-
cally, the problem is reduced to the analysis of the energy equation.
Generally, for this class of problem, the boundary condition at the
inner surface will be different from the imposed boundary condition at
the external surface, except in the case of thin pipes where axial! con-
duction has been shown to be negligibte. Typically, the inner surface
heat flux is more uniform when A and K are small and when the Pe is
high. It is also revealed that axial pipe conduction may influence the
fluid temperature distribution downstream and upstream of the heated

section itself,

1.2.4.4 The thin qgold-film technique

The thin-gold film technique has been used quite successfully to
measure local wall temperatures and determine local heat transfer coef-
ficients for flows ranging from turbulent forced convection to laminar
natural convection. |In addition, because of its transparency, the

gold-film is extremely usefu! in flow visualization studies.

1.3 SURVEY OF THE THESIS

This thesis has eight Chapters and is organized as follows.

Chapter 1 reviews the current knowledge on closed-lcop thermosyph-

ons and on mixed-convection in vertical pipes with (or without) axial
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conduction in the pipe wall. As well, the goals of the present study
have been presented. Chapter 2 is devoted to a presentation and discus-
sion of mathematical models of closed-loop thermosyphons. In addition,
an overview of a procedure for the coupling of traditional one-
dimensional models with inputs from two-dimensional numerical simula-
tions is presented. This is then followed, in Chapter 3, by a review of
the numerical procedures used to simulate conjugate mixed-convection in
the heated and cooled sections of the closed-1oop thermosyphon. A com-
plete description of the proposed solution methodology, based on a cou-
pling of one-dimensional and two-dimensional models, is given in Chap-
ter 4. Description of the experimental apparatus and procedures is done
in Chapter 5. In Chapter 6, the numerical results of conjugate conduc-
tion and laminar mixed-convection in vertical pipes are presented along
with results of flow visualization experiments. The results pertaining
to the proposed model are presented in Chapter 7. Finally, in Chap-

ter 8, the major contributions of the present investigation are summa-

rized and recommendations for future work are made.
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CHAPTER II

THEORETICAL CONSIDERATIONS

2.1 INTRODUCTION

The presentation and discussion of mathematical models of closed-
loop thermosyphons with vertical heat transfer sections is the subject

matter of this Chapter.

Although the analysis is kept general enough to include any type of
closed-loop thermosyphon with vertical heat transfer sections, attention
is focusse:d on the geometry shown in Fig. 2.1, as it is the geometry
used in the experimental portion of this thesis. The geometry consists
of two vertical straight pipes joined together by two circular 180°
bends each of mean radius R. All pipes are of circular cross-section
with an internal radius, r;. The circulating fluid is heated by a con-
stant and uniform heat flux, q, in the heated section of the loop, and
it is conled in a cooling section maintained at constant wall tempera-
ture, f;. Elsewhere, around the loop, the pipes are insulated from the
ambient fluid so as to limit heat gains (or losses). Both the heated
and cooled sections are preceded by a sufficient length of straight pipe
so that the flow can be assumed to be hydrodynamically fully developed

when it enters each of these sections.

The theoretical considerations of closed-loop thermosyphons similar
to that shown in Fig. 2.1 are presented here in several successive

steps. First, a general one-dimensional mathematical model is derived,
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solved and discussed. This model will be referred to as the traditional

model. Following this, a novel model involving a coupling of one-

dimensional and two-dimensional governing equations will be presented
and discussed. This novel approach will be denoted as the proposed
model. An overview of the methodology used to solve the proposed

model will also be presented in this Chapter. Details of this solution

method will be given in Chapter 4.

In the traditional one-dimensional model, described in section 2.2,
the general governing equations are solved by assuming: (i) steady fully
developed laminar flow throughout the loop; (ii) steady fully developed
forced convection heat transfer in the heated and cooled sections; (iii)
negligible heat losses (or gains) in sections other than the cooled (or
heated) sections. Under these assumptions, the Fanning friction factor
is equal to 16/Re throughout the ioop; the variation of the fluid tem-
perature in the axial direction is linear in the heated section; and the

Nusselt number in the cooled section is constant, Nu = hD/k = 3.66.

This traditional approach has been presented in the past by a number
of researchers (for example, by Mertol [1980] and more recently by Huang
and Zelaya [1988]). It is re-examined here for three reasons: (1) it
provides a basic understanding of the problem, some aspects of which
have been overlooked in the literature, without the added complexities
of heat loss considerations and mixed-convection effects; (2) the
resulting velocity is a natural choice for the reference velocity in the
non-dimensionalization of the governing equations in the proposed model ;

and (3) it is one of the primary components of the proposed method.
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It should also be noted that the traditional model was developed and
used in the early stages of this study. This facilitated the design of
the experimental apparatus, for the desired range of operating condi-
tions, without the more advanced proposed model, which was developed

later.

As mentioned in the introductory Chapter, one-dimensional models are
inaccurate under certain circumstances. For example, in the closed-loop
thermosyphon shown in Fig. 2.1, the velocities are relatively small
(small Re) and buoyancy effects are significant in the heated and cooled
sections (high Grq). This implies that the heated and cooled sections
experience a condition of mixed-convection, including the possibility of
local flow reversals. Thus, the velocity and temperature profiles
inside these sections could be significantly different from the assumed
fully developed profiles. Consequently, the friction factor in these
sections can not be assumed equal to the one associated with fully
developed Poiseuille flow., In addition, the assumption of a constant
Nusselt number in the cooled section becomes questionable. As well, in
the heated section, the axial fluid temperature distribution may deviate
from the assumed fully developed linear distribution. Yet another
source of inaccuracy in such traditional one-dimensional models is the
neglect of the influence of heat gains (or losses), from the insulated
sections, on the fluid flow and heat transfer inside closed-loop thermo-
syphons. The proposed model was developed in an effort to alleviate
some of these deficiencies associated with traditional one-dimensional

models.

The proposed model, described in section 2.3 , involves an original
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iterative coupling procedure between the local results of two-

dimensional numerical simulations performed in the heated and cooled
sections and a traditional one-dimensional analysis. With this coupling
procedure, the two-dimensional numerical simulations form an integral
part of the overall solution procedure and their results do not need to
be known a priori. In order to keep the computational effort at an
acceptable level, the numerical simulations are performed only in the
important sections of the loop, primarily in the heated and cooled sec-
tions. Elsewhere, around the loop, the traditional mode! is used with a

proper account of heat losses (or gains).

2.2 TRADITIONAL ONE-DIMENSIONAL MODEL

2,2.1 Assumptions

The assumptions used in the development of the traditional one-
dimensional model of the closed-loop thermosyphon depicted in Fig. 2.1

are the following:

1) The velocity is fully developed throughout the entire closed-loop;
2) The temperature is assumed to be uniform in any given cross-
section inside the loop and is dependent only on the axial direction;
3) The fluid is Newtonian, incompressible, and in single-phase;
4) The flow is steady;
5) The flow is laminar;
6) The fluid properties are assumed constant, and evaluated at a
mean loop temperature, T,, except in the evaluation of the buoyancy
term, where the mean density is assumed to vary linearly with

temperature: This corresponds to the well-known Boussinesq
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approximation;

7) Curvature effects and form losses are neglected;

8) Heat conduction in the pipe and axial conduction in
the fluid are neglected;

9) Viscous dissipation and pressure work are neglected.

Some of these assumptions require further comments. The first two
assumptions are invoked in the majority of traditional one-dimensional
analyses found in the literature (Mertol [1980], Damerel! and Schoenhals
[1979]). The first one implies that changes in the velocity profiles
due to fluid heating and cooling are neglected, while the second indi-
cates that radial and circumferential temperature variations are

neglected.

Next, consider the steady-state assumption. As mentioned in
Chapter 1, the flow inside some closed-lioop thermosyphon geometries,
such as in a toroida! thermosyphon with heating from below and cooling
from above, can experience unstable, oscillatory motions. Huang and
Zelaya [1987b] per formed a stability analysis for a closed-loop thermo-
syphon geometry similar to the one used in this study. Based on
their analysis, the flow becomes unstable for parameter ranges which

are well outside those investigated in the present study.

The laminar flow assumption is certainly valid in the insulated por-
tions of the loop, considering that the buoyancy effects are negligible
in this region and that the maximum Re encountered in this study was
~ 200. In the heated and cooled sections, however, buoyancy effects

could make the flow "non-laminar" (Hallman [1958], Scheele et al.
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[1960]) even for Re well below 2000. As reported in the literature
review, the general consensus on this issue seems to indicate that a
transition to a "non-laminar" flow can be expected downstream of a point
of inflexion in the velocity profile. Hallman [1958], based on exper-
imental observations, has proposed a correlation for predicting such
"non-laminar" occurrences for the case of an upward flow in a vertically
heated pipe. All the results presented in this thesis were verified
against the correlation of Hallman [1958] to ensure that conditions were
laminar. So, for this work, the assumption of laminar flow in the

heated and cooled section is believed to be valid.

The assumption of constant fluid properties, in the context of the
Boussinesq approximation, is valid provided that the fluid properties
are evaluated at an appropriate mean temperature and that the difference
between the minimum and maximum temperatures in the loop is small. In
this work, water was used as the heat transfer fluid and the maximum

temperature difference was of the order of 10 K.

Unless otherwise stated, the thermophysical properties of water were
evaluated, at the appropriate temperature, using the relationships pre-
sented in Appendix A. Based on these relationships, it can be shown
that variations in the value of the specific heat and density are negli-
gible (well below 1%) over a 10 K range at temperatures near 300 K and,
therefore, the assumptions of constant specific heat and density are
valid. Of course, the density variation responsible for the buoyancy
term has to be retained, because it drives the flow in the thermosyphon.
As for variations of thermal conductivity and dynamic viscosity for

water, they are significant (> 1%) in the range of temperatures just
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mentioned. But, as will be shown later in Chapter 7, the use of con-
stant thermal conductivity and dynamic viscosity in the proposed model
does not significantly affect the results when these properties are
evaluated at the mean loop temperature, T, , which is defined as the
arithmetic mean of the iniet and outlet temperatures in the heated sec-
tion. For purposes of comparison between results of different models, it
is often desirable to use a common reference temperature to evaluate fluid

properties. In these cases, T“ is chosen as the reference temperature.

Form losses in the piping, such as the ones associated with the 180°
bends, are neglected at this stage of the analysis. They will be incor-
porated tater on, into the specific proposed model of the experimental

apparatus, in terms of an equivalent length of pipe.

In the context of a toroidal thermosyphon operating in steady-state,
Mertol [1980] has shown that fluid axial conduction is essentially
insignificant for fluids such as water. Axial heat conduction in the
pipe, as will be shown later, is also negligible for the range of flows

investigated in the present study.

Bau and Torrance [1983] have shown that for free convection loops,
viscous dissipation and pressure work are important only in exceptional
cases where body force fields are relatively strong and where length
scales of geophysical dimensions are encountered. Considering the phys-
ical dimensions of the loop studied here and the gravitational field,

the assumption of negligible viscous dissipation and pressure work is

justified.
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2.2.2 Derivation of the General One-Dimensional Momentum Equation

In the derivation of the general one-dimensional momentum equation,
use is made of the elemental control volume depicted in Fig. 2.2. The
location of the contro! volume with respect to the horizontal is given
by the angle #. The flow is assumed to be in the direction of increas-
ing 8, thus, in the clockwise direction. Application of the principle
of conservation of momentum, under the preceding assumptions, yields the

following balance between the pressure force, the shear force on the

pipe wall, and the gravitational force in the elemental control volume:
dP
-(P + 55 Os)(nrf) - 2mrr A - pgcosd (xr2)as + P(xr2) = 0 (2.1)

where P is the pressure, r,

is the internal radius of the pipe, r,
is the wall shear stress, p is the fluid density, and g is the gravita-
tional acceleration. It is worth mentioning that the inertia term
(d(puu)/ds) is excluded from this equation due to assumptions 1) and 6).

Two terms in Eq. 2.1 cancel out and it can be reduced to:

2r
dP w " _
ds + . + pycoshd =0 (2.2)

In order to get an overall! balance, this equation is integrated
around the closed-ioop, along path s (Fig. 2.1). This integration leads

to:
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27
-F--v!-ds = - gépcoso ds (2.3)
i
where the integral sign, é , indicates an integration around the

loop. The pressure term disappears, as P is a continuous function of

s. Similarly, had the inertia term been included in the analysis, it

would have vanished upon integration around the loop. Following the

Boussinesq approximation, the density, p, can be expressed as:

p = a1 - BT - T (2.4)

where p is the reference density (evaluated at T_ ), T is the
fluid temperature in the cross-section of interest, and 8 is the

volumetric coefficient of thermal expansion of the fluid, evaluated

at Tm.

The Fanning friction factor is defined as follows:

TW
(2.5)
p, V2| 2

§f =

where V is the average velocity inside the loop. Using Egs. 2.4

and 2.5 in Eq. 2.3, the following result is obtained:

v2 (J{)f(s) ds = rigﬂ%ﬁ(s) cosd ds (2.6)

Equation 2.6 is the general one-dimensionai momentum equation for

the type of closed-loop thermosyphons considered in this work. The task

now is to evaluate or estimate the values of f(s) and T(s) at all loca-
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tions around the loop in order to solve Eq. 2.6.

Equation 2.6 can also be written in a slightly different form:

2pmr?gﬁ (#T(s) cosf ds

V= (2.7)
MSF f(s)Re ds

The right hand side of Eq. 2.7 can be considered to represent the

ratio of "total buoyancy" over "total friction" (Lavine [1984]). This

is a useful concept which will be used in Chapter 7.

2.2.3 Determination of the Friction Factor, f(s)

In the traditional approach, the flow is assumed to be fully devel-

oped throughout the loop so that f(s) 16/Re = constant. With this

assumption, Eq. 2.6 reduces to:

pmf?gﬂ
vV = Bl T(s) cosf ds (2.8)

where L is the total length of the loop and p is the dynamic

viscosity of the fluid.
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2.2.4 Determination of the Temperature Distribution, T(s)

In Eq. 2.8, the temperature distribution around the loop, T(s), is

determined by deriving and solving the one-dimensional energy equation.

2.2.4.1 Derivation of the energy equation

With the aid of the elemental control volume of Fig. 2.3, a one-

dimensional energy balance gives:

pmVA-g—;—= 2nr. q (2.9)
where i is the enthalpy, A is the cross-sectional area of the pipe,
and q is the rate of heat input per unit area. In the context of the

assumptions given in section 2,2.1, Eq. 2.9 may be written as:

dT
PnVACH ds 27r;q (2.10)

where Cp is the specific heat. Equation 2.10 represents the general
one-dimensional energy equation for the closed-loop thermosyphons con-
sidered in this thesis. The value of q will change within the loop

depending on the imposed thermal boundary conditions.

2.2.4.2 Thermal boundary conditions

In the traditional approach, two sets of thermal boundary condi-

tions, which are identified as Case (1) and Case (2), will be examined:




X ]

For Case (1), the thermal boundary conditions are:

- Constant heat flux in the heated section;
- Constant cooling flux in the cooled section;

- Adiabatic condition elsewhere.

Even though the constant cooling flux boundary condition is not
physically achievable, it is used here as it simplifies the solution and
gives good results except in certain cases, which will be addressed

shortly.

For Case (2), the thermal boundary conditions are:

Constant heat flux in the heated section;

Constant wall temperature cooling section with a thermally fully

developed condition (Nu = 3.66);

Adiabatic conditions elsewhere,

2.2.4.3 Solution of the enerqgy equation

For Case (1) and with respect to the nomenclature presented in

Fig. 2.1, the energy equation and the corresponding axial temperature

variations are:

In the heated section (s; < s ¢ s,):

(s-s3) PH

dT _ _
pmVACp ‘d—s- = Pw/L3 and T =T pmVACp -—C;

+

3 (2.11 a,b)
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In the cooled section (s; < s < sg):
(s-sa) P"
puVAC, ST = - P/L, and T =T, - S, L, (2.12 a,b)
In the adiabatic sections:
[ (s, <s < s5)
pmVACp %% = T=const.=T, and T5=T6=T7=T8=T4
(2.13 a,b,c)
(s < 8 < s3)
T=const.= Ty and T10=T”=T1=T2=T3=T9

where P is the power input, T, and Ty are the temperatures
at s, and sy, respectively, and Ly and Ly are the lengths of the
heated and cooled sections, respectively. Temperatures T, ... T,,,
evaluated at their corresponding axial locations, s, ... sq,, will

now be referred to as nodal temperatures.

For Case (2), the equations in the heated and adiabatic sections are
unmodified. In the cooled section, the energy equation and the corre-

sponding .umperature distribution are:
In the cooled section (s; ¢ s < sg):

df = = -X(s- -
paVACy oL = -harr, (T-T,) and T = (T,-T,)e57%) + T (2.14 a,b)

h21rri wkau

where X = W = m , Nu = 3.66,
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h is the heat transfer coefficient in the cooled section, ke

is the thermal conductivity of the fluid, and f; is the constant wall

temperature in the cooled section.
2.2.5 Solution of the Traditional Model

Equation 2.8 can now be solved using the temperature distributions
determined in the previous section. Details of the solution can be
found in Appendix B. The end result, in it's most general form, which

includes Cases (1) and (2), is:

172
P, B9

vV = E;;a;r (&2 + ¢) (2.15)
where,
e =0 for Case (1),

-XL

B 8 1 e 8

€ =5 - 5t T Lg for Case (2),
1-e7°8

and AZ is the height difference between the middle of the heated section
and the middie of the cooled section, as shown in Fig. 2.1. Fluid prop-

erties are evaluated at T,.

Once the average velocity has been determined, Eqs. 2.11b and 2.14b
are used to calculate the temperature distribution in the loop for
Case 2. For Case (1), however, the temperatures inside the loop are not

related to any boundary temperatures as in Case (2) and, therefore,
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only the temperature rise (or drop) in the heated (or cooled) section

can be predicted by Eqs. 2.11 and 2.12.

2.2.6 Discussion

Case 1 (e=0)

Equation 2.15 reveals that the average velocity is proportional to
the 1/2 power of P, AZ, B, and g but inversely proportional to the 1/2
power of L, Cp and u. It also indicates that V is independent of r;.
This is an unexpected result and to the knowledge of this author, it is

the first time that this independency has been explicitly identified.

Case 2 (e#0)

In Case (2), the first thing to note is that €q. 2.15 becomes trans-
cendental as V is present in both sides of the equation (on the right
hand side, X is dependent on V). The influence of ¢ on the resulting

velocity will now be examined.

The value of ¢ is dependent on X and Lg. 1t can be shown that
¢ is always positive and decreases for decreasing values of X (or,
alternatively, increasing values of V), independently of the value
of Lg . Theretore, when AZ is increased (everything else remaining
the same) the average velocity, V, increases but ¢ decreases. Con-
versely, when AZ is decreased, ¢ increases. The difference in magnitude
between ¢ and AZ, which is problem dependent, will determine whether or
not ¢ is negligible. One thing is apparent though, ¢ will have more

chances of being negligible for large values of AZ than for small ones,

P T P R TR T
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and when this is true Cases (1) and (2) will give essentially identical
solutions. The same line of reasoning can be extended to an increase in
P, which also increases V and decreases the importance of ¢ versus AZ.
This is an interesting result as it implies that, for large values of AZ
and P, values of Nu and f; are not needed to obtain V. For small val-
ves of AZ and P,, ¢ becomes important and the solutions given by Cases
(1) and (2) will differ. The importance of ¢ versus AZ will be

quantified in Chapter 7 for a specific geometry.

Another factor has to be taken into consideration when AZ is small
and/or when P, is high. When AZ is small, the average velocity inside
the loop is small, which also implies that Re is small. When P_ is
farge, the Grashof number (Grq) becomes large. In turn, the combined
effect of these two factors increases the likelihood of having a mixed-
convection situation in both the heated and cooled sections as the ratio
Grq/Re2 becomes non-negligible. As noted earlier, this situation will
significantly alter the velocity and temperature profiles from their
laminar forced convection fully-developed shapes. Therefore, the
assumption of fully developed flow which lead, for Case (2), to the
assumption of a constant Nu in the cooled section and of a constant f
throughout the loop, may not be valid when AZ is small or when P, is

high.
Related Studie
It is appropriate at this stage to review the works of other

researchers in relation to the foregoing analysis. The experimental

work of Huang and Zelaya [1988] will be examined first. Their geometry,
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which has been presented in Fig. 1.3, consists of a closed-loop thermo-
syphon with vertical heat transfer passages, similar to the one consi-
dered in this study. By assuming a constant cooling flux (Case 1) and

neglecting heat losses, their one-dimensiona! analysis leads to the fol-

lowing:
Re? = MY (2.16)
8
where,
Az Ly
Y = TR (dimensionless geometric parameter)
eq T
P, p2Ba(ar;)
W= (dimensionless parameter related

2nr Ly wCp to the power input)

L, is the length of the heated section, and Leq is an equivalent
length of pipe which accounts for the sum of the total frictional losses
and of the form losses associated with four abrupt 90° bends and a
valve. Equation 2.16 represents the dimensionless form of Eq. 2.15. It
is worth noting, parenthetically, that Eq. 2.16 does not show directly

the independency of V with respect to r; as Eq. 2.15 did.

The experimental results of Huang and Zelaya [1988) agree very well
with the predictions given by Eq. 2.16. However, it should be mentioned
that, in their case, form losses are greater than frictional losses (8
times as much in one particular case). Thus, any deviation of f(s) and
T(s) from their fully developed value, caused by mixed-convection

effects, may have been blurred by overwhelming form losses.

I T T TP s
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In an attempt to improve the accuracy of traditional one-dimensional
models, researchers (for example Durig and Shadday [1986]) have used
two-dimensional numerical simulations of mixed-convection flow to obtain
estimates of average friction factors and average heat transter coeffi-
cients in the heated and cooled sections of closed-loop thermosyphons.
These average values, when substituted into the traditional one-
dimensional mode!, yielded improved velocity predictions. These aver-
aged values, however, do not account for the local nature of the flow
along the length of both the heated and cooled sections. Furthermore,
since the numerical simulations are decoupled from the solution to the
traditional one-dimensional model, these average values have to be known
beforehand, which is a problem in itself since the velocity is unknown,
Thus, numerous simulations have to be performed to get a general corre-

lation for the values of t(s) and T(s) for a broad range of conditions.

Another way to improve the velocity predictions is to get the
"exact" solution to the problem by solving numerically the three-
dimensional governing equations. Lavine [1984] has explored this avenue
by solving the three-dimensional flow in a toroidal thermosyphon. Her
results, albeit for a geometry different from the one studied here,
indicates that the computationa! cost (storage and CPU time) involved in

such a calculation is considerable.

The proposed model, which is presented in the next section, involves
an iterative coupling procedure between the local results of two-
dimensional numerical simulations performed in the heated and cooled
sections and a traditional one-dimensional model. Of particular inter-

est to this study are the cases where the flow is by mixed-convection
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in the heated and cooled sections of a closed-1oop thermosyphon.

2.3 THE PROPOSED MODEL

2.3.1 Background

in this section, the governing equations of the proposed model are
presented and a brief overview of the coupling procedure is described.
Since the coupling procedure involves the input of numerical simulations
results, the complete solution procedure is deferred to Chapter 4, fol-

lowing the formulation of the numerical methods, presented in Chapter 3.

The general one-dimensional momentum equation, Eq. 2.6, has been

derived in section 2.2, and is repeated here for convenience.

vz(jgf(s) ds = r, g8 #T(s) cosf ds (2.6)

In the proposed model, values of f(s) and T(s) around the loop,
except in the heated and cooled sections, are determined as follows.
The flow is assumed to be fully developed, therefore f(s) = 16/Re. As
for the axial temperature variation, T(s), it can no longer be assumed
axially invariant with "s", as was the case in the traditional model,
due to the presence of heat losses (gains). Instead, T(s) is calculated
using the one-dimensional energy equation. Values of f(s) and T(s) in
the heated and cooled sections of the closed-loop are determined by sol-
ving numerically the two-dimensional governing equations of mixed-

convection flow.
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The calculation domain as well as boundary conditions, for the
heated and cooled sections, are presented in Figs. 2.4 a,b. As shown on
both figures, the calculation domains are not restricted only to the
heated or cooled sections, but include sections downstream of the heated
and cooled sections. These sections will be referred to as post-heated
and post-cooled sections, while the term extended sections will be used
to denote the combined heated and post-heated sections or the cooled and
post-cooled sections. These "post" sections are included in the calcu-
lation domain because both the velocity and the temperature profiles
remain distorted, from their fully developed values, for some distance
after the heated or cooled sections. Thus, numerical simulations in
these "post" sections ensure that accurate values of f(s) and T(s) are
inputted into Eq. 2.6 not only for the heated (or cooled) section but
also for these "post" sections. With these considerations and with ref-
erence to Figs. 2.4 a,b , the governing one-dimensional momentum equa-

tion (Eq. 2.6) takes the following form:

S3 Ss Sg S10
v2 %%dej foo(s) ds + ;—2st+ch5(5) ds| =

S10 S3 Ss Sg
(2.17)

53 Ss Sg S10
r,a8 J T(s)cosf ds + [ T, (s)cosé ds + J T(s)cosf ds + [ T.s (s)cosf ds

Sy0 S3 Ss Sg
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where f, (s), f . (s), Ty (s), and T . (s) refer to friction factors
and temperatures obtained from two-dimensional numerical simulations in
the heated and cooled sections. Mathematically, they can be expressed

by:

, 8u
fog () of . (s) = —2L L7 (2.18)
PV 12
JT(r,s) dA
T, (s) or T, (s) = "——-A—-— (2.19)

where A denotes the cross-sectional area. In the extended heated and
cooled sections, fluid flow and heat transfer is governed by the Navier-
Stokes equations, the continuity equation, and the energy equation, all
in cylindrical coordinates. In this work, both the parabolic and ellip-
tic forms of the governing equations have been employed, depending on

the problem of interest. These equations will now be presented.

2.3.2 Two-Dimensional Governing Equations and Boundary Conditions in
the Heated and Cooled Sections

2.3.2.1 Elliptic forms of the governing equations

Assumptions

1) Fluid flow and heat transfer is assumed to be two-dimensional and
axisymmetric;

2) The flow is assumed to be incompressible, laminar and in steady-
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3)

4)

5)

6)
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state;

Viscous dissipation and pressure work terms are neglected;

The specific heat and the density of the fluid are assumed con-

stant and are evaluated at the mean loop temperature, T_.. In the
evaluation of the buoyancy term, the Boussinesq approximation is used
and mean density is assumed to vary linearly with temperature;

At the entrance to the heated and cooled sections, the flow is fully
developed (Poiseuille parabola) and the temperature is uniform;
Conjugate heat conduction in the pipe is neglected. Modifications
needed to include conjugate heat conduction are presented later

in this thesis.

After invoking these assumptions, the elliptic set of the governing

equations is:

Continuity equation

1a(rv) . du _
v or 8z 0 (2.20)

r-momentum equation

v, évl _ _ép 148 | 8v| uv 8 |9dv
Pm [Var ¥ l"c’:?zj] et ar[”‘ar} 2 * 5z |Faz (2.21)
z-momentum equation

ou, u| _ oo, 10| aul, 0| ou
Pn [V-a-r"' ug;] =+ fpmg - fﬂpmg(T°Tm) - EF + r ar r#al’ + 3z ﬂ'az (2.22)
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where; é=1 for the cooling in downflow case,
£=-1 for the heating in upflow case
Enerqgy equation
aT Ty _ 19 ar a aT
PCp [vé_r' + ub-z-:l =7 5r—|:rkf5?:| + E-r-l:kfa} (2.23)

where u and v are the axial and radial velocities, respectively.
Equations 2.21 to 2,23 are presented in a general form allfowing for var-
iable u and k. However, in the momentum equations, terms such as
[(8ufdz)(Bu/dr)], which are usually present when g is not assumed con-
stant, have been dropped. Preliminary simulations indicated that these

terms were negligible and had no perceptible influence on the results.

2.3.2.2 Parabolic forms of the governing equations

Assumptions

In addition to the assumptions given in section 2.3.2.1, the follow-
ing standard boundary-layer assumptions are necessary to reduce the gov-

erning equations to a parabolic set:

1) Axial diffusion in the fluid is neglected;

2) Cross-stream pressure gradients are neglected.

With these additional assumptions, the governing equations reduce to:
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Continuity equation:
16(rv) du
T ar ta =0 (2.24)

r-momentum equation

i thus p = p(z) (2.25)

Zz-momentum equation
du au| _ dp 18 du
Po|Var * Uaa| =t €9 - £Ben(T-Ty) - 50+ T 5745, (2.26)

where; £=1 for the cooling in downflow case,
é=-1 tor the heating in upflow case

Energy equation
aT aT| _ 14 aT
PnCp [VET + UE} = Fé_f_l}kfgf—] {2.27)

In addition to the governing equations, boundary conditions are

needed to complete the mathematical model.

2,3.2.3 Boundary conditions
With reterence to Fig. 2.4, the boundary conditions are:

a) Inlet boundary conditions

For heating in upflow For cooling in downflow
S = 8 S = sg
z =0 z =0
2 2
u = 2V[{1-(r/ry) ] u = 2v[1-(r/ry) )
T:T3 T=T8
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b) Boundary conditions in the heated and cooled sections:

For heating in upflow

For cooling in downflow

sy < s ¢ s, sg <8 ¢ s
0 <z ¢ L, 0 <z¢lg
i P
aT W =
k;, 79— = q = T=T
t .
at r=r, ar 2wr‘L3 "
| u=0,v=0 u=20,vs=20
[ 8T _ 8T _
ro 0 ar = 0
at r=0 | du _ v _ du _ av _
ar = 0, 3= 0 ar - 0 ar = 0

c) Boundary conditions in the post-heated and post-cooled sections:

For heating in upflow

For

cooling in downflow

s, <5 ¢ sg Sg <8 < 84
Ly< z € Lyt Lg <z € L,
oT
(271 )k 5= - U(T-T,)
at r=r;
3 u=0, v=0
_ o
ar =
at r=0 du _ v _
ar - 0 g =0
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d) Qutlet boundary conditions:

For heating in upflow For cooling in downflow
8 = g S = 8y,
z = Lyt z = La+ly
du _ _
3z - 0, v=20
aT _
5z = O

where U is an overall heat loss coefficient (in W/m°C) and T,

is the ambient temperature.

2.3.2.4 Eﬁe}qv equation and temperature distribution in
regions outside the extended heated and cooled sections

In regions outside the extended heated and cooled sections, the heat

rate per unit length to the fluid is:

2rr;q = - Y(T-T,) (sg < s < sg) and (sy5 < s < 83) (2.28)

The governing one-dimensional energy equation in these sections

is then given by:

dT
p,VACPH ds - - UT-T,) (2.29)

3

The overall heat loss coefficient, U, is assumed constant throughout
the ioop for all V's, This is a valid assumption provided that the level
of insulation is the same everywhere and that the insulation constitutes
the dominant thermal resistance. Using the section from s; to s, as an

example, the corresponding temperature distribution can be expressed as:
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T= (Ts-Ta)e'n(s's5) + T, (sg <5 < sg) (2.30)
__V
where Q1 = p-VAC,

2.3.2.5 Non-dimensionalization of the governing equations

The details of the non-dimensionalization of the governing equations
and boundary conditions are given in Appendix C. For a given closed-
loop thermosyphon geometry, five independent dimensionless parameters

emerge from this non-dimensionalization:

3
Gr, = _Qvéﬂﬂﬁz (modi fied Grashof number);
UViet®s

St, = ;;V:Z:KE; (modified Stanton number);
VrefD
Re,. ¢ = (reference Reynolds number);
Pr = _EFQE' (Prandt! number);
f
Ta- T;
b = —657i:_. (dimensionless ambient temperature).

where the reference velocity, V is the velocity obtained

ref?

in Case (1) of the traditional model, Eq. 2.15:

1/2

v _ P, palZ
ret = | BruCpl (2.31)

ek T o K S P
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It should be noted that additional non-dimensional parameters are
involved when conjugate heat conduction in the pipe wall is accounted

for. These are introduced and discussed in Chapter 3.

2.3.3 Overview of the Solution of the Proposed Model

Equation 2.17 represents the governing momentum equation of the pro-
posed model. In order to solve this equation for V, the average velo-
city inside the loop, values of f,.(s), f.s(s), Ty (s), T, (s) are
needed. These values are obtained from the numerical solutions to the
governing equations in the extended heated and cooled sections. These
equations were presented in section 2.3.2, and the numerical solution of
these equations is discussed in Chapter 3. The temperature distribu-
tions in the insulated sections of the thermosyphon are also required to
solve Eq. 2.17, and they can be obtained using the energy equation, as

was shown in section 2.3.2.4,

Equation 2.17 and the set of two-dimensional numerical simulations
in the extended heated and cooled sections are coupled. This implies
that Eq. 2.17 depends on results of the two-dimensional numerical simu-
lations and vice versa. This coupling constitutes the main difficulty
in solving Eq. 2.17. A cursory description of the solution procedure
will now be given; the complete solution methodology is presented in

Chapter 4.

The solution procedure starts with guessed values for the average
velocity, V, and for the inlet temperature to the heated and cooled sec-

tions, Ty and Tg. Then, using V, T; and Tg as inlet conditions.,
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two-dimensional numerical solutions in the extended heated and cooled

sections are obtained.

From these solutions, local values of f,.(s), f.g(s), The(s), Tcg(s)
are determined and inputted into Eq. 2.17 in order toc solve for V. This
new value of V and the corresponding new values of T; and Tg are then
used as new guessed values in the numerical simulations. This process

is repeated until a converged value of V is obtained.

2.4 CLOSING REMARKS

The governing equations and boundary condit’ons associated with the
traditional one-dimensional model and the proposed model have been pre-
sented in this Chapter. In the next Chapter, the formulation of the
numerical methods for simulating mixed-convection flows will be
described. The complete solution procedure of the proposed model is

given in Chapter 4.
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CHAPTER III

NUMERICAL SIMULATION OF MIXED-CONVECTIO UID

FLOW AND HEAT TRANSFER IN VERTICAL PIPES

3.1 INTRODUCTION

The formulation, implementation and testing of a finite-volume based
numerical method for the solution of steady, laminar, two-dimensional,
axisymmetric mixed-convection in vertical pipes is presented in this
Chapter. This method has the capability of solving the conjugate heat
transter problem of mixed-convection in the fluid and conduction in the

pipe wall.

The numerical methods developed in this Chapter serve two purposes.
Firstly, as shown in Chapter 2, the finite-volume method presented in
this Chapter plays a key role in the proposed closed-loop thermosyphon
model. Secondly, this Chapter intends to fill the apparent void in the
literature on the numerical investigation of conjugate mixed-convection

in vertical pipes subjected to a uniform heat flux boundary condition.

As mentioned earlier, the thermosyphon studied in this work experi-
ences mixed-convection situations in both the heated and cooled sec-
tions. The heated section is subjected to a uniform heat flux with an
upward fiow while the cooled section has a constant wall temperature

boundary condition with a downward flow,
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In this Chapter, however, attention is focussed exclusively on con-
jugate mixed-convection for upward flow in a vertical pipe subjected to
a uniform heat flux. Conjugate mixed-convection for downward flow in a
constant wall temperature pipe is not specifically addressed here. A
numerical method for the solution of this problem would, in essence, be
the same as that used to solve the uniform heat flux case just men-
tioned. Only very small differences in the formulation and implementa-

tion are required to handle these two different boundary conditions.

The numerical methods presented in this Chapter are largely based on
the works of Patankar [1978, 1980] and Van Doormaal and Raithby [1984].

Therefore, only succinct descriptions of the key ideas will be presented.

The problem under consideration is solved here by using either the
parabolic or the elliptic forms of the governing equations. The use of
a parabolic scheme is attractive as it significantly reduces computer
storage and execution time. However, when flow reversals occur and/or
when axial conduction in the pipe wall is significant, giving rise to
conjugate conduction and mixed-convection heat transfer, the use of the

elliptic equations is necessary.

The remainder of this Chapter is divided into three main parts.
Firstly, the governing equations and their associated boundary condi-
tions, as well as the governing non-dimensional parameters, are
described in the next section. Secondly, the integral form of a general
conservation equation, the domain discretization, and the derivation and
solution of the discretization equations are presented, successively, in

sections 3.3 to 3.6. Thirdly, the results of the numerical code valida-
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tions, performed for selected test problems, are discussed in section
3.7. The presentation of detailed numerical results is deferred to

Chapter 6, where they will also be compared with experimental results,

3.2 GOVERNING EQUATIONS AND BOUNDARY CONDITIONS

Conjugate mixed-convection fluid flow and heat transfer in vertical
pipes is governed by the Navier-Stokes equations, the continuity equa-
tion, and the energy equation. These equations have been presented ear-
lier in Chapter 2, with the exception of the energy equation in the
pipe, and they are repeated here for convenience. Schematic drawings of

the problem of interest are presented in Figs. 3.1 and 3.2,

3.2.1 Elliptic Forms of the Governing Equations

3.2.1.1 Assumptions

The assumptions used in the derivation of the elliptic forms of the
governing equations are the same as the ones presented in section
2.3.2.1, except that heat conduction in the pipe is not neylected here.
As can be seen in Fig. 3.1, downstream and upstream sections have been
appended to the heated section. This is to allow for the possible
presence of streamwise flow reversals, and to account for axial con-
duction in the pipe, which preclude the study of the heated section on a
stand alone basis. Furthermore, as mentioned in Chapter 2, the velocity
and temperature profiles remain distorted from their fully developed
forced convection shapes for some distance after the heated section, and
the inclusion of a downstream section in the calculation domain is

intended to allow predictions of these «* ¢znomena.
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Two additional assumptions are made. Firstly, the downstream and
upstream sections, including the ends of the pipe, are assumed to be
perfectly insulated, thus adiabatic. Secondly, the uniform heat flux,
q, is applied at the external surface of the pipe of the heated section,
as shown in Fig. 3.1. It should be noted, however, that the elliptic
code developed for this study has the capability of handling non-
adiabatic downstream and upstream sections, and heat generation within

the pipe of the heated section.

3.2.1.2 Governing equations

With reference to the nomenclature presented in Fig. 3.1, the gov-

erning equations are:

Continuity equation

19(rv) , du _
r 8r Y ez " 0 (3.1)
r-momentum equation

av , vl _ 9,12 | 8|l w3 |3
Po [Var ¥ “az} = ar tTroar ["‘ar} 2 * 8z [:“az] (3.2)
z-momentum equation

du du d 18 Ju d du
Po [V;,-;- + “a—z'} = - PG * Bpyg(T-Ty) - -5E-+ rg;[rug;] + 'a'?["?a'z'] (3.3)
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Energy equation in the fluid (0 < r < r;)
“
b
or ALl . 18 f, T, 2 |, T
PoCp [Var * ”az] Tor ar[rkfar] T l:kfaz] (3.4)
Energy equation in the solid (r; < r < r, +§)
19 aT| 8 |, a7l _
TW[’ksﬁ] * ar["saz} =0 (3.5)

where kf and ks are the thermal conductivities of the fluid and of

the solid, respectively, and p, is the mean density of the fluid

evaluated at T, , the inlet temperature.

3.2.1.3 Boundary conditions

Inlet: z =0
0<¢r <y g $rSor, 46
u = 2V[1-(r/r;)?] u=0
v=2_0 v=20
T=T, T=T,

Upstream and downstream: 0 < z < Lu and Lu+ Lh< z < Lu+ Lh+ Ld

sections
r=20 r=r, r=r;, +46
du _ =g 2L _ = - aT _
37 - 0, v =0, ar - 0 u=0, v=0 ar © 0
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Heated section: L, € z € L+ L,
r=20 r=r,; r=r; + é
ou _ _ aT _ _ _ aT _
6{-0qv-0.ar"0 U—O,V—o ksar—q
Qutlet: z = Lu+ Lh+ Ld
0<¢r <, re $rér; + 6
fu _ o v _, 9T _ - A
dz ~ 0. 8z 0, 8z =~ 0 v =0, 0, 5z - 0

3.2.2 Parabolic Forms of the Governing Equations

3.2.2.1 Assumptions

The assumptions used the in the development of the parabolic forms
of the governing equations have been presented in section 2.3.2.2. The
fluid properties are assumed constant, except the mass density in the
buoyancy term, and evaluated at the inlet temperature. Furthermore,
axial heat conduction in the pipe wall is assumed to be negligible. As
shown in Fig. 3.2, a downstream pipe section, which is assumed adiab-
atic, has been appended to the calculation domain to improve the predic-
tions given by the proposed model. However, an upstream section is not
needed, and was not added, because of the one-way behavior (Patankar

[ 1980]) of parabolic flows.
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As was the case for the elliptic code, the parabolic code can also
treat variable viscosity and thermal conductivity, as well as non-

adiabatic downstream sections.

3.2.2.2 Governing equations

With respect to Fig. 3.2, the governing parabolic equations are:

Continuit uation

134(rv) _ 8u _ 0

r ar 3z (3.8)

r-momemtum_equation
: thus p = p(z) (3.7)

z-momemtum_equation

a a d 14 du
P, [Vﬁ + Ug%] = - po9 * Bp,g(T-T,) - % + 'WI} a—r] (3.8)
Energy equation

: aT oT| _ 18 _ aT
ol ] 1]

Overall Continuity

i = [ o on (3.10)
A

where A is the cross-sectional area of the pipe and m is the

mass flowrate.
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3.2.2.3 Boundary conditions

lhlet: z=0,0¢r <

u = 2V[1-(r/r,)?] T =T,
Heated section: 0 < z <L
r=20 S
%% =0, v=0, %%'= 0 u=0,vs=0, kfg%-z q
Downstream section: L, <z < L + L,
r=20 r=ry
Bu-0,v=0 =0 u=0,v=0 5=0

Outlet: z=L+Ly, 0<T Cory
du v aT _
oz 0, 8z 0, 8z ~ 0

The el liptic forms of the governing equations, Egs. 3.1 to 3.5, and
the parabolic forms of the governing equations, Egqs. 3.6 to 3.10, con-
stitute sets of non-linear and coupled partial differential equations.
The task is now to solve these equations numerically. Before doing
this, the elliptic forms of the governing equations are non-

dimensionalized to obtain the governing dimensionless parameters. In
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this non-dimensionalization, the fluid properties are assumed constant.

3.2.3 Non-Dimensionalization of tiie Elliptic Equations

The elliptic governing equations are non-dimensionalized using the

following dimensionless variables:

* _ U *« _ vV o« _ T * _  _Z
VENTE DV ENTED S s

Ly= Ly/D 5 Lp=L,/D ; Ly= Ly/D ;

6 = UL and p = —to% (D = 2r,)
= v il
QD /ky povz

The resulting non-dimensional governing equations are:

Continuity equation

* w *
1olrv) . (3.11)
rar 0z

r-momemtum equation

RIS : Y A IR 1 - FUY: 1 RN L' (3.12)
ar” az" ar” Rel *ar | or* r*2 5z"2

z-momemtum equation

» » Gr * 2"
you, 8 . "9, &P +-1—|:l-a—-|:r*§-£]+é—£] (3.13)

ar” az" Re? 9z" Re t*ar’ ar" az" 2
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i Enerqgy equation in the fluid (0 ¢ r*¢ 1/2)
2
T o [ P 1o (3.14)
ar o0z ar ar dz

Energy equation in the solid (1/2 ¢ r"¢ 1/2 + A)

2
Kk -2 [r*ao } +k &L =0 (3.15)
* * *

The non-dimensional boundaty conditions are:

inlet: z'= 0

0¢ "¢ 12 172 < "¢ 172 + A
u'= 2[1-(2r")?) =0

v's 0 vi= 0

§ =0 =0

Upstream and downstream: 0 < z"< L} and L+ Ly< z'< L5+ Lp+ L

sections

=0 r*= 1/2 "= 1/2 + A
i”:: 0, v'= 0, Qi'- 0 W= 0, vi= 0 Q"—.= 0
or or ar

“
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t'= 0 r*= 1/2 rt= 1/2 + A
*
8 _ g, v=0 L0 | u=0v=0 Ka—’;‘= 1
ar’ ar ar

Qutlet: z'= L+ Li+ L

0 <r'< 1/2 12 <r*<1/2 + A
* *
<o, -3—"—.= 0, é‘i* u'=0, vz 0, -‘315 0
0z dz 0z 0z

As shown by this non-dimensionalization, the governing parameters

for conjugate conduction and mixed-convection heat transfer in a verti-

cal pipe subjected to a uniform heat flux are:

Re = vD
v
4
Gr - _9.290_
9 2
v kf
pOVDCp
Pe = ResPr =
kf
K = kslkf
A=46/D

(Reynolds number)

(Grashof number based on heat flux)

(Péclet number)
(solid to fluid thermal
conductivity ratio)

(thickness to pipe diameter
ratio)
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3.3 INTEGRAL FORM OF THE CONSERVATION EQUATIONS

The governing non-linear and coupled partial differential equations
presented in the last section can be cast into the following general,

conservative, form (Patankar [19801):

Vel=s8 (3.16)
where J is given by:
J=pVg¢ - TV (3.17)

~

In these equations, J represents the combined convection-diffusion
flux of ¢, S is the volumetric source term, p is the mass density, V ois
the velocity vector, T' is the diffusion coefficient, and ¢ is a general

scalar dependent variable,

The discretization equation for a scalar quantity ¢ is obtained by
deriving a suitable algebraic approximation to the appropriate integral
conservation principle applied to a control volume V, which is fixed in

space. The integral form of Eq. 3.16 is:

J Jends = J S dv (3.18)

aA v

where dA is the surface of the control volume, and 3 is the outward
unit vector normal to the differential surface element ds. Details of

the computational domain discretization will now be outlined.
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3.4 DOMAIN DISCRETIZATION

In this section, the strategy used to divide the computational
domain into discrete control volumes is presented. The numerical solu-
tion of the two-dimensional axisymmetric problem of interest invoives
finite-volume calculations over control volumes with dimensions of Az,

Ar and A9, where A8 is simply taken equal to 1 radian.
3.4.1 Elliptic Case

When the elliptic governing equations are used, the grid points are
arranged according to the type-B practice of Patankar [1980]. Fig-
ure 3.3 shows a cross-section of the computational domain where, for
reasons of clarity, a coarse grid arrangement is presented. |In this
figure, the dashed lines represent control volume faces and dots are

main grid points.

In the type-B practice, the control volume faces are located first,
then the main grid points are placed at the geometric centers of the
contro!l volumes. As shown in Fig. 3.3, this practice facilitates the
location of contro! volume faces at discontinuities, such as the
fltuid/solid interface, thus allowing full advantage of the harmonic

mean practice of Patankar [1978] for the interpolation of the diffusion

coefficient T.

The agrid distribution utilized in this work was non-uniform in both
the z and r directions. The grid points were concentrated where the

largest temperature and velocity gradients occurred: at the inlet of the
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pipe; at the interface between the heated section and its downstream and
upstream sections; and at the fluid/solid interface. The degree of non-
uniformity used was problem dependent: it was usually chosen after a few

exploratory runs were made with coarse grids.

in Fig. 3.3, the main grid point of interest is denoted by the let-
ter P and neighbour points are identified by W, E, N, and S, with their
corresponding control volume faces marked by the letters w, e, n, and s.
Typically, the W and E grid points are, respectively, on the left-hand-
side and right-hand-side of the calculation domain. Here, for conve-

nience these positions have been interchanged.

Values of temperature and pressure are calculated at main grid
points, while the velocity components are evaluated at staggered loca-
tions with respect to the main grid points, as shown in Fig. 3.4a,b ,

tor reasons to be explained shortly.

3.4.2 Parabolic Case

The parabo!ic equations permit the use of a marching-type proce-
dure, whereby converged values of all dependent variables are obtained
at a particular axial station based solely on upstream values and bound-

ary conditions, before moving to the next downstream station.

The domain discretization is constructed as shown in Fig. 3.5. As
can be seen, a type-A grid configuration (Patankar [1980]), where con-
trol volume faces are located midway between grid points, is used in the

radial direction. |In the axial direction, control volume faces go from
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an upstream node to the next downstream node.

Values of temperature and axial velocity are evaluated at the main
grid points, while radial velocities are staggered, as shown in
Fig. 3.5. The grid configuration is generated in a manner similar to
the one presented above for the elliptic case, with high grid concentra-

tion at the entrance of the pipe and near the wall.

This cnmpletes the description of the domain discretization. In the
next section, suitable profile assumptions between grid points are made

in order to derive the discretization equations.

3.5 DISCRETIZATION EQUATIONS

In this section, the task is to derive an algebraic approximation to
the general convection-diffusion equation, Eq. 3.18, far the scalar
quantity ¢. A procedure to handle the coupling between the velocity

tields and pressure is also presented.

3.5.1 Elliptic Case

3.5.1.1 General convection-diffusion equation

For a known flow field, the problem reduces to a so-called convec-
tion-diffusion problem. For such a situation, the left-hand-side of

Eq. 3.18 is approximated by the following:
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[ Jends = JA, - JA, +JA - JA (3.19)

oA

where the A terms are the areas of the control volume faces, and the
J terms represent total convection-diffusion fluxes across each area.
In this thesis, the J terms are approximated using the hybrid difference
scheme which makes use of the relative strengths of the convection and
diffusion processes, expressed by the grid Péciet number (Patankar
{1980]), to determine the type of interpolation function. |t the abso-
lute value of the grid Péclet number, |Pe|, is smalier than 2, convec-
tion and diffusion processes are properly accounted for by using the so-
called central-difference scheme. |f |Pe| > 2, then an upwind-scheme is
used. Accurate solutions could be obtained with this scheme, without
excessively fine grids. Thus more sophisticated schemes, such as the

skew upwind schemes of Raithby [1976], were deemed unnecessary.

The source term on the right-hand-side of Eq. 3.18 is approximated

by:

b4

Js dv S A (3.20)
v

In order that the resulting discretization equations remain nomi-
nally linear, S is linearized using the technique described by Patankar

[1980]):

S = Sc + Sp¢p (3.21)

where ¢, is the value of the scalar quantity ¢ at grid-point P,



S, is the coefficient of ¢,, and S; is the part of § that does

not depend explicitly on ¢,.
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With these considerations, the general discretization equation has

the following form:

ap¢p = aE¢E + aN¢H + aN¢N * aS¢S+ b

where, with the hybrid scheme, the coefficients are given by

(with reference to the notation in Fig. 3.3):

ag = |-Fer De-Fel2, 0|
a, = | Fur D +F/2, 0 |
a, = |-F,, D,-F /2, 0 ax
ag = F,, Dg+F /2, 0 ax

ap = ay +ag +a, +a - SPAN

o
fl

S AV

The terms 8, a,. ay, and ag are the coefficients of the E, W

(3.

(3.

(3.

(3.

(3.

(3.

A

22)

23)

24)

25)

.26)

27)

28)

N, and S neighbouring values of ¢, respectively, F's (F = puA) repre-

sent the mass flowrate across a control volume face, and D's (D = TA/éx)

are diffusion conductances. The diffusion conductances are calculated

according to the harmonic mean practice of Patankar [1978]. With
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respect to the nomenclature of Fig. 3.6 and taking D, as an example,

the appropriate expression for the diffusion conductance is:

-1

6x)p- , (6x)ne
D, = [L—}‘,:" + 4 }‘,:" ] A, (3.29)

Equation 3.22 can be written more compactly as:

apdp =T a6y, * D (3.30)

where the subscript "nb" stands for neighbour and the summation is

to be taken over all neighbours.

Using Eq. 3.30, the discretization equations for the whole calcula-
tion domain and for every scalar dependent variable can be constructed.
However, some special considerations have to be given to the treatment

of the fluid flow,

3.5.1.2 Fluid flow equation

The difficulty in the evaluation ot the flow field is the unknown
pressure field. Examination of the governing momentum equations reveals
the presence of a pressure gradient term. In these equations, unless
the correct pressure field is employed, the resuiting velocity field

will not satisfy the continuity equation.

In this thesis, the discretized momentum equations are first solved

based on guessed velocity, temperature, and pressure fields. Then the
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SIMPLEC procedure of Van Doormaal and Raithby [1984] is used to correct
the guessed pressure and calculated velocity fields so as to satisfy the
continuity requirements. Then the discretized energy equations are

solved. This procedure is then repeated iteratively, until convergence.

Staggered grid geometry

Patankar [1980] has shown that if the velocity components and pres-
sure are calculated at the same grid-point location, physically unreal-
istic situations may arise. To avoid such problems, Patankar [1980]
suggests to calculate pressure and all other variables, except the velo-
city components, at the main grid points, and to evaluate the u- and v-
velocity components at staggered locations with respect to the main grid

point P, as shown in Fig. 3.4.

Discretized momentum equation

With respect to the u contral volume of Fig. 3.4b, the discretized
form of the z-momentum equation, which can be derived in a manner

similar to the one used to obtain Eq. 3.30, has the following form:

au, =L aju, tb+ A (p-py) (3.31)

where, the last term reflects the integration of 8p/dx over the
control volume, and A, is the area on which the pressure difference

acts. The expressions for a,, 8 and b are calculated using

n s
the same approach that was used to obtain the corresponding expressions

in Egqs. 3.23 to 3.28, by properly accounting for the staggered-grid
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geometry when calculating the D and F terms.
Pressure correction equation
Using a guessed pressure field, denoted by p¥, the resulting

velocities, u¥, obtained by solving the z-momentum equation,

Eq. 3.31, are:

a,uf =T a, uf +b+A (pf-pf) (3.32)

The v# velocities field can also be obtained in a similar manner.

The calculated u* and v# fields will generally violate the continuity
requirement, because of the incorrect guessed pressure field. A pressure

correction, p’', is proposed to correct this estimated pressure field:

p=p'+p (3.33)

The resulting velocity corrections, u' and v', are used to correct

the u* and v¥ fields:

[ =
1

=u? + 0 (3.34)

v = v ey (3.35)

By subtracting Eq. 3.32 from Eq. 3.31 and using Eqs. 3.34 and 3.35,

the following equation is obtained:

anur'\ =L anbur,\b + An(p,',-p;‘) (3.36)



The term I a  u; is subtracted from both sides of this equation,

and the term X a,, (u, -u ) is neglected, folilowing the SIMPLEC

procedure of Van Doormal and Raithby [1984]. Then

| =4
1

n = Ut +d (p-py) (3.37)

A,
d = .
n " (a, -Za,) (3.38)

Correction equations for the v velocity components can be derived

using the same approach.

The p' equation can then be obtained by substituting the velocity
correction equations, such as Eq. 3.37, into the discretized continuity
equation. With respect to a main grid point P and its associated con-

trol volume, the pressure correction equation is:

pPp = 8Py * Py * aypy + agpg + b (3.39)
where,

ag = pA,d, (3.40)

ay = pA,d, (3.41)

ay = pAnd, (3.42)

ag = pA d, (3.43)

a, = a; +a, + a, + ag (3.44)

o
1]

pVEA, - pVEA, + pufA - pufA (3.45)
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The b' term in Eq. 3.39 represents an apparent mass source resulting
from the fact that the calculated velocity fields, u* and v¥, do not
necefsarily satisfy continuity requirements. Using velocity correction
equations, such as Eq. 3.37, the calculated velocity fields are cor-
rected using the p' field obtained by solving the equation set given by
Eq. 3.39. This process eliminates, after some iterations, the apparent

mass source term.

All the tools necessary to obtain the flow field have now been
described. The various steps in the solution process, which uses the

SIMPLEC procedure, are as follows:

Synopsis of the SIMPLEC procedure

1. Start#with guessed values for the dependent variables: u¥, v¥, p¥,
and T%,

2. Evaluate the coefficients of the discretized momentum equations,
such as Eq. 3.32, and solve to obtain updated values of u* and v¥.

3. Calculate the coefficients of the p' equation (Eq. 3.39) and
solve to obtain the p’ field.

4. Correct the velocity and pressure fields (Eqgqs. 3.33 to 3.35),
using the values of p’ calculated in step 3.

5. Solve for temperature, using Eq. 3.30, and update fluid proper-
ties, if necessary.

6. Treat the freshly calculated, and corrected, values of the depen-
dent variables as new guessed values, and return to step 2.
Repeat this sequence of steps until convergence is achieved.



3.5.1.3 Einishin h

Source terms

In the development of the general convection-diffusion equation,
Eq. 3.30, the source term (8 = S + S,¢4,) may be used to account for
expressions that can not be cast into the general form of the par-
tial differential equations given by Eqs. 3.16 and 3.17. Two occur-
rences of such expressions and their incorporation in the source term

will now be briefly presented.

In the r-momentum equation (Eq. 3.2), the -uv/r? term was incorpor-
ated in the source term. In accordance with the rules established by
Patankar [1980], the two components of the source term have been set

equal to:

S; =0 and S, = -u/r2 (3.46)

The buoyancy term in the z-momentum equation (Eq. 3.3) was also

included in the source term as follows:

S; = Bp,a(T - T,) and S, =0 (3.47)
Treatment of the solid region

In this thesis, the discretization equations of all dependent vari-

ables are established over the whole calculation domain, including the

solid region. |In the solid region, the u and v velocities are set to
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zero by overwriting the coefficients of the corresponding discretized
equations. In Eq. 3.31, the a, coefficients and the [b + Ay (Pp-py)]
term are overwritten to zero, and the a, coefticient is set equal to

unity. As well, the d, term, in Eq. 3.38, is set to zero.

Since the calculation domain includes both the fluid and solid
regions, the calculation procedure must properly account for the inter-
nal fluid/solid interface. This is handled here by placing a control
volume face at the interface and by using the harmonic mean practice of

Patankar [1980], given by Eq. 3.29.

For fluid flow, the dynamic viscosity in the solid is set to a large
value, typically u ~ 1039, so that the fluid region will experience the
correct boundary condition at the interface (Patankar [1980]). As for
the temperature field, no special treatment is necessary. The true con-
ductivities are used in both the fluid and solid regions, and the har-

monic mean practice is used to evaluate the interface heat flux.

3.5.2 Parabolic Case

In this thesis, the parabolic discretization equations are obtained
by using a fully implicit scheme. As shown by Patankar [1980], the
fully implicit formulation ensures that the coefficients of the discre-
tization equations remain positive, thereby avoiding physically unreal-

istic results,
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3.5.2.1 Convection-diffusion equation

With respect to the nomencliature presented in Fig. 3.5, where the
shaded area represents the control volume of interest, the general con-

vection-diffusion equation can be written as:

ap¢p = agdy + a,é, + apdp + b (3.48)

where ¢§ refers to a converged value of ¢ obtained at the

preceding axial station (i-1).

There is no downstream (i+1) neighbour, due to the one-way nature of
parabolic flows. The hybrid difference scheme was used in the radial
direction to obtain the interpolation function. Thus, the a; and a,
coefficients are given by equations similar to Eqs. 3.23 and 3.24,
respectively. In the z direction, due to the assumption of negligible

axial ditfusion, the ag coefficient is simply given by:

ag = pAyup (3.49)

where A, is the control surface area associated with the velocity u,.
With respect to the nomenclature given in Fig. 3.5, A, is equal to

(1/2)(r§ - r2). The a, coefficient and the b term are given by:

a, = a, +a + a; - S, (3.50)

b = §.AV (3.51)

-y



90

With the fully implicit formulation, all dependent variables at sta-
tion 'i' are assumed to prevall over the whole axial distance from P° to

P, Az in Fig. 3.5.

3.5.2.2 Fluid flow equation

With reference to Fig. 3.5, the discretized form of the

z-momentum equation is given by:

apu, = agug + ayu, + ajud + b + (-dp/dz)aV (3.52)

where ug is the converged u-velocity component obtained at the
previous axial station, and AV represents the volume of the contro!
volume. The a., a,, ag, and a, coefficients are obtained using the
corresponding expressions in Eqs. 3.23, 3.24, 3.49, and 3.50. The
buoyancy term in the governing equation is included into the source term
as shown in Eq. 3.47. Generally, the u-velocity field obtained by
solving Eq. 3.52 will not satisfy the overall continuity equation,
unless the correct pressure field is employed. Therefore, a correction
procedure, similar to the one used for the elliptic case, is needed. A
pressure gradient correction, (-dp/dz)', is proposed to correct the esti-

mated pressure gradient field, (-dp/dz)¥, such that:

(-dp/dz) = (-dp/dz)¥ + (-dp/dz)’ (3.53)

the resulting u-velocity correction, u', is used to correct the

calculated velocity field, u¥:
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us=u* +u (3.54)

Using a methodology similar to SIMPLEC described in section 3.5.1.2,

the corrected equation for the u-velocity component is then:

up = ug + dp (-dp/dz)’ (3.55)
where,

. &N
dP = (a,-a,-a;) (3.56)

The (-dp/dz)’ equation is obtained using the overall continuity

equation (Eq. 3.10), which can be written as:

r
1
m = J p u rdr (3.57)
0

L]
where m, the mass flowrate per radian of cross-section, is known

from the inlet boundary condition. Numerically, Eq. 3.57 is given by:

m= £ pu,A, (3.58)

where the summation is to be taken over all grid points in the
radial direction. Substituting Eq. 3.55 into Eq. 3.58 yields:

m =5 pufA, + S pA,d, (-dp/dz)’ (3.59)

The pressure gradient correction equation is then given by:

T S
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(-dp/dz)’ = —5 s (3.60)

Once the corrected u-velocity field has been determined, the equa-
tion of continuity is used to get the v-velocity components. With
respect to the control volume shown in Fig. 3.5, the discretized local

continuity equation is:

PARUp - pAPug = AV, - ALY, (3.61)
where,

A = relz, and A, = r,Az

e w

With the discretization equations in hand, a solution procedure akin
to a marching SIMPLEC procedure can be used. At each z location of

interest, this procedure is as follows:

1. Start with guessed values for the dependent variables: u¥, v¥,
(-dp/dz)¥, and T¥,

2. Evaluate the coefficients of the discretized z-momentum equations
(Eq. 3.52) and solve to obtain updated values of u¥.

3. Solve the (-dp/dz)’ equation (Eq. 3.60).

4. Correct the pressure gradient and the u-velocity field (Eqs. 3.53
and 3.55) using the value of (-dp/dz)’.

5. Evaluate the v velocities using local continuity (Eq. 3.61).

6. Solve for temperature, using Eq. 3.48, and update fluid proper-
ties, if necessary.

7. Treat the freshly calculated values of the dependent variables as
new guessed values and return to step 1. Repeat this sequence of
calculations until convergence is achieved.
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3.6 SOLUTION OF THE NOMINALLY-LINEAR DECOUPLED SETS OF
DISCRETIZATION EQUATIONS

The proposed finite-volume method leads to the formulation of
nominally-linear and decoupled algebraic equations at each grid
point for each dependent variable ¢. This section describes how these

equations were solved.

For the elliptic case, a line-by-line iterative method is used to
solve the discretized equations. In this method, the equations for a
given ¢ are solved simultaneously along a particutar grid line, using
the TriDiagonal Matrix Algorithm (TDMA), as shown by Patankar [1980].
The latest values of ¢ at grid points on neighbouring lines are used
whenever needed. The calculation domain is then "swept" line by line in
order to visit all grid lines. In all, four different sweeps, performed
in alternating directions, constitute one step of this line-by-line
iterative procedure. Typicatly, in this work, the maximum number of
such steps for any dependent variable was set to 5. Evaluation of all ¢
variables using this technique constitutes one iteration of the elliptic

code.

For the parabolic case, converged values of all dependent vari-
ables are obtained along a particular grid line normal to the main flow
direction, before moving to the next grid fine. The equations for all
dependent variables, except the v velocity component, are soived using a
TOMA. The v velocity component is obtained by solving Eq. 3.61 at each
radial location, starting from r = 0. Once all dependent variables

have been calculated in this manner, one step of the overal! iteration
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of the parabolic code at that particular axial location is said to be

complete.

In order to avoid divergence in the iterative process, the changes in
the dependent variables are moderated, in both the elliptic and para-

bolic codes, by using the implicit under-relaxation procedure of

Patankar [1980]:

Eanb¢nb +b °
—_— - 4 (3.62)

¢P = ¢;+ al: a,

where ¢; is the value of ¢, obtained from the previous iteration,
and o is the relaxation factor. In effect, the use of a damps the change
in ¢,, which is represented by the contents of the bracket in Eq. 3.62.

In this thesis, the following values of a were used:

Elliptic case Parabolic Case
o, = 0.5 a, = 0.5

a, = 0.5 Ypsdz= 1-0

a, =1 0 a; = 1.0

a; = 1.0

The overall convergence of the SIMPLEC procedure was determined by
monitoring, at the end of each iteration, the changes in u and T at each
grid point in the calculation domain. When the absolute values of the
relative changes in u and T between two successive iterations were all

below a certain tolerance, typically set at 10°%, the solution was con-
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sidered to have converged. In the case of the u velocity componernit, the
changes are normalized using the average velocity V. Thus, in mathemat-

ical terms, a solution is considered to have converged when the follow-

ing condi tions are met:

i i-1
T

< 104 , — < 10 "4 (for all grid points)
Ti
P

where the superscript “i" represents the current iteration.

3.7 COMPUTER CODE IMPLEMENTATION AND VALIDATION

The numerical techr. ques presented in this Chapter were implemented
in computer codes. The elliptic and parabolic codes were developed on a
Hewlett-Packard Vectra personal computer (AT-compatible) using the Lahey
FORTAN77 (Version 2.20) compiler. In their final versions, both codes
could run on a personal computer. However, because of the storage and
speed limitations of the personal computers used in this work, whenever
the grid size was higher than ~ 120 x 30, the elliptic code was run on

an IBM 3090-180E/VF computer using a Fujitsu FORTRAN77 compiler.

During the development stage, the codes were validated against sev-

eral test problems. The results of four relevant tests will now be pre-

sented.
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3.7.1 Laminar Mixed-Convection in a Vertical Pipe Subjected to a
Uniform Heat Flux Boundary Condition

The objective of this test was to duplicate the experimental results
obtained by Haliman [1958] on laminar mixed-convection flows in a verti-
cal pipe subjected to a uniform heat flux. The average operating condi-
tions are presented on Fig. 3.7, which shows the results of a comparison
between the numerically calculated Nusselt numbers (Nu) and the exper-
imentally determined Nu of Hallman [1958] as a function of a non-
dimensional axial distance. Hallman [1958] calculated his dimensionless
parameters using fluid properties evaluated at the local film tempera-
ture. The numerical calculations were also performed, for both the
elliptic and parabolic codes, with variable viscosity and thermal con-
ductivity, evaluated at the local film temperature. The specific heat
and the mass density, except in the buoyancy term, were taken as con-
stant. As shown in Fig. 3.7, the agreement is very good, indicating
that both codes were adequately implemented and that the assumptions of
constant specific heat and mass density, which are reported in this
Chapter and in Chapter 2, are more than adequate. Not reported on
Fig. 3.7, are grid independence checks that were performed for these
conditions. These grid checks indicated that the numerica! simufations
were essentially grid independent, in so far as the Nusselt number is
concerned, for a grid size of 70 x 15. A further discussion on grid
independence checks for cases of mixed-convection in vertical pipes is

provided in section 6.2.3.
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3.7.2 Sudden Expansion in a Pipe

Macagno and Hung [1967] conducted a complementary numerical and
experimental study of flow through an axisymmetric sudden expansion in a
isothermal pipe. This problem was numerically simulated using the
elliptic code, and the results are shown in Fig. 3.8. As indicated in
Fig. 3.8, both the upstream to downstream diameter ratio and the length
to downstream diameter ratio were equal to 2. The flow at the entrance
of the small diameter pipe was assumed to correspond to that of fully
developed Poiseuille flow with Re = 40. Numerical calculations were
performed over the whole calculation domain, and the region shown as a
shaded area in Fig. 3.8 was treated as a solid region using the concepts
presented in section 3.5.1.3. The numerically generated streamlines
presented in Fig. 3.8 are indistinguishable from the streamlines of
Macagno and Hung [1967] and, therefore, the agreement can be considered

excellent.

3.7.3 Mixed-Convection in a Vertical Pipe Subjected to a Constant Wall
Temperature Boundary Condition

Even though the numerical formulation presented in this Chapter was
concerned primarily with the uniform heat flux boundary condition, the
proposed model requires numerical simulations in the constant wall tem-
perature section of the closed-loop thermosyphon. Therefore, (t was
necessary to test the implementation of the constant wall temperature
boundary condition in the computer codes. This was done using the
numerical data of Marner and McMillan [1970] on mixed-convection flows

in constant wall temperature vertical pipes in which the inlet velocity
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was assumed to correspond to that of fully developed Poiseuille flow.

The results of this test are shown in Fig. 3.9, where axial veloci-
ties, normalized with the average velocity, are plotted against the non-
dimensional radial distance for two particular values of the (z/r,)/Pe
parameter, and for values of Gr/Re = 120 and Pr = 1. The parabolic code
was run with a grid size of 200 x 20 and the elliptic code with a grid
size of 130 x 20. It can be seen that there is very good agreement
between results of the present numerical codes and the data of Marner

and McMillan [1970].

3.7.4 Conjugate heat transfer in axisymmetric pipe flows

The coupling of heat conduction in the wall and convection in the
fluid, also referred to as conjugate heat transfer, is also of prime
importance in this study. In order to verify the computer implementa-
tion of this coupling, the elliptic code was tested against the numeri-

cal data of Fithen and Anand [1988], with a grid size of 155 x 17.

Fithen and Anand [1988] studied conjugate heat transfer in a pipe
subjected to an external uniform heat flux boundary condition. The flow
was assumed to correspond to that of fully developed Poiseuille flow
over the whole calculation domain, which included pre-heated and post-
heated sections. Some of their results are shown in Fig. 3.10 along
with results generated with the present elliptic code. The values of
the governing non-dimensional parameters are Pe = 50, K = 50, and
A=0.05. In this ftigure, qg;/q represents the ratio of the local heat

flux at the inner surface to the applied uniform heat flux at the outer
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surface (normalized with the internal radius). As can be seen in

Fig. 3.10, the results given by the elliptic code are in excellent

agreement with the results of Fithen and Anand [1988].

3.8 CLOSING REMARKS

The numerical methods used to simulate conjugate conduction and
mixed-convection in vertical pipes have been presented in this Chapter.
As will be shown in the next Chapter and in Chapter 7, these numerical
methods constitute an important component of the proposed mode! of cio-
sed- loop thermosyphons. In addition, numerical results on conjugate
conduction and mixed-convection fluid flow and heat transfer in vertical

pipes, without the closed-loop interaction, are presented in Chapter 6.
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CHAPTER IV

SOLUTION OF THE PROPOSED MODEL

4.1 INTRODUCTION

The proposed model involves the iterative coupling of local results
ot two-dimensional numerical simulations performed in the heated and
cooled sections with a traditional one-dimensional analysis. Attention
is forussed on cases where AZ is small and where the flow is by mixed-
convection in the heated and cooled sections of the thermosyphon. The
mathematical concepts of the proposed model were presented in Chapter 2
and the formulation and implementation of the two-dimensional finite-
volume numerical methods were described in Chapter 3. In this Chapter,

the complete solution methodology of the proposed model is presented.
An overview of the proposed model is presented in the next section.

This is then followed, in section 4.3, by a step-by-step description of

the solution methodology. Section 4.4 presents the specific model per-

taining to the present experimental apparatus.

4.2 OVERVIEW OF THE PROPOSED MODEL

4.2.1 One-Dimensional Momentum Equation

With reference to the nomenclature presented in Fig. 2.1, it was

shown, in Chapter 2, that the governing one-dimensional momentum equa-



tioﬁ of the proposed mode! is

S3 Ss Sg S19
v2 F:—S-st*rjfhs(s) ds +£—st+ chs(s) ds| =
S19 S3 S5 Sg
S3 Ss Sg S10

r,of j T(s)cosf ds + J T,s(s)cosd ds + J T(s)cosf ds + I T.s(s)cosé ds

S10 S3 Ss Sg

(2.17)

In the proposed mode!, the values of f _(s), f_ (s), T,s(s), and
T.o(s) are numerically determined using two-dimensional simulations in
the extended heated and cooled sections of the closed-loop thermo-

syphon.

The task in this Chapter is to solve Eq. 2.17, in conjunction with
the two-dimensional numerical simulations in the extended heated and
cooled sections, in order to obtain V and the temperature distribution

around the loop.

4.2.2 incorporation of Two-dimensional Numerical Inputs

Since the values of f, (s), f_. (s), Ths(s), and T . (s) are deter-
mined numerically, they are discrete values prevailing over certain
finite distances, &s. With these considerations, the integrals in the

extended heated and cooled sections of the thermosyphon are replaced by

g r

-\
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summations in Eq. 2.17:

S3 Sg
2 | 16 i=t1 v, 16 i=L1 o |
S10 S5

S3 Sg

i=L1
rigf JT(s)coso ds + '_21 The ;Cosé As] + [T(s)coso ds +
j= '

S10 Ss
i=L1 T
+ i§1 Tee jCOSO As; (4.1)
where, as shown in Fig. 3.3, the subscript "i" refers to a particu-

lar grid location and L1 represents the total number of grid points in
the axial direction. The superscripts T and u refer to temperature and
axial velocities, respectively.

The Fanning friction factors, f and fy ;. and the mean cross-

cs, i
sectional temperatures, Ths'i and Tes,i» are obtained by using suitable
numerical approximations of Eqs. 2.18 and 2.19. A: mentioned in Chap-
ter 3, when the elliptic set of the governing equations is used, temper-
atures are evaluated at main grid points and axial velocities are calcu-
lated at staggered locations to the main grid points. Thus, fhs,i and
fes,i prevail over the distance between two main grid points, denoted
by As? in Fig. 3.4b and in Eq. 4.1, while Ths,; and Tes, i prevail

over the distance between main-grid contro! volume faces, indicated by

As? in Fig. 3.3 and in Eq. 4.1.

1
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In the case where the parabolic set of the governing equations is
employed, temperature and axial velocities are calculated at main grid
points. Because of the fully implicit formulation, which was discussed

in Chapter 3, the velocities and, consequently, f, . ; and f.  ;, as well

o1
as Ths'i and Tcs’i, are assumed to prevail over the whole distance
between two -successive grid points in the main flow direction.

This distarce is identified as As} and As? in Fig. 3.5 and in Eq. 4.1.
The finai form of the one-dimensional momentum equation, after incorpo-

raticn of the two-dimensional numerical inputs, can now be obtained by

solving the remaining integrals in Eq. 4.1:

i=L1

2| 16
v Re (Lyg*+ Lyt Lo+ Lo+ Lo+ 27R) + i)=:1 fhs'iAgl‘_l
i=t1 (T10'Ta) 0L
* i§1 fcs,iA‘s‘i’ = r;08|- - (1-e 10) . TaL1O
(T, -T,) (T,-T,)
QL 2 'a -0l
+ ) (1-e ") +TaL1 + o (1-e'* 2) + T,L,
TSt 1, U5 Ta) -aL (T7-Ta) -0
* i§1 Ths,imi *——— (1-e 5) + T, Lg — (1-e 7)
i=L1 T 2,.-mRO
- Toly - TE Tes, sy # R (e 1) (Tg-Tyq) (4.2)
i=1 [ 2
(PR%+1)

where the modified heat loss coefficient, Q, was defined in

Chapter 2 as 01 = U/pmVACp. When heat losses are negligible,
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it can be shown that Eq. 4.2 reduces to:

2| 18 izL1 i=L1
V1 Re (Lot Lyt Lot Ls+ Lp+ 2mR) + B f yasf + B f ;o8]
(4.3)
i=L1 T i=L1 T
= 008 Ty Lyt L= Lyg) + Tslls- Ly) +. B Ty 588y - B Tog s,

4.3 SOLUTION OF THE PROPOSED COUPLED 1~D/2-D MODEL

4.3.1 Preliminary Considerations

The solution of Eq. 4.2 presents two difficulties. Firstly, it can
be seen that Eq. 4.2 is a transcendental equation since V is involved on
both sides of the equation. This means that root finding techniques,
such as the secant method, will have to be appropriately used to obtain
V. Secondly, and more importantly, the solution of Eq. 4.2 requires the
inputs of two-dimensional numerical simulations which themselves depend
on V. In this work, Eq. 4.2 and the two-dimensional numerical simula-
tions in the extended heated and cooled sections are careftully decoupled
and solved iteratively to obtain V and the temperature distribution

around the loop.

The dimensionless parameters of the proposed model were identified
in Chapter 2 and in Appendix C. However, for convenience, the dimen-
sional forms of the equations will be used here. Examination of the
dimensionless parameters indicates that the solution for a given set of

these parameters can be uniquely determined when suitable values of the
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following dimensional values are specified: P, T;, r{» U, T,, R, and
the lengths of the various sections of the loop. The following step-by-
step solution procedure is performed for a given set of these fixed val-

ues.

It should be recalled that the two-dimensional numerical simulations
can be accomplished using either the parabolic or the elliptic set of
the governing equations of mixed-convection flows., The simulations are
performed according to the numerical formulation given in Chapter 3.

The parabolic code has the advantage of being less computer intensive
than the elliptic code, but, unlike the elliptic code, it can not handle
streamwise flow reversals that may occur in the heated or cooled sec-
tions of the closed-loop. The solution methodology is essentially the

same in both cases; differences will be noted below.

The solution procedure has been coded in FORTRAN?7 and executed, for
the most part, on a 80386-based personal computer running at 25 MHz and
using the Lahey FORTRAN77 Version 2.20 compiler. Occasionally, for fine
grids, the code was compiled using the Fujitsu FORTRAN77 compiler and

run on McGill's IBM 3090-180E/VF computer.
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4.3.2 Solution Methodology

4.3.2.1 Step 1: Choice of starting conditions

The solution process starts by selecting a guessed average velocity,
Vg. The value of Vg has to be reasonably close to the final result,
otherwise the solution process may not converge. In this investigation,
experience has shown that the velocity obtained for Case 1 of the tradi-

tional model! (Eq. 2.15) constituted a good guess to initiate the

solution of the proposed model. Thus, Vg is set equal to:
172
v - P, 9842 -
g = BﬂCp#L ( ) 5)

The lengths of the "post" sections, L, and Ly, are then determined
based on preliminary simulations where various lengths of the "post"
sections are examined. The final lengths of the "post" sections are
determined when the Fanning friction factors are within 20 % of their
fully developed value, 16/Re. The lengths of both "post" sections are
then set and remain unchanged throughout the remainder of the procedure.
This appeared, although no optimization studies were undertaken, to be a
reasonable compromise between the accuracy of the model and computa-
tional cost. Typically, the lengths of these "post" sections were

approximatety the same as the lengths of the heated and cooled sections.

Preliminary simulations were also used to determine which grid spac-
ing, in the two-dimensional numerical simulations, provided an essen-
tially grid independent solution. Grid independence results as well as

the determination of the lengths of the post sections are dependent on
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the geometry of the closed-loop; these matters will be further discussed

in Chapter 7 in conjunction with the presentation of results.

The nodal temperatures around the loop, T4, T, ...... i
(Fig. 2.1), are then calculated based on the value of Vg and using the

procedure described in Appendix D.

In the following presentation of the methodology, two subscripts are
used, namely, m and n. The former one (m) refers to the number of cou-
pling cycles between Eq. 4.2 and the two-dimensional numerical simula-
tions, and the latter one (n) to the number of iterations within the
secant method used to solve Eq. 4.2 with given numerical inputs. Execu-
tion of Steps 2 to 6 described in the following sub-sections constitutes

one coupling cycle.

4.3.2.2 Step 2: Numerical simulations in the extended heated and cooled
sections

The latest calculated values of V,, T3, Tg and of the dependent
variables in the extended heated and cooled sections T(i,}j), u(i,j),
v(i,j), and p(i,j), are used to initiate the numerical simulations.
Depending on whether the parabolic or the elliptic code is used, the

numerical simulations are performed differently,

Elliptic case

In this case it is unnecessary, considering the relatively high com-

putational cost involved with the elliptic code, to obtain a converged
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solution in each overall coupling cycle, when it is expected that values
of Vg, Tz, and Ty will change at the beginning of the next cycle.
Typically, in the present study, 50 numerical iterations, as defined in
Chapter 3, were performed within each coup!ing cycle and in both
extended sections. However, in the case of the first cycle (m = 1) and
for the range of conditions experienced in this work, approximately 100
iterations were necessary for the temperature and velocity profiles to
take shape. |f fewer iterations are performed in the first cycle, erro-
neous temperatures and friction factors will be inputted into Eq. 4.2,
resulting in a possible divergence when solving for V. As the number of
overall coupling cycles (m) increases, and the values of Vg. Ty, and T,
approach convergence, the 50 numerica! iterations performed in each
overall cycle were found to produce adequately converged two-dimensional

solutions.

Parabol ic code

In this case, the numerical computations are relatively inexpensive
and calculations are performed, in each overall cycle, until numerical

convergence is attained.

Final calculations in Step 2

After completion of the numerical simulations, the values of all
dependent variables, at each grid point, are stored for latter
retrieval. These values are used as starting values for the next set of
iterations at the beginning of the next cycle. The following local val-

ues are also calculated and stored: Ths,i,m,» Tcs,i,m» fhs,i,ms fecs,i,m,



and the average Nusselt number in the cooled section, Nu, which is def-

ined in the nomenclature. As noted earlier, the subscripts "i" and "m"

refer to the axial grid location and to the cycle number, respectively.

.3.2.3 Step 3: Determination of correction ratios

in this step, axial temperature distributions are first calculated,

T
for each As;j, using the most recent values of Vg, T3, and Tg, and

assuming ful ly developed forced convection.

distributions are:

In the heated section (s; ¢ s.,¢ 5,):

fe (si'SS) Pu
Toeotm =T oy T

In the post-heated section (s, < s,¢ s;):

fc
hs,i,m =

T (T,-T, e HEi78) 4 7

In the cooled section (s; < s, s5):

fc
¢s,i,m

T = (Tg-T,)e X (517%8) 4 T

In the post-cooled section (s, < s;¢ 5y4):

fc
¢cs,i,m ~

T (To-T,)e USi"S9) 4 ¢

These temperature

(4.4)

(4.5)

(4.6)

(4.7)

where the superscript "fc” refers to a fully developed forced con-

vection flow and 02 is basad on Vg. Then, the following correction ratios,

denoted by the letter C, a‘e calculated for each As':
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fc

chs,i,m = Ths,i,m / Ths,i,m (4.8)
- fe

Ces,i,m = Tcs,i,m / Tcs,i,m (4.9)

Since the flows investigated here are not fully developed, these
ratios are different from unity. In effect, these ratios can be
regarded as indicators of the distortion of the fully developed tempera-
ture profiles due to superimposed natural convection effects in the
heated and cooled section and to heat losses effects in the post sec-

tions. These ratios are used in the next step.

.3.2.4 Step 4: Solution of Eq 4.2 using the secant method

At this point, all the necessary information is available to solve
Eq. 4.2: Nodal temperatures, T, ..... Ty4, have been evaluated in
have been calculated

Step 1 and frq { o f Ths,i,m» and T

cs,i,m® cs,i,m

in Step 2. Equation 4.2 is conveniently cast into the folilowing form:
A 2
F(V) = r;08 35— -V (4.10)

where A and B refer to the content of the left hand side and right

hand side brackets of Eq. 4.2, respectively. The objective is to find
the root of this equation or, in other words, find what value of V will
make F(V) = 0. This is done here using the secant method (Dahlquist and
Bjorck, [1974]). As with any root finding methods, a judicious choice
of initial guesses can speed up the convergence of the calculations.

For the secant method, two initial guesses are required. In this work,
the ftirst guessed value is set equal to Vg as Ths,i,m' Tcs,i,m’ fhs,i,m'

and fcs,i'm have all been obtained based on this velocity. This can be
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written as:

v =V (4.11)

m,n=1 [*)

where the subscript "n" refers to the iteration number in the secant

method. The second guessed value of V is simply set to 90 % of V,:

= 0.9V, (4.12)

m,n=2

Subsequent guessed values of Vp,n are given by the following recur-

sive formula of the secant method (Dahliquist and Bjorck [1974]):

) vm,n-1 B vm,n-2
myn- F(vm,n-1) - F(Vm,n~2)

v =V

m,n m,n-1

- F(V (4.13)
This process is repeated until the absolute value of the relative

change in V for two consecutive iterations of the secant method is less

than a given tolerance, usually set at 10"%. Mathematically, this can

be expressed by:

< 10°* (4.14)

In the evaluation of F(Vm,n), for n 2 2, a problem arises. Since

the values of T, ; T and f_ have been evaluated

,m* ‘cs,i,m* fhs,i,m' ,i,m

based on Vg and the corresponding values of T; and Tg, their insertion
into Eq. 4.10 to evaluate F(V) for a V # Vg could lead to erroneous
results and eventually, in some cases, to divergence in the secant

method. In order to resolve this probiem, values of fos s f

,m? les,i,m?

The,i,mr and T are corrected prior to their introduction into

i,m
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Eq. 4.10.

Correction procedure for Ths,i,m and Tes,i,m
The values of T, ; , and T,  ; ., determined in Step 2, are cor-
rected using the correction ratios calculated in Step 3. Specifi-
cally, the correction procedure is as follows. Using the most recent
values of V, ., the values of T; and Ty are evaluated using the tech-
niques described in Appendix D. Then, assuming fully developed

forced convection, axial temperature distributions, Tﬁg i m.n and
1 ’ 1

TZ: L .m.n » are calculated for each As¥, in both extended sections.

The subscript "n" is added to indicate that these values are for a
given iteration in the secant method. These temperature distributions
are given by Eqs. 4.4 to 4.7, where Vg is replaced by Vn,n and Nu
(included in X in Eq. 4.6) is the latest value of ﬁ:. determined

in Step 3. The corrected values, for a particular iteration of the

secant method, T,  j n , and T.g ; o . are then evaluated:

fe

Ths,i,m,n = Chs,i,m * Ths,i,m,n (4.15)
= .t 4.1
Tcs,i,m,n = Ccs,i,m Tcs,i,m,n (4.16)

The use of the C ratios modifies the temperature profile to take
into account superimposed natural convection and heat losses effects

that occurred during the last numerical simulations.
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Correction procedure for fhs,i,m and fcs,i,m

The correction procedure for the friction factors is based on the
fact that f's are inversely proportional to Re. Thus, the friction fac-
tors determined in Step 2, f, ; , and f . ; ., are corrected to obtain
the friction factors for a given iteration of the secant method, denoted

by ths.i,m,n ad fco i, m, n according to:

V9

fhs,i,m,n = fhs,i,m Vm n (4.17)
VB

fc:s,i,m,n = f¢:s,i,m Vv (4.18)
m,n

4.3.2.5 Step 5: Monitoring of the convergence of V from cycle to cycle

At this stage, the cycle is complete and convergence in the secant
method has been reached (Eq. 4.14). Before moving to the next cycle,
the new value of V  (subscript "n" is dropped as the calculations
are now outside of the secant method) is compared to the value of V
obtained from the previous cycle, V,.4. |If the absolute value of the
relative change in V from two consecutive cycles is less than 10°%, then

the solution is said to have converged. Thus, it

< 1074 (4.19)

the calculations are stopped and the solution to Eq. 4.2 is com-

plete.
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4.3.2.6 Step 6: Return to the next cvcle

1f Eq. 4.19 is not satisfied, then iterations have to be performed
over another cycle. Before returning to the beginning of the next
cycle, the fluid properties are updated, if necessary, using the rela-
tionships found in Appendix A, according to the latest mean loop temper-

ature. The new values of the average velocity, V and of the nodal

m 1
temperatures are then returned to Step 2 and used as the latest calcu-

lated values of Vg and T, .... Ty,.

4.4 SPECIFIC MODEL FOR THE EXPERIMENTAL APPARATUS

Due to experimental constraints, which will be described in
Chapter 5, the experimental loop has two slightly different internal
radii. From s, to s, the internal radius, designated by r,, is equal to

0.009 m. Elsewhere around the loop, from s, to s,, the internal

radius, r,, is equal to 0.0095 m. Even though the difference in the
value of the radii is small, it has to be considered in order to
obtain an accurate determination of V. It can be shown that Eq. 4.2

takes the following form when these two different radii are accounted

for.
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4

Vi | =5 (Lig* Lyt Lp# [2nR + L)) + L L POY:CH

Re; r] fx 1=
re
16 ey e —— "8 A | =
Rexrx 2 5 fs i=1 cs,i 4
i
(Tyo-T.) 2,.-mR0
g | - 210 "a’ (1_e-QL10) + R (e +1) (T T, 1)
9 n 2 6 "1
(MPR%+1)
T,-T (T,-T,)
1 'a L 2 'a - i=t1
*—5q (1-e 1) t—a (1-e "2) +i§1 ThsliAs}
(T5-Ty) 0L (T7-Ty) L izt
t—g— (187 5) - —— (1" 7)) - E Tcs‘iAs}
where 1 = Y S The subscripts i and x refer
pmVxAxCP pmviAiCP

to values in sections from s¢ to sz and from s to sg, respec-

tively.

The form losses associated with the 180° bends are handled by
introducing, as shown in Eq. 4.20, an equivalent length of pipe, Leq.
The technique to convert the empirically determined loss coefficient of
Blevins [1984] into an equivalent length of pipe is shown in Appendix E.
Equation 4.20 is solved to obtain V, using the technigue given in sec-

tion 4.3,
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4.5 CLOSING REMARKS

In this Chapter, a procedure to handie the coupling of two-
dimensional numerical simulations performed in the extended heated and
cooled sections with a traditional one-dimensional analysis has been
presented. The outputs of the solution include the average velocity in
the closed-loop, the nodal temperatures around the loop, and the
detailed two-dimensional velocity and temperature fields in the extended
sections. Some of these outputs will be compared to experimental
results in Chapter 6, following the description of the experimental

apparatus which is the subject of the next Chapter.



CHAPTER V

EXPERIMENTAL APPARATUS AND PROCEDURES

5.1 INTRODUCTION

A closed-loop thermosyphon with vertical heat transfer passages was
specially designed and constructed for the present investigation. One
of the key elements of this experimental facility is the heated section.
It uses a thin semi-transparent gold-film, glued on the inner surface of
a Plexiglass pipe, to provide the power input to the closed-loop. Wall
temperature measurements and flow visualization in this heated section
provide useful physical insights on the heat transfer and fiuid fiow
phenomena. Furthermore, with these measurements, the numerical simula-
tions of mixed-convection flow in vertical pipes can be verified quanti-

tatively and qualitatively.

This Chapter is organized as follows. In the next section, each
element of this newly built apparatus is described. Section 5.3 is
devoted to the design and construction of the heated section. Tempera-
ture, power and average velocity measurements as well as the real-time
data acquisition system used in this study are described in section 5.4,
This is followed by a description of a typical test in section 5.5. Flow

visualization instrumentation and procedures are outlined in section 5.6.

Experimental results shall be examined in detail in Chapters 6 and 7
where they will be compared with the predictions of the proposed mode!

and numerical simulations performed in the heated section.

&
by
%
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5.2 EXPERIMENTAL CLOSED-LOOP THERMOSYPHON

5.2.1 Overail Design

The experimental closed-loop thermosyphon used in this study is pre-
sented schematically in Fig. 5.1 and photographically in Fig. 5.2. 1t
consists of two sets of vertical Plexiglass pipe sections joined
together by two circular 180° bends. As indicated in Fig. 5.1, the
lengths of the heated and cooled sections are 0.664 m and 0.612 m,
respectively, and the distance between the centers of these two sec-
tions, AZ, is 0.294 m. The total circulation length of the closed-loop
is 6.2 m. The nominal internal and external diameters of the pipes are
19.05 mm and 25.4 mm, respectively, except in the sections incorporating
a gold-film on the interior surface where, as will be shown shortly, the

internal diameter is equal to 18 mm.

Water is used as the heat transfer fluid and the loop has a volumet-
ric capacity of about 1.75 liters. The loop is open to the atmosphere
at the top, via a small expansion chamber, shown in Fig. 5.1. Thus, the
pressure inside the loop is essentially hydrostatic. As can be seen in
Fig. 5.2, the apparatus is attached to a modular framing system (Uni-
strut, model P1000 channels) which consists of robust stee! channels and
fittings that can be easily assembled. The channels are anchored to a

foundation wall to minimize vibrations.

The whole assembly, except the cooled section, was insulated with
6 cm of foamed plastic pipe insulation (Armaflex, manufactured by Arm-

strong, k = 0.04 W/m°C), shown in black in Fig. 5.2. The pipe insula-



119

tion was cut into two in the longitudinal direction to facilitate its
installation and removal. |t was held in place by using a removable

cloth tape (DRG Sellotape, model 5803).

5.2.2 Elements of the Closed-Loop Thermosyphon

Using Fig. 5.1 as a guide, each item comprising the loop will now be
described starting from the exit of the post-heated section and going

clockwise,

The top circular 180° bend, which is shown without its insulation
in Fig. 5.3a, is composed of two flexible quarter-circle pipe sections.
Each section is made of braided clear Tygon tubing (Fisher, #14-169-20E)
glued to square flanges at both extremities. The two sections are
joined together by placing a spacer between two flanges. This spacer
has an opening on top to permit the junction to a transparent expansion

chamber.

The flange-spacer-flange arrangement shown in Fig. 5.3a is typical
of every pipe junction in the closed-loop and will now be briefly
described. The arrangement consists of two Plexiglass square flanges
(75 mm x 75 mm x 9 mm thick) glued at the ends of the pipes to be
joined. Each flange has a machined groove to accept an O-ring (PRP
seals, model 135). The O-rings are black and can be seen in Fig. 5.3a,
The Plexiglass spacer is also square (75 mm x 75 mm) with a thickness
varying from 3 mm to 50 mm. The spacer has a center hole of the same
diameter as the internal diameter of the adjoining pipes. Both flanges

and the spacer are held together using four stainless-steel screws.
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Two bulk temperature measurement sections are used. One, labelled
as the inlet bulk temperature measurement section is Jocated at the left
end of the bottom 180° bend, as in Fig. 5.1. The other is located at
the right end of the upper 180° bend, and labelled as the outlet bulk
temperature measurement section, as in Fig. 5.1. Both sections have
the same design, which is shown in Fig. 5.3b. Each section consists of
a Plexiglass spacer with five very fine Type-E thermocouples (Omega
Engineering Inc. # 5TC-TT-E-36) aligned along the pipe diameter. Each
thermocouple measures the temperature of the fluid flowing inside the
loop at that particular location. The thermocouples are located in the
center of three equal cross-sectional areas. They are held in place by
inserting their bead into a tightly stretched fishing rod wire having a
diameter of 0.2 mm. The thermocouples and fishing rod wires are
inserted into grooves made in the Plexiglass spacer and cemented in
place with epoxy glue (Devcon, 2-Ton clear epoxy). Typically, the Rey-
nofds number, based on the diameters of the wires, was of the order of
one. Therefore, the bulk temperature measurement section should affect

the flow pattern only in the immediate vicinity of the wires.

More details on the inlet and outiet bulk temperature measurements
will be given in section 5.4.1.1. |t should be noted that these two
measurements along with the net power input measurement are used, as
will be shown in section 5.4.2, to obtain the average velocity inside

the closed-loop.

A straight Plexigiass pipe, with a length of 44 cm, follows the out-
let bulk temperature measurement. This pipe is used to let the flow

reach a fully developed condition at the entrance of the cooled section.
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This is required to allow the experimental conditions to correspond with
the fully developed velocity profile assumption used in the proposed

model .

A close-up view of the cooled section is shown in Fig 5.3c. It con-
sists of a double-pipe heat exchanger, designed to provide an essen-
tially constant and uniform wall temperature condition on the inner
pipe. The inner pipe is made of copper, with an internal diameter of
19.05 mm, a thickness of 1.6 mm, and a length of 0.612 m. The outer
Plexiglass pipe is also 0.612 m long with an internal diameter of 38 mm
and a thickness of 3.2 mm. The resulting annulus formed by this douple-
pipe assembly is approximately 8 mm wide. Both pipes are glued to
flanges, located at each extremity, using epoxy (Devcon, 2-Ton clear
epoxy) and a bead of silicone adhesive sealant (CGE, model RTV-108).

The annulus is filled with plastic scrooge wool, shown in yellow in

Fig. 5.3c, to promote water mixing.

Cooling water, supplied by a 20-liter constant temperature bath
(Nesiab, model RTE-220A) which can be seen in the lower left corner of
Fig. 5.1 and Fig. 5.2, was circulated in the annulus of the cooled sec-
tion at a flowrate much greater than the flowrate inside the closed-loop
in order to approximate the uniform wall temperature condition on the
inner pipe. During the preliminary tests and the final runs, the inner-
pipe wall temperature uniformity was continuously monitored using three
Type-E thermocouples (Omega Engineering Inc. #TT-E-30) glued to the cop-
per pipe using an epoxy-based high thermal conductivity glue (Omega
Engineering Inc., # OB-101-2). As shown in Fig. 5.3c, one of the ther-

mocouples is located in the middie of the cooled section, while the
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other two are located near the inlet and outlet pipe connections. Typi-
cally, in all runs, the temperatures measured by the 3 thermocouples

were all within 1 °C of each other.

Two Plexiglass pipes are encountered after the cooled section.

These two pipes along with the pipe preceding the cooled section could
be interchanged to modify the value of AZ, but this feature was not used
in the present study. Following this, the flow changes direction in a
180° bend, which is nominally identical to the top 180° bend described
earlier. A drain valve, located at the lowest point of the bend is used
to fill and empty the loop. Following the 180° bend, is the inlet bulk
temperature measurement section. As was stated earlier, this section is
identical to the outlet bulk temperature measurement section described

above.

Coming next, following a short Plexiglass pipe, are the pre-heated,
heated and post-heated sections. These three sections are nominally
identical in length and internal diameters. Each section is composed of
a Plexiglass pipe, with an interna! diameter of 19.05 mm and an external
diameter of 25.4 mm, in which a thin semi-transparent gold-film has been
glued on the inner surface. The resulting internal diameter of these

gold-film sections is 18 mm.

The heated section is the only one energized during a test, and it
is instrumented with thermocouples to measure wall temperatures. The
pre-heated and post-heated sections were built to ensure that the inter-
nal pipe diameters upstream and downstream of the heated section would

be identical to the internal diameter of the heated section. In addi-
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tion, a straight pre-heated section was necessary so that the flow could

be assumed to be fully developed at the entrance of the heated section.

The design and construction of the gold-film sections will now be

described.

5.3 DESIGN AND CONSTRUCTION OF THE GOLD-FILM SECTIONS

5.3.1 Introduction

Recall that one of the objectives of the present investigation is to
have a transparent (or essentially transparent) pipe section in which a
uniform heat flux is applied to the fluid circulating in the closed-
loop. This is accomplished here by using a thin semi-transparent and

flexible gold-film,

As was mentioned in the literature review of Chapter 1, the thin
gotd-film technique has been successfully used in a number of heat
transfer experiments involving flow visualization and local heat trans-
fer measurements. However, in these experiments, the gold-film was
either fixed on the exterior surface of a test object, as was done by
Neill [1989], or internally in a pipe with a relatively large diameter,
such as the 9.5 cm diameter pipe used by Baughn et al. [1985]. The main
challenge involved in the construction of the nresent gold-film sections
was to fix the gold-film on the inner surface of a relatively small
pipe, having an internal diameter of 19.05 mm and to provide appropriate
electrical connections to the heating surface. This required the test-

ing of several prototypes before the selection and construction of the



final design.

The various techniques used the construction of the gold-film sec-
tions will now be described, but first a brief description of the char-

acteristics of the gold-fiim is in order.

5.3.2 Characteristics of the Gold-Film

The thin semi-transparent gold-film used in this study is commer-
cially available in flat sheets of varinus sizes, thicknesses and resis-
tances. It is manufactured by the Sierracin Corporation (Sylmar, CA)
under the brand name Intrex. |t consists of a thin transparent polyes-
ter film on which a coat of goid has been applied by means of vacuum
deposition. The gold layer is overcoated with a proprietary ceramic
coating to protect the gold from abrasion. The main characteristics of

the film used in this study are:

1- Qverall thickness:

0.13 mm (0.005 inches).

2- Gold coating thickness:

Estimated at approximately 20 Angstroms.
3- Maximum sustained operating temperature:
100 °C at the coating interface.

4- Transparency to light:

80% +10%.
5- Resistivity:

13.54 Q/sq. * 6.2%, Neill [1989].
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6- Thermal conductivity of the polyester film:
0.28 W/m°C, Maeda [1989].

5.3.3 Construction Procedures

5.3.3.1 Preliminary considerations

A tota! of four gold-film sections were built for this study and, to
differentiate them, they will be referred to as heated section no.1,
heated section no.2, flow visualization section no.1, and flow visual-
ization section no.2. During any particular test, only three cf these
sections were used. They all had the same nominal length, and they
could, therefore, be interchanged in the loop to act as the pre-heated,

heated or post-heated section.

One of the early design decisions was to fix the gold-fiim on the
interior surface of a Plexiglass pipe. This was done for two reasons.
Firstly, had the gold-fiim been fixed on the exterior surface of the
pipe, it would not have been in direct contact with the circulating
fluid, so it could become overheated under the operating conditions of
interest in this study. Secondly, and more importantiy, with the gold-
film on the exterior of the pipe, a uniform heat flux applied at the
surface of the gold film would not necessarily result in a uniform heat
flux at the inner surface, of the pipe, due to heat conduction in the

pipe wall.

A preliminary prototype was built by gluing the polyester side of
the film to the inner surface of a Plexiglass pipe. Thus, in this

arrangement, the gold surface of the film is in direct contact with the
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fluid. This prototype was energized and water was allfowed to circulate
inside the pipe. Unfortunately, it was found that the resistance of the
prototype almost doubled over a time period of one hour indicating that
the gold-film was deteriorating rapidly. This problem is believed to be
due to an erosion and/or corrosion processes as a visual inspection of
the gold-film at the end of this test indicated that patches of gold had
been removed from the film. Based on this experience, it was decided to
protect the gold coating by gluing the gold side of the fiim to the
Plexiglass pipe, thus leaving the polyester side of the film in contact

with the circulating water.

The disadvantage of this latter technique is that, unlike the case
where the gold-coating is touching the fluid, there is a thermal resis-
tance between the gold-film and the fluid due to the presence of the
polyester film. This thermal resistance has to be properly taken into
account to correct the measured wall temperatures in order to obtain the
true inner wall temperatures; the correction procedure is discussed in

section §.4.1.3 and in Appendix G.

In other early experiments, attempts were made at fixing the gold-
film inside the pipe by using the method devised by Baughn et al.
[1985]. This technique consists of sliding the gold-film into a pipe
and then inflating a rubber hose to press the film against the pipe
while gluing it to the wall. This technique did not work as, unlike the
pipe used by Baughn et al. [1985], the pipe used in this study has a
refatively smali diameter (19.05 mw), and it was very difficult to slide
the film into the pipe for more than ~ 15 cm. Considering that the

final length of the gold-film sections had to be ~ 70 cm, this technique
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was abandoned.

Instead, it was decided to build the gold-fiilm sections using two ‘
half sections. This so-called split design consisted of five major
steps: (i) cutting of the Plexiglass pipes in the longitudinal direction
so as to form two half sections; (ii) cutting, painting, bending and
gluing of the gold-film in each of these half sections; (iii) mating and
sealing of two half sections so as to form a circular pipe; (iv) providing
electrical connections from the gold-fiim to the power supply; and (v)
gluing of thermocouples in the Plexiglass wall, in the case of heated

sections no.1 and no.2.

The details involved in each of these steps will now be presented.
To facilitate the description, a number of photographs are presented in
Figs. 5.4 a-f and Figs. 5.5 a-f, and a cross-section of one of the extre-

mities of these sections is shown in Fig. 5.6.

5.3.3.2 Cutting of the Plexiglass pipe

As shown in Fig. 5.4a., Plexiglass pipes, with an internal diameter
of 19.05 mm and an external diameter of 25.4 mm, were cut in the longi-
tudinal direction to obtain half sections. The blade of the mitling
machine was adjusted so that one of the two resulting cut sections had
the required half height of 12.7 mm. The other cut section was dis-

carded.

After the cutting operations, the haif sections were carefully

deburred. As indicated in Fig. 5.6, a groove with a width of ~ 0.8 mm
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and a depth of ~ 0.4 mm was cut in the flat edge of one of the two half
sections used to construct the split pipe. The half section with this
agroove will now be referred to as the female half section. A sealing

gasket (Cole-Palmer, micro-tubing # J-6418-01) was inserted in this

groove.

5.3.3.3 Cutting, painting, bending and qluing ot the gold-film

The gold-film used in this study is very fragile, thus the four
procedures described in this section had to be undertaken with great
care. In order to detect any abnormalities or damage to the gold-film,
the resistance of each of the various gold-film strips was monitored
from the initial cutting stages to the final electrode assembly. These
resistance measurements have been summarized in Table 5-1 and will be

referred to in the following paragraphs.

Cutting

The film used in this work was taken from a sample roll 30 cm wide
and 15.2 m long. Two samples, denoted by the letters A and B in Table
5.1, with a width of 30 cm and a length of 70 cm were cut from this
roll. Then, both sides of the film were immediately covered with a
removable transparent tape (3M, Scotch Brand MagicPlus) to protect the
film. Neill [1989] has found that the application and removal of this
tape did not affect the gold-fiim. Furthermore, as an extra protection,

the gold-film samples were always handled with clean surgical gloves.

Each sample was cut to form 8 strips, approximately 33 mm wide and
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70 cm long. Although the value of the width itself is not critical at
this stage, each strip has to have the same width over its entire
length in order to make meaningful resistance measurements. Therefore,

the cutting technique had to be quite precise and it was accomplished

with the gold-fiim cutter conceived and constructed by Neill [1989].

Briefly, this cutter consist of a knife blade holder sliding along a
pair of carefully machined parallel steel rails. It is estimated that,
using this cutter, the width of each strip is within 0.1 mm over its

entire length.

The strips were cut wider than the half internal circumference of
the Plexiglass pipe. This facilitated, as will be shown shortly, the
gluing of the film inside the pipe. The excess width is cut off at a
later stage of construction. Using an Exacto knife, the strips were cut
in lengths of 68.25 cm, making sure that the resulting extremities of

the strips were paralle! to each other.

Painting

Following the cutting operation described above, the removable tape
was taken off at both extremities of each strip so as to have an uncov-
ered region, 33 mm wide and 9.5 mm long. This region was then painted
with a silver-loaded paint (Sunshine Scientific Instruments, Part No.
C-24), as shown in Fig. 5.4b. As will be shown later, this paint pro-
vides the electrical contact between the gold-film and the copper elec-
trodes. Neill [1989] has shown that the electrical resistance of the
paint is negligible in comparison to the resistance of the gold-film.

Therefore, as indicated in Fig. 5.6, ohmic heating takes place only in
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the region bounded by the silver painted extremities. After the paint
was allowed to dry for at least 24 hours, as recommended by Neill
[1989], the electrical resistance of each strip was measured by a mul-
timeter (Hewlett Packard, model 3478A, see specifications in Table 5.2)
using the 4-wire technique. These initial resistance measurements are
reported in the second column of Table 5-1, and it can be seen that the
maximum difference between the average resistance and any single resis-
tance is + 4%. This seems to indicate a slightly better resistance uni-
formity than the value of + 6.2% quoted by Neill [1989], for the same
gold-film roll. This can be explained by the fact that the resistance

uniformity reported by Neill [1989] was based on 25.4 mm x 25.4 mm

strips. In the present case, local non-uniformities tend to get aver-
aged over the full length, while local non-uniformities are more appar-
ent in the experiments of Neill [1989], because of the small size of the
strips.

The gold-film strips glued to the two half sections of the spiit
Plexiglass pipe were ultimately electrically connected in parallel to
copper electrodes. This parallel arrangement meant that the resistances
of the gold-film strips in the two half sections had to be closely
matched in order for the current to be the same in both half sections.
The third column in Table 5-1 indicates which strips were matched to

form a particular section.

Bending and qluin

To the knowledge of this author, there is no discussion, in the pub-

lished literature, on the bending of this tvpe of gold-film into a
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radius of curvature of 9.5 mm, such as the one used in this study.
Therefore, at the initiation of this experimental investigation, tests
were performed to measure the variation in resistance of a gold-film
bent into such a small radius of curvature. The results of these tests

indicated that the change in resistance due to bending was of the order

of * 1%. Therefore, bending effects were considered to be negligible.

Attachment of the gold-film to the inner surface of the Plexiglass

pipe required the use of a suitable adhesive. This adhesive had to have

the following properties: (i) bind the film firmly to the Plexiglass
pipe; (ii) be transparent; and (iii) not cause deterioration of the
gold-film when placed in contact with it. After unsuccessful attempts
with transparent silicon sealant (CGE, RTV-108) and double-sided tape
(3M, Scotch Brand Tape, No. Y9473) it was found that a two-part epoxy
glue (Devcon, 2-Ton clear epoxy) fultilled the three requirements just-
mentioned. With the aid of Figs. 5.4c-f and Figs. 5.5a, the bending-

gluing sequence will now be described.

After removing the protective tape on the gold side of the film,
equal amounts of part A and B of the epoxy glue are thoroughly mixed in
a clean beaker to obtain approximately 40 ml of glue. Then, this mix-
ture is poured on the gold side of the strip, as shown in Fig. 5.4c.
Once the strip is fully wetted by the glue, it is inserted into the half
section of Plexigiass pipe. Then, as demonstrated in Fig. 5.4d, it is

pressed against the pipe using a brass rod, with a diameter of 18.5 mm.

Following this, specially machined aluminum blocks are placed on top

of the brass rod and are slowly screwed down to the bottom blocks as
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shown in Fig. 5.4e. A close-up view is shown in Fig. 5.4f where, for

photographic purposes, the gold-film has been replaced by an unglued
piece of white cardboard. In this last figure, the protruding excess
width of the strip can be clearly seen. This excess width is necessary
to divert the overflow of glue away from the brass rod. The excess
width is cut, as shown in Fig. 5.5a, by using an Exacto blade. The
blade was carefully positioned on the flat portion of the Plexiglass
pipe half-section, so as to cut the gold-fiim exactly at the inner edge

of the tlat portion.

Once the glue had dried for at least 24 hours, the aluminum blocks
were unscrewed and the brass rod was delicately removed. |f necessary,
the flat portions of the Plexiglass pipe half-section were sanded to

remove any excess glue.

After the bending-gluing process had been compieted, the resistances
of the half sections were measured again, and the results are presented
in the fourth column of Table 5-1. The resistances presented earlier in
the second column are different from the ones of the fourth column
because the width of the gold-film has been reduced. As shown in the
fourth column, the resistances of the paired half sections are still

closely matched.

5.3.3.4 Mating and sealing of the {wo half sections

In order to form a complete gold-film section, two half sections
needed to be assembled and sealed together. The assembly is started by

inserting the sealing gasket into the female half section and carefully
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aligning the male half section with its female counterpart. Then,
approximately twenty hose clamps (Tridon, mode! #012) are used to
squeeze these two half sections together as demonstrated in Fig. 5.5b.
This was a delicate procedure in which the hose clamps had to be tight-
ened gradually and sequentially to avoid any stress point that might
lead to pipe cracking. Also shown in Fig. 5.5b are the sealing gaskets

which extend beyond the extremity of the gold-film section.

The tightening process was stopped when measurements, taken at three
locations on the pipe, indicated that the external diameter of the rewly
formed pipe was within £ 0.08 mm of the original 25.4 mm external diameter
of the Plexiglass pipe. Then, a few drops of Krazy glue were applied

along the entire length of both seams.

After the glue had dried for at least an hour, the hose clamps were
removed. The external diameter was re-measured and found to be within
the same tolerance as the one indicated in the previous paragraph. The
mating-sealing technique just described provided a good leak-proof seal

for the range of pressures encountered in this work.

5.3.3.5 Electrode construction

The final electrode design is shown in Fig. 5.5¢c and Fig. §.6. Cop-
per plates with a thickness of 3.2 mm were used to connect both extremi-
ties of the gold-film to the external power leads. Each copper plate
was tightly screwed against a Plexiglass fiange, with four flat head
stainless-steel machine screws. This assembly was then carefully

inserted into the gold-film section until the silver-painted extremity
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of the gold-film was flush with the external surface of the copper
plate. Then, the flanges are glued to the Plexiglass pipe using epoxy
glue (Devcon, 2-Ton epoxy glue), as shown in Fig. 5.6. In this last
operation, both electrodes are carefully aligned so that they are paral-

lel to each other and perpendicular to the axis of the pipe.

In this position, the silver-painted extremities of the gold-film
touch the copper plate but this does not provide a reliable electrical
contact. A more permanent electrical connection was achieved by joining
the copoer plates and the silver-painted extremities with three coats of
silver-loaded paint (Sunshine Scientific Instruments, Part No. C-24)
along the circumference of a specially machined groove at the center of
the copper plate. The three coats of paint are represented by a dark
triangle in the insert of Fig. 5.6. Each coat was allowed to dry for at
least 24 hours. The remaining space in the groove was then filled with

epoxy glue so as to seal the paint from the outside environment.

Resistance measurements were taken after both electrodes had been
constructed. The results are presented in the last column of Table 5-1,
These resistance measurements correspond very closely to the theoretical
resistance (shown in bracket) obtained by connecting, in parallel, the
two corresponding resistances of the fourth column. This agreement
indicates that: (i) the mating and sealing of the two half sections did
not affect the gold-fiim; and (ii) the additional electrical resis-
tances, due to the three coats of paint and to the copper plates, are

negligible.

The construction of the gold-film sections is now complete and the



Lo |

135

final result can be seen in Fig. 5.5e. It should be noted that the
length of the heated portion of each gold-film section is 0.664 m while
the overall lengths of the gold-film sections, between the external

faces of the copper plates, vary from 0.680 to 0.683 m (Table 5.3).

5.3.3.6 Gluing of thermocoupies_in heated sections no.1 and no.2

During the construction of heated section no.1, holes were drilled
through the Plexiglass walls of both half sections to accommodate thermo-
couples for wall temperature measurements. Dowell pins were inserted
into these holes during the gold-film giuing process to prevent the
holes from being filled with glue. The dowell pins can actually be seen
in Fig. 5.4c, where they are shown on the bottom of the Plexiglass
pipe. After the glue was allowed to dry, the dowell pins were removed,
leaving an unobstructed hole leading to the thin coat of glue behind the
gold surface of the film. Thermocouples were inserted into these holes
unti! the bead touched the thin coat of glue. The thermocouples were
epoxied (Devcon, 5-minute epoxy) in place as shown in Figs. 5.5d,f.
Unfortunately, heated section no.1 started to malfunction at the initia-

tion of the final test runs and, therefore, it could no longer be used.

Instead of rebuilding another gold-film section, complete with holes
through the Plexiglass, it was decided to use an already built gold-film
section, which will now be called heated section no.2, and to carefully
drill holes in the Piexiglass pipe. As indicated in Fig. 5.6 and
Fig. 5.7, these holes have a diameter of 3.0 mm. The depth was set at
1.6 mm, half the thickness of the wall of the Plexiglass pipe, to avoid

drilling too close to the gold-film. Thus, when inserted and cemented
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into the holes, the thermocouples were further away from the gold-film

than in the case of heated section no.1. But this was not a major draw-
back, because, as is shown in Appendix G, the temperature corrections to
obtain the true inner wall temperatures are only marginally dependent on

the location of the thermocouple inside the wall of the Plexiglass pipe.

5.3.4 Determination of the Average Internal Diameter of the Gold-Fiim
Sections

It was not possible to measure directly the internal diameter of the
gold-film sections, except near the immediate vicinity of the inlet and
outlet. Thus an indirect method of measurement was used to obtain the
average internal diameter. The method basically consists of measuring
the mass of the gold-tilm sections before and after it has been filled
with distilled water. Then, by precisely measuring the length of the
pipe, and using the known density of the distilled water, the average
internal diameter can be determined. The mass measurements were done
using a triple-beam balance (Cole-Paimer model J-1020-00) with an uncer-
tainty of £ 0.1 g. The results of these measurements are reported in
Table 5-3, where it can be seen that the nominal internal diameter of
the four gold-film sections is 18 mm. Considering that the film is
0.13 mm thick, the thickness of the glue is then approximately equal to

0.40 mm,



137

5.4 SUPPORTING EQUIPMENT AND INSTRUMENTATION

5.4.1 Temperature Measurements

A tatal of sixty chromel-constantan thermocouples (Type-E) were used
in the final stage of this study. Ten ready-made miniature 36-gauge
thermocouples (Omega Engineering Inc., 5TC-TT-E-36), were used in both
the inlet and outlet bulk temperature measurements sections. The other
fifty thermocouples were fabricated in-house, using the technique
described by Neill [1988}, using 30-gauge thermocouple wires (Omega
Engineering Inc., TT-E-30). Out of these fifty thermocouples, forty-six
were inserted into heated section no.2, three were glued to the wall of
the cooled section, and the last one was used to measure ambient temper-

ature.

The thermocouple wires were connected, via rugged extension wires
(Omega Engineering Inc., EXPP-E-20), to a data acquisition unit (Hew!-
ett-Packard, mode! 3497A). This unit contains three hardware-
compensated relay multiplexers (Option 020), each having a capacity of
twenty thermocouples. Hardware compensation is provided internally,
using the voltage output of the reference junction transducer which
reads the temperature of the isothermal block. The multiplexers are
linked to a 5 1/2 digit voltmeter with a resolution of 1 uV and an accu-
racy of £ 3 uV in the 0-0.10 Volts range. The specifications of the

voltmeter are given in Table 5.2.

All thermocouples were individually calibrated, except the three

thermocouples located in the cooled section, against a calibrated quartz
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thermometer (Hewlett-Packard, mode!l 2804A). Appendix F describes the
thermocouple calibration procedure and results. Based on these results,
the uncertainty in the temperatures measured with the calibrated thermo-
couples is estimated at £ 0.05 °C; the uncertainty on the temperature

measurements in the cooled section is estimated at £+ 0.1 °C.

5.4.1.1 Inlet and outlet bulk temperature measurements, Tin, and Toy¢

The inlet and outlet bulk temperature measurements are used to
obtain the temperature difference across the heated section, which in
turn is used, as will be shown in section 5.4.2, to determine the aver-
age velocity in the closed-loop. As was mentioned earlier and as shown
in Fig. 5.3b, the inlet and outlet buik temperature measurement sections
are composed of five thermocouples. Each thermocouple is located in the

center of three equal cross-sectional areas.

For pipe flow, the bulk temperature, T , at a particular cross-

section is given by:

J pCpT(r)u(r) dA
T, = 2 (5.1)

pCpu(r) dA
A

where A is the cross-sectional area of the pipe, and T(r} and u(r)
are, respectively, the cross-sectional temperature and velocity pro-

files.

As shown by Eq. 5.1, the fluid temperature, density, and velocity
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profiles are needed to determine the bulk temperature. However, if the
temperature is uniform at a given cross-section then the bulk tempera-
ture is simply equal to that temperature without the need to measure the
velocity profile. In this work, the temperature uniformity in the inlet
and outlet bulk temperature measurement sections was continuousiy moni-
tored during a test and typically, as shown in Appendix K, all five
thermocouples were well within 0.3°C of each other. With such a small
difference among the temperature measurements the temperature uniformity
was quite good and the inlet and outlet bulk temperatures were assumed
equal to the arithmetic average of the five thermocouple measurements.
Based on the uncertainty of £ 0.05°C on the individual temperature

measurements, the overall uncertainty on T, and T is estimated,

out’
based on the propagation of uncertainty technique of Kline and McClin-

tock [1953], at * 0.11°C ([5{0.05}2]°-%),

As shown in Fig. 5.1, the inlet and outlet bulk temperature measure-
ments were not made immediately at the inlet and outliet of the heated
section. This was done for two reasons: Firstly, had the inlet bulk
temperature measurement been made at the inlet of the heated section,
the immersed thermocouple wires could have affected the inlet velocity
profile. Secondly, because the temperature profile at the outlet of the
heated section is distorted, an outlet bulk temperature measurement at
that location would have required, based on the foregoing discussion, a
knowledge of the velocity profile. Instead, the outlet temperature
measurement was located away from the outlet of the heated section and
after the top 180° bend so as to get a more uniform fluid temperature

over the cross-section of the pipe.
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As for the bulk temperature difference, it was simply obtained as
the difference between the outiet and inlet bulk temperature measure-
ments. Based on the * 0.11°C uncertainty on T, and T, ,., the uncer-

tainty on this temperature difference is, conservatively, set a. + 0.2°C

([2{0.11}21%-5 ~ + 0.2°C).

5.4.1.2 Ambient temperature measurement, T,

The ambient temperature was measured using a thermocouple located
at the mid-height of the closed-ioop. In order to reduce radiation
errors, the thermocouple was shielded by inserting it into a 6 mm brass

tube.

5.4.1.3 Wall temperature measurements in heated section no.2

Final wall temperature measurements were taken with forty-six ther-
mocouples glued, as discussed in section 5.3.3.6, inside the Plexiglass

pipe of heated section no.2.

The axial location of each thermocouple is shown in Fig. 5.5f and
tabulated in Table 5.4. As shown in Table 5.4 and in the pipe cross-
section in Fig. 5.6, two thermocouples were positioned at each axial
measuring point; one in the male half section and one in the female halt
section. The uncertainty in the axial and radial positioning of the
thermocouplies are estimated at = 0.5 mm and = 0.1 mm, respectively. In
order to assess the asymmetry of the wall temperatures, six thermo-
couples were positioned in a cross-section at 60° intervals, located at

a distance of 0.2320 m from the inlet.
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As mentioned earlier, the temperature readings given by the thermo-
couples have to be corrected in order to get the true inner wall temper-

ature. This correction procedure is presented in Appendix G.

5.4.2 Average Velocity Measurements

Classic methods of flowrate measurements could not be used in this
study. Devices such as orifice plates and turbine flowmeters introduce
unacceptable flow restrictions while noninvasive measurement techniques
such as ultrasonic flowmeters require, as mentioned by Fanney and Doug-
herty [1987], fluid velocities greater than the ones normally encoun-

tered in thermosyphons.

In this work, the average velocity inside the closed-loop was not
direct!ly measured. |Instead, the mass flowrate was first evaluated. Then
the average velocity was determined from a knowledge of the cross-

sectional area of the pipe and the density of the water.

The mass flowrate, m, is determined by measuring the net power
input between the locations of inlet and outlet bulk temperature
measurement sections. Mathematically, and with reference to Fig. 5.8,

this can be expressed by:

P, - (Q,+0,+Q,)
cp(Tout'Tin)

Se
"

(5.2)




where P is the power input to the heated section, Q

Xt Qy, and 0z

are the heat losses in the regions indicated in Fig. 5.8, cp is the

specific heat of the water, and T ,,-T;, is the difference between

n

the outlet and inlet bulk temperatures. The average velocity, V,

can then be obtained as follows:

__m
V== (5.3}

where p is the density of the water and A is the cross-sectional
area of the pipe. The heat losses, Q,, Qy, and Q, are obtained using the

following relationship (Fig. 5.8):

Q= U Li(Ty,i-T,) (5.4)

where U is an overall heat loss coefficient (W/m°C), L; is the
length of section i, T, ; is the mean bulk temperature inside section i,
and T, is the ambient temperature. The value of U was determined exper-

imentally, using the technique described in Appendices H and |, and is

equal to 0.18 W/m°C % 20 %.

Typically, during a closed-loop thermosyphon test, the sum of

o, +0, +0, amounts to less than 10 % of P . Therefore, even though

the uncertainty on U, and correspondingly on Q is £ 20 %,

X 2!

+ 0y + Q

its impact on the P, - (Q, + QY + Q, ) measurement is less than + 2 4%,

Since one of the main criteria of comparison between the proposed

mode! and the experimental results is the average velocity, a thorough
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in-situ calibration of the average velocity measurements was under taken.
The details of this calibration can be found in Appendix J, where it is

shown that the uncertainty on the average velocity measurement is = 5 %.

5.4.3 Current, Voltage, Resistance and Power measurements

A schematic representation of the electrical circuit of the heated

section is shown in Fig. 5.9. As was mentioned earlier, the heated sec-

tion is composed of two resistances connected in parallel and is repre-

sented as such in Fig. 5.9. Electrical power was provided to the heated
section by a DC power supply (Sorensen, mode! DCR300-3B). Current was
measured using a multimeter (Hewlett-Packard, model HP3478A). Voltage
measurements across the heated section were obtained using a separate
multimeter (Keithley, mode! 195A). Table 5.2 lists the specifications

of both multimeters and of the power supply.

Both multimeters are equipped with HP-IB links (IEEE-488) which per-
mitted transmission of current and voltage measurements to a real-time
data acquisition system, which will be described shortly. During a
test, the electrical power input, P , and the resistance of the heated
section, €, were evaluated, within a custom written data acquisition

computer program, using the above-mentioned voltage, V, and current, I,

measurements:
P, = Vel (5.9)
n=v/I (5.6)

Based on the accuracy specifications listed in Table 5.2, it can be
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shown, using the combination of uncertainty technique of Kline and
McClintock [1953], that, in the worst case, the uncertainties on

the P, and 1 measurements are less than * 0.5 %.

5.4.4 Real-Time Data Acquisition System

The foundation of the real-time data acquisition system is a data
acquisition and thermocouple multiplexer unit (Hewlett Packard, Model!
3497A) controlled, via an HP-IB (1EEE-488) interface, by a BASIC lan-
guage processor card (Hewlett-Packard, Model 82300A) incorporated into a
personal computer (Hewlett-Packard Vectra, AT compatible). This card
acted as a stand-alone computer and was internally linked to the per-
sonal computer, which made it possible to transfer data and programs
between the two computers. The card was also connected, using the HP- 1B

link, to both multimeters.

A general-purpose computer program was written in the BASIC language
to acquire, process, monitor and store measurements taken by these

instruments.

Data acquisition

The above-mentioned computer program was used to acquire, at a user-
specified time interval, the readings of the measuring instruments,
During a typical data acquisition sequence, a total of 62 raw measure-
ments were taken: 60 thermocouple voltage readings as well as current

and voltage measurements in the heated section.
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Data processing

Individual thermocouple voltage measurements were converted to tem-
peratures, using their respective polynomial calibration curve, and wall
temperature measurements were corrected according to the procedure given
in Appendix G. The electrical power input and the resistance of the
gold-fiim in the heated section were calculated, as discussed in section
5.4.3. The inlet and outlet bulk temperature were evaluated using the
method described in section 5.4.1. The mass flowrate and the corre-
sponding average velocity were determined using the technique discussed

in section 5.4.2.

Data monitoring

Once the raw measurements were processed, they were all displayed on
the monitor of the computer, as can be seen in Fig §.2. The image of
the monitor can also be transferred, if necessary, to a printer (Hewl-
ett-Packard, LaserJet series I1). Figure 5.10 presents the result of

such a transfer.

The display of processed data provided an instant picture of all the
measurements at their respective locations in the closed-loop. The lfong
vertical rectangle located on the left of Fig 5.10 represents the heated
section. The flow enters at the bottom, and adjoining numbers indicate
wall temperatures at those particular axial locations. The two circles
in the middle of Fig. 5.10 symbolize the inlet and outlet bulk tempera-
ture measurement sections. The temperatures on the top right-hand side

of both circles represent the bulk temperatures given by the five ther-
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mocouples shown inside the circles. The three wall temperature measure-
ments in the cooled section are shown on the right of the closed-loop,
beside the ambient temperature measurement and above the average velo-
city measurement. Also shown, in the bottom right corner of Fig. 5.10,
are the measurements related to the electrical power input and to the

resistance of the heated section.

Data Storage

The computer program stores, in internal memory, the last 10 read-
ings of every measurement. The program has the capability of providing
a time history pltot of these last 10 readings. This allowed a rapid
visual inspection of the stability of any measurement in the closed-
loop. Permanent data storage is done on floppy disk files for later

retrieval and analysis.

5.5 SYNOPSIS OF THE EXPERIMENTAL PROCEDURE

The following step-by-step procedure was used during a typical clo-

sed-loop thermosyphon test.

1. All instruments were powered-up for a 24 hour warm-up period.

2. The vertical orientation of the loop was checked, in both planes,

using a spirit level.

3. The closed-loop thermosyphon was then filled with distillied water. A

filling bottle, shown in Fig. 5.1, was positioned above the highest
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point of the loop and connected to the drain valve at the bottom of
the loop; water was allowed to fill the loop from the bottom to the

top.

. Electrical power to the heated section was gradually increased up

to the desired level. The temperature of the water bath, and
consequently, the wall temperature in the cooled section, were
adjusted to the desired conditions. Typically, step 4 would take two

to three hours.

. Using the real-time data acquisition system, the average velocity
inside the loop was monitored every 60 seconds. Conditions were con-
sidered to be steady when the measured average velocity did not vary
by more than * 1% over a time period equivalent to at least twice the
time required for a packet of fluid, travelling at the average velo-

city, to complete one revolution around the loop.

. Once the steady-state criteria stipulated in step 5 had been met, all
measurements were monitored and then permanently stored on disks for

future analysis.

. Return to step 4 with the next set of power input and wal!l tempera-

ture in the cooled section.
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5.6 FLOW VISUALIZATION INSTRUMENTATION AND PROCEDURE

5.6.1 Introduction

Flow visualization studies were undertaken to obtain qualitative
observations of two phenomena occurring in mixed-convection upward flow
in vertical circular pipes subjected to a uniform heat fiux boundary

condition.

The first phenomenon pertains to the presence of recirculation
cells. Although these cells have been numerically predicted, they have,
apparently, never been visually observed due to the tact that previous
experiments relied on ohmic heating of opaque walls. In this work, the
walls of the flow visualization section do not suffer from this limita-

tion as heating is provided by a thin semi-transparent gold-film.

The transparency of the heated section also permitted to examine the
second phenomenon of interest, namely, the laminar-turbulent transition
in mixed-convection flows. As stated earlier in Chapter 1, a number of
researchers have discovered that such transitional flows can exist in
mixed-convection situations, even if the Reynolds number is well below

2000.

As reported by Macagno [1969], a number of methods are available for
flow visualization in liquids. The most prominent ones are: (i) the
hydrogen-bubble method (Mueller, [1983]); (ii) small particle injection
(Merzkirch, [19741); (iii) electrolytic dye production (Baker, [1966]);

and (iv) dye injection (Merzkirch, [1974]).
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In the present study, the dye injection method was used to visualize
the flow as the other three methods were found to be inadequate. Meth-
ods (i) and (ii) are inappropriate in the present case, where buoyancy
effects are important, because it is very difficult to obtain neutrally
buoyant particles or bubbles. The method proposed by Baker [1966]
involves the preparation of an acidic solution which changes color in
the vicinity of energized electrodes. This method was also rejected in
order to avoid possible degradation of the gold-film by the acidic solu-
tion. The dye injection method did not suffer from these difficulties.
Another advantage of the dye injection method was that the same set-up

could be used to study both above-mentioned phenomena.

The following sections describe the dye injection instrumentation

and the flow visualization procedure.

5.6.2 Dye Injection Instrumentation

The flow was best visualized by using a fluorescent dye (fluorescein
sodium sait, Sargent-Welch #SC12184). Non-fluorescent dyes, such as
milk and food colorants, were tried but they did not provide the sharp

contrast obtained with the fluorescent dye.

The dye was prepared by completely dissolving approximately 2 grams
of dye powder with 1 liter of distilled water. Being essentially com-
posed of water, the dye solution was considered to be neutrally buoyant.
This dye had another advantage in that it had a small molecular diffu-

sion rate which made it well-suited for visualization of filament |ines,
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The key elements of the dye injection set-up are presented in Fig.
5.11a-c. These figures present, respectively, a special Plexiglass
spacer incorporating a small injection tube, an air-pressurized dye
reservoir, and the flow visualization section along with illuminating

lights.

As shown in Fig. 5.11a, the dye injection tube is made of brass and
is part of a special spacer which is inserted immediately upstream ot
the inlet of the heated section (Fig. 5.1). The center hole of the
spacer was carefully machined so as to be of the same diameter as the
adjoining pipes, in order to avoid any abrupt pipe transition. The
internal and external diameters of the brass tube are 0.8 mm and 1.6 mm,
respectively, and the tube is 25 mm long in the flow direction. The
injection tube is bent at a 90° angle and positioned at the geometric
center of the hole using the special Plexiglass positioning plate shown
in Fig. 5.11a. The length and diameter of the brass tube provided, when
needed, a relatively large volume of dye at the local inlet temperature

without significantly disturbing the main flow.

The brass tube was linked to the dye reservoir, which is shown in
Fig. 5.11b, using a Tygon tube. Typically, the 200 cm> reservoir was
filled with 80 m! of dye and air-pressurized up to 0.4 MPa. A valve
located at the outlet of the reservoir permitted to regulate the flow

from a trickle to a flooding condition.

During a flow visualization test, the dye was illuminated using two

15 Watts long-wave black lights (Panasonic Blacklight Blue - F15
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T8/BL-B). As shown in Fig 5.11c, the lights were fastened to telescopic
tripods and positioned on each side of the flow visualization section.
A ruler, located near the flow visualization section, indicated dis-

tances from the inlet of the section.

The best photographic results were obtained when the laboratory was
in total darkness and when a black felt was placed behind the flow visu-
alization section. Photographs were taken using either a Canon AE-1 or
a Pentax SP-500 camera. A number of different films were tried and the
best photographs were obtained using either an Agfachrome slide film
(ASA 1000, with a typical camera setting of 1/30 sec. and {1.8) or a

Kodacolor Gold color print film (ASA 400, 1/15 sec. and f1.8).

5.6.3 Flow Visualization Procedures

The following procedure was used during the final flow visualization

tests.

1. The closed-loop thermosyphon was modified to make it an open-loop.
This open-loop configuration, which is shown in Fig. 5.12 and
described in Appendix |, was used, instead of the closed-loop config-
uration, for two reasons: Firstly, it is easier to obtain the desired
tlowrate from a constant-head tank than from the natural circulation
of a closed-loop. Secondly, dye-infested water can be easily evacu-

ated from the loop.

2. The heated section and its covering insulation was removed and

replaced by a flow visualization section. The vertical orientation
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of the flow visualization section was checked with a spirit level.

. The whole open-loop, including the constant-head tank and the con-

stant-temperature bath, was filled with distilled water.

. The bath temperature was set such that the inlet temperature to the

flow visualization section was within £ 1 °C of the ambient tempera-
ture. This minimizes heat losses (gains) from the flow visualization
section. The flowrate was adjusted to the desired condition. Condi-
tions were monitored and considered to be stable when the inlet tem-
perature and flowrate variations were less than + 0.1 °C and + 1 %,

respectively.

. Once the inlet temperature and flowrate had reached their stability

criteria, electrical power to the flow visualization section was
gradually increased up to the desired level. This was followed by a
30 minute settling period. Dye was then injected into the flow

field using one of the two following methods.

Observations of recirculation cells

For these cases, the flow field was flooded using a method similar to
the one described by Scheele and Hanratty [1962]. This technique
consisted of injecting a large quantity of dye for a short period of
time (typically 1 second). The dye was then washed out from the main
flow by the water flowing in the fiow visualization section, while
dye remained trapped in the recirculation cell for a longer period of

time. This washing out process would typically last for 10 minutes
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before the contours of the cell could be clearly distinguished and
photographed. The dye contained in the cell would eventually disap-
pear due to molecular diffusion of the dye. Although this injection
technique was primarily used for the study of recirculation cells, it
was also successfully applied to the study of transitional flows as

will be shown in Chapter 6.

Observations of transitional flows

Transitiona! flows were mainly observed by injecting a dye filament

at the inlet of the flow visualization section.

The injection of a dye filament, in a flow where natural convection
effects are important, is at best difficult. The difficulties lie in
matching the temperature and velocity of the dye, respectively, with
the temperature and the relatively small velocity of the main fiow.
The temperature of the dye has to be equal to the temperature of the
fluid at the exit of the injection tube, otherwise the dye sinks down
or rises abnormally. This problem was circumvented by letting the
dye settle in the brass tube before each injection. As for the flow-
rate of the injected dye, it has to be high enough to have a visibfe
dye filament and low enough to minimize disturbances to the main

flow.
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5.7 CLOSING REMARKS

The experimental apparatus and its related instrumentation as well
as the design and construction of heated sections with gold-tilm heaters
were described in this Chapter. The results of the closed-loop thermo-
syphon tests and the flow visualization experiments are presented in the

next two chapters. The full set of experimental data is presented in

Appendix K.



155

CHAPTER VI

RESULTS:

CONJUGATE CONDUCTION AND LAMINAR MIXED~CONVECTION IN
VERTICAL PIPES FOR _UPWARD FLOW AND UNIFORM WALL HEAT FLUX

6.1 INTRODUCTION

One of the objectives of this work was to study conjugate conduction
and laminar mixed-convection in vertical pipes. Attention was focussed
on the problem presented in Fig. 3.1, where the tlow is in the upward
direction and the inlet velocity is assumed to correspond to the fully
developed Poiseuille parabola. A uniform heat flux is applied on the
outside surface of the heated pipe, and the upstream and downstream sec-

tions of the pipe are considered adial atic.

This Chapter presents the results of numerical simulations and flow
visvalization studies on mixed-convection flows. |In the next two sec-
tions, numerical results on conjugate conduction and mixed-convection
flows are presented. Then, in section 6.4, experimental observations of
recirculation cells and of laminar-turbulent transitions, encountered in

mixed-convection flows are reported.

It should be noted that local wall temperature measurements in
mixed-convection flows were undertaken during the course of this
study, and these are reported in Chapter 7 in conjunction with the

results of the proposed closed-loop thermosyphon mode!.
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6.2 PRELIMINARY CONSIDERATIONS

6.2.1 Introduction

The elliptic forms of the governing equations, as well as the bound-
ary conditions of conjugate conduction and mixed-convection flows in
vertical pipes, have been presented in Chapter 3. These equations were
non-dimensionalized and it was shown that the governing non-dir~ensional
parameters are: Grq/ReZ, the Grashof number over the Reynolds number
squared; Re, the Reynolds number; Pe, the Péclet number; K, the ratio of
the thermal conductivity of the wall to the thermal conductivity of the
fluid; and A, the ratio of wall thickness to pipe diameter. |In addition
and with reference to Fig. 3.1, the problem of interest is also depen-

dent on the following nor dimensional lengths: L, /D, L,/D, and Ly/D.

The governing equations were solved numerically using the fini-
te-volume approach of Patankar [1980}, as was described in Chapter 3.
The results presented in the next two sub-sections were obtained by
assuming that the thermophysical properties of the fluid and pipe were
constant. The effects of variable fluid viscosity and thermal conducti-

vity are discussed in Chapter 7.
6.2.2 Selection of Non-Dimensional Parameters
Due to the large number of independent non-dimensional parameters in

this probiem, a parametric study of all these individual parameters

would have generated an enormous set of results. Thus, it was decided
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to fix the values of certain non-dimensional parameters, so as to keep

the analysis at a manageable level.

The Prandt| number was set equal to 5, thus, the fluid can be con-
sidered to be water. The value of the Grashof number was fixed at 5000,
and two values of the Reynolds number were studied: 1 and 10. Thus, the
corresponding Grq/Re2 ratios were 5000 and 50, respectively, while the
Péclet numbers were 5 and 50, respectively. The last two Pe values are
representative of cases were axial conduction in the fluid is signifi-
cant, for Pe = 5, and negligible, in the case where Pe = 50. To summa-
rize, two mixed-convection cases will be examined. They will be

referred to as the fow Re and the high Re cases:

Low Re case High Re case
Pr =5 Pr =5
Grq = 5000 Grq = 5000
Re = 1 Re = 10
Gry/Re? = 5000 Grq/Re? = 50
Pe = 5 Pe = 50

The value of the non-dimensional heated section length, L, /D, was
set equal to 10. This length was sufficiently long to study the devel-
opment of the flow and short enough to keep the computational effort
reasonable. The non-dimensional upstream section length was determined
based on the results of preliminary simulations, which indicated that
wall axial conduction effects may extend, in some cases, as much as 30

radii upstream of the inlet of the heated section. Based on this, L,/D
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was set equal to 30. The non-dimensional downstream section length,
Ly/D, was fixed at 10. This distance was long enough to account for
downstream wall conduction and to ensure that the outlet boundary condi-

tions (du/dz = 0 and 8T/8z = 0) were satisfied.

Four different values of K were selected: 0.5, 5, 50 and 500. Since
the Prandt! number selected corresponds to that of water, the thermal
conductivity of the fluid, ks, is approximately equal to 0.6 W/meK (Bau-
meister et al. [1978]). Thus, the four corresponding values of the
thermal conductivity of the pipe wall, k., are 0.3, 3, 30, and 300
W/meK, respectively. These values are representative of the following
common pipe materials: Plexiglass, stainless steel, brass, and copper
(Baumeister et al. [1978]). Three values of A, the wall thickness to
pipe diameter ratio, were chosen: 0.01, 0.05, and 0.25. These values

fall within the range representative of commercially available pipes.

6.2.3 Grid Independence Checks

The purpose of this sub-section is to find which grid spacing pro-
vides a grid-independent solution to conjugate conduction and mixed-
convection flows for the range of parameters mentioned above. As was
mentioned in Chapter 3, the grid spacing was non-uni form in both the
radial and axial directions, with a greater concentration of grid points
near the fluid-solid interface and at the inlet and outlet of the heated

section.

The number of grid points in the solid in the radial direction was

fixed at 4 for all the simulations presented in this Chapter. Prelimi-
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nary simulations indicated that a higher number of grid points in the

" solid in the radial direction did not change the results significantiy.

To check whether the results were independent of the grid size, the
computations were carried out for Grq/Rez= 50, Re = 10, Pe = 50,
K = 500, and A = 0.05. These conditions are believed to represent the
most demanding conditions that the computer code had to handle due, as
will be shown shortly, tc the extent of upstream and downstream heating.
The results were analyzed by examining: (i) the normalized radial
velocities, u/V, at half the heated section length (z/D = 5); (ii)
the axial variation of the non-dimensional bulk and wall temperature,
f, and 4, (iii) the axial variation of the fRe product; and (iv) the
axial variation of the ratio of local heat flux, at the inner surface,

to the applied uniform heat flux on the external surface of the pipe,

q;/q.

The axial variation of fRe turned out to be the most strict criteria
to verify the grid independence and, therefore, only these checks will
be presented. The variations of fRe as a function of the non-
dimensional axial! length, z/D, are presented in Figs. 6 1a,b. Fig-
ure 6.1a shows the effect of grid refinement in the z direction for a
fixed radial discretization, while Fig. 6.1b compares the results of
three different grid sizes in the radial direction with a fixed axial
discretization. As can be seen in these figures, the grid size in the
axial direction was divided in three parts, given by the 3 numbers
listed under 'z', representing the number of grid points in the

upstream, heated, and downstream sections, respectively. In the r-di-

1 Ty

rection, two numbers are presented under 'r' , the first number repre-
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sents the grid points in the fluid and the second is the number of grid
points in the solid, which, as previously mentioned, was fixed at 4 for
all simulations reported here. It should also be recalied that the val-
ves z/D = 0 and z/D = 10 represent the location of the inlet and outlet

of the heated section, respectively.

As shown in Fig. 6.1a, the differences in fRe for the 25,30,15 x
16,4 and 35,50,20 x 16,4 grids are small and those between the 35,50,20
x 16,4 and 40,76,2 x 16,4 grids are barely noticeable. Therefore, an
axial grid size of 140 (40,76,24) was considered to give grid indepen-
dent results. As for grid refinement in the radial direction, Fig. 6.1b
shows that the results for the 40,76,24 x 10,4 grid differ somewhat from
the results obtained with the finer grids, 40,76,24 x 13,4 and 40,76,24
x 16,4. The simulations performed with the finer grids, 40,76,24 x 13,4
and 40,76,24 x 16,4 yielded nearly identical results. Thus, the solution
was considered to be grid independent in the radial direction when a
total of 20 grid points (16 in the fluid and 4 in the solid) were used.
Hence, all subsequent computations reported in this Chapter were per-

formed with a 140 x 20 grid.

As a final remark on Fig. 6.1, it should be noted that the sudden
increase in the value of fRe for z/D =10 is due to a sudden increase in
the calculated velocity gradient at the wall. This numerical result s
unusual, as one would expect fRe to decrease smoothly when a decrease In
the velocity gradient at the wall is caused by a decrease in wall heat-
ing at that location. As will be shown in Chapter 7, an increase in the
number of grid points in the axial direction improves the smoothness of

the transition but does not eliminate ‘he 'kink' completely. Consider-
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ing that the value of fRe is essentiaily grid independent everywhere
ql else in the calculation domain, and that other results such as 6., 6 .,

q; /a, and u/V did not exhibit such a behavior, it was decided to use a

140 x 20 grid size, keeping in mind the limitations of such a grid near

z/D = 10.
6.3 RESULTS8 AND DISCUSSION
6.3.1 Introduction

The results of the numerical simulations wili now be presented, The
axial variations of q,/q, 6,, 6,, u/V, and fRe will be examined for
various values of K and A. Even though calculations were performed from
z/D = -30 to z/D = 20, the results will be plotted only from z/D = -10
to z/D = 20, as little is gained in studying the resuits between
z/D = -10 and z/D = -30. Recall that z/D = 0 corresponds to the inlet
of the heated section. Extreme cases, such as the Re = 1 and K = 500
and the Re = 10 and K = 0.05 combinations, will not be examined here.

In the former case the calculation domain would have had to be stretched
much further than z/D = -30, while in the later case, axial wall conduc-

tion is negligible.
6.3.2 Normalized Interface Heat Flux, qi/q

The axial variation of the normalized interface heat flux, q;/q,
for the low and high Re cases are shown in Figs. 6.2 and 6.3, respec-
tively, for different values of K and A. The non-dimensional var-

iable q;/q represents the ratio of the convective heat flux, normalized
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to the outside diameter, at the inner surface wall to the applied uni-
form heat flux on the outside diameter. A ratio of unity indicates that

the applied heat flux goes directly to the fiuid without any axial con-

duction in the wall.

As shown in Figs. 6.2 and 6.3, a significant portion of the applied
heat flux on the outside surface of the heated section is redistributed
by axial conduction within the heated, upstream, and downstream sections
of the pipe. This results in a bell-shaped curve where q;/q is lower
than unity in the heated section and tends towards zero in the upstream
and downstream sections. 1t is interesting to note that the two tails
of the bell are not symmetrical, as the wall temperature variation in

the upstream region is greater than that in the downstream one.

An examination of Figs. 6.2 and 6.3 reveals that the magnitude and
the extent of upstream and downstream heating increases monotonically
with an increase of K and/or A. This is to be expected because an
increase in K and A, which increases the cross-sectional area of the
pipe wall, both contribute to make the wall a more attractive axial heat

flow path for the applied heat flux.

As K and/or A decrease, the ratio q;/q tends to be equal to 1 in the
heated section and zero elsewhere, indicating that axial wall conduction
tends to be negligible for low values of K and A. For example, in
Fig. 6.2c, axial wall conduction is almost negligible for A = 0.01 and
K = 0.5 and, in Fig. 6.3c, axial wall conduction subsides to an insig-

nificant level for K = 5 and A = 0.01.
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As indicated in Figs. 6.2 and 6.3, upstream axial conduction is gen-
erally more significant than downstream axial conduction, especially
when K and A are high and when Re is low. In order to explain this, the
q;/q ratio has been plotted, in Fig. 6.4, for the low and high Re cases

and for the same values of K and A.

In the upstream section, for the same p, D, and u, the higher velo-
cities associated with the high Re case imply that there is higher con-
vective heat transfer at the wall than for the low Re case. 1n other
words, the thermal resistance at the fluid-solid interface will be lower
for the high Re case than for the low Re case. Thus, in the low Re
case, the applied uniform heat flux at the outer surface of the pipe
gets redistributed further upstream: because of a higher thermal resis-
tance at the fluid-solid interface, there is greater heat conduction

in the pipe wall.

The peak in the curve near z/D = 0 for Re = 1 is somewhat
unexpected as one would think that q;/q would not approach unity at that
location because of the just-mentioned upstream redistribution of the
heat flux. This behavior is believed to be due to a highly distorted
velocity profile near z/D = 0 for Re = 1. This will be further

explained in section 6.3.4 where velocity distributions are presented.

In the heated section and for Re = 1, the q,/q ratio drops off
steadily, while for Re = 10, q;/q reaches a plateau near 1 and then
drops sudden!y towards zero near the outlet of the heated section. The
steady drop of q;/q for Re = 1 can be explained by the fact that so much

of the imposed heat flux has been redistributed upstream that, from an
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energy balance standpoint, there is much less heat to exchange near

the heated and downstream sections.

6.3.3 Distributions of Dimensionless Bulk and Wall Temperatures, 6, and ¢

The axial variation of the dimensioniess bulk and wall temperatures
are presented in Figs. 6.5 and 6.6 for the low and high Re cases,
respectively. The values of K and A correspond to those considered in
Figs. 6.2 and 6.3. As indicated by the horizontal arrows on Figs. 6.4
and 6.5, the left-hand axis correspond to values of the dimensionliess
wall temperature, whereas the right-hand axis refers to values of the
dimensionless bulk temperatures. |t should also be noted ‘~at the scale
of the y-axis in Fig. 6.5 is 10 times the scale of the y-axis in
Fig. 6.6. This is simply due to the fact that for the same amount of
power input (same Grq), the temperature rise for Re = 1 is 10 times

higher than that for Re = 10.

An examination of Fig. 6.5, the low Re case, reveals that
8, > 0 and 6, > 0 at the entrance of the heated section, confirm-
ing that the wall and the fluid get pre-heated prior to the start of
the heated section. As was mentioned above, the extent of this pre-
heating increases with an increase in K and/or A. In the heated sec-
tion, the bulk and wall temperature variations become linear as the flow
reaches a fully developed state. Near the outlet of the heated section,
both 6, and §, tend towards the same value, which they reach after a
smal! distance downstream of the heated section. This is to be expected

as q; /q reaches zero soon after the exit of the heated section.
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As shown in Fig. 6.6, the axial variations of 6, and 6, for the high
Re case indicate that wall and fluid pre-heating increases with an
increase in K and/or A. But for the same K and A, the extent of the
pre-heating is less for this high Re case than for the low Re case, for
reasons which were discussed in section 6.3.2. In the heated section,
both 8, and 8, reach a fully developed state, except where wall conduc-

tion effects are strong, e.g. for K = 500 and A = 0.05.

The low Re case corresponds also to a Jow Péclet number situation,
Pe = 5, for which fluid axial conduction is important. Figure 6.7
illustrates the axial variation of the bulk temperature for cases where
axial wall conduction is strong, K = 50 and A = 0.05, and where it is
nonexistent, A = 0. The importance of fluid axial conduction compared
to wall axial conduction should increase as K and A are decreased. This

expected behavior is evident in Fig. 6.7.

6.3.4 Velocity Distribution, u/V

Velocity distributions at various axial locations have been plotted
inFig. 6.8 for K= 50 and A = 9.05. In Fig. 6.8a, the Re = 1 case is
presented, whereas Fig. 6.8b is devoted to the Re = 10 case. In each of
these figures, five axial! locations are examined: the inlet and outlet
of the calculation domain, z/D = -30 and z/D = 20, respectively; and the
inlet, outlet and mid-point of the heated section, z/D = 0, z/D = 10,

and 2/D = 5, respectively.

The first thing to note is that the velocity profiles are more dis-
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torted for the low Re case than for the high Re case. This can be
explained by looking at the Grq/Rez ratio, which is proportional to

the buoyancy forces over the inertia forces. For the low Re case,
Grq/Re2 = 5000, the buoyancy forces become important and the fiow tends
to accelerate, in the region of the highest temperatures (in the vici-
nity of the wall). Since the mass flowrate is constant, the centerline
velocity shows a corresponding decrease. For the high Re case, the
acceleration of the fluid near the wall amounts to relatively smaller

distortions of the velocity profiles.

Attention will tirst be focussed on Fig 6.8a. At z/D = -30, the
inlet velocity profile is parabolic as imposed by the inlet boundary
condition. At the entrance of the heated section, z/D = 0, the velocity
profile has already been distorted to a point where, due to the above-
mentioned buoyancy forces, the centerline velocity is negative. This
underscores once more the significance of upstream pre-heating caused by
axial wall conduction. Flow reversals in mixed-convection flows will be
examined more closely in the flow visualization section of this Chapter.
Furthermore, for z/D = 0, at the wall, the velocity gradient, and the
associated heat transfer coefficient are high. Thus, at z/D = 0, the
resistance to convective heat transfer is relatively low and this

explains why the value of q;/q is near unity in Fig. 6.4.

From z/D = 0 to z/D = 5, the value of q;/q is close to one
(Fig. 6.4) and, therefore, the buoyancy forces are high in the vici-
nity of the wall, and the velocity profile continues to be distor ted.
From z/D = 5 to z/D = 10, q;/q decreases towards zero, so the tempera-

ture variation in a cross-section is not too steep in the wall region.



167

Thus the buoyancy forces in thic region decrease and viscous forces start
to dominate. So the flow decelerates in the wall region with a corre-
sponding increzse in the centerline velocity as is indicated by the

z/D = 10 curve in Fig. 6.8a. Finally, ten diameters downstream of the
heated section, at z/D = 20, a fully developed parabolic velocity pro-

file is re-established.

The velocity profile for the high Re case will now be examined,
Fig. 6.8b. At the entrance of the heated section, the velocity pro-
file is slightly distorted, from its inccming parabolic shape, due to
upstream wall conduction. In relative terms, however, this distortion

is much less than that experienced by the low Re case.

Downstream of the inlet of the heated section, the value of q,/q is
essentially constant, Fig. 6.4. Therefore, the "local" value of Grq/Re2
does not change appreciably. This implies that the buoyancy, viscous,
and pressure forces balance each other, soon atter the entrance to the
heated section, establishing a fully developed state. Indeed, as will
be shown shortly with the fRe curves, the velocity profile reaches a
fully developed state soon after z/D = 0. The velocity profile at
z/D = 5 is representative of this fully developed profile. At z/D = 10,
q,/q decreases from its constant value and, as illustrated in Fig. 6.8b,
the profile is slowly distorted back to its original parabolic shape,

which is reached at z/D = 20.

6.3.5 Fanning Friction Factor-Re Product, fRe

In order to complement the analysis of section 6.3.4, Fanning fric-
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tion factor-Reynolds number products are presented in Fig. 6.9 for

‘ K =50 and A = 0.05 and for Re = 1 and 10. As was discussed in section
6.3.4, the velocity gradients at the wall for Re = 1 are higher than
that for Re = 10 as also evidenced by the larger values of {Re for
Re = 1. Furthermore, in contrast to the nigh Re case, fRe for Re = 1
never reaches a constant value, indicating that the velocity profile
constantly changes with axial distance in the heated section due to the

heat flux redistribution caused by axial wall conduction.

? 6.4 FLOW VISUALIZATION STUDIES ON MIXED-CONVECTION FLOWS

6.4.1 Introduction

R e A

Flow visualization studies were undertaken to check the correspond-

ing numerically predicted recirculation cells, and also to experimen-

.
3
3
.
3
.
3
3
:
t

tally establish the laminar-turbulent transition which occurs in mixed-
convection flows. The objective was not to do an uxhaustive study, but

rather to demonstrate the ability of the semi-transparent gold-film

heated sections to provide a uniforin heat flux while enabling experimen-
tal observations of these two phenomena.

During the flow visualization studies, the open-loop configuration
of the'closed-loop thermosyphon was used. This configuration, which is
described in Appendix G and presented schematically in Fig. 5.12, per-
mitted better control of the inlet mass flowrate and inlet temperature
than would have been possible with the natural circulation of the clo-

sed-loop thermosyphon.
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Flow visualization section no.2, which is shown in Figs. 5.5e and
5.11c, was used for the tests reported in this Chapter. The internal
diameter is 0.0183 m and the heated length is 0.664 m, giving an L/D
ratio of 36.3. As shown in Fig. 5.12, the flow visualization section is
preceded by a straight length of insulated pipe, with an L/D of 48, to
ensure that the flow is essentially fully developed at the entrance of
the heated section. The insulation covering the heated section in

Fig. 5.12 was removed during the flow visualization tests.

Care was taken to ensure that the inlet water temperature was always
within 1 °C of the ambient temperature so as to minimize heat losses
from the insulation-free flow visualization section. As for the dye
injection instrumentation and procedure used to observe the flow field,
the reader is referred to section 5.6 for a complete description.
Finally, as will be shown in Chapter 7, axial wall conduction in the
present flow visualization section is negligible as A approaches zero

{ << 10"2) and values of Re are relatively high.

6.4.2 Recirculation Cells

6.4.2.1 Introduction

During the course of this study, the presence of recirculation cells
were experimentally observed for a number of cases representative of
mixed-convection situations. One such case is presented below for the
following conditions: V = 0.417 cm/s, P,= 19.43 W, T = 25.6 °C, and T =

26.3 °C. The corresponding non-dimensional parameters, which were eval-

uated at the mean fluid temperature in the heated section, are:
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[

Re = 90
Grg= 0.33 x 106 ; (Grq/ne2= 40.7)

Pr =5.6; (Pe = 504)

A photograph of the resulting recirculation cell is presented in
Fig. 6.10a. The corresponding streaml ine plot of the numerical simula-
tion, which was drawn at the same scale, is presented in Fig. 6.10b. As
indicated by the ruler on the right of Fig. 6.10a, the experimental ly
observed recirculation region covers approximately 1/3 of the heated
section, up to a distance of 20 cm (L/D = 11) from the inlet. For com-
pleteness, the numerically predicted streamlines over the full calcula-
tion domain, including the upstream and downstream sections, are shown
in Fig. 6.11. In Figs. 6.10a, 6.10b, and 6.11, the main flow is from
the bottom to the top of the page. In Fig. 6.11, for reasons of clar-

ity, the scale in the radial direction has been drawn to 10 times the

scale in the z-direction. |In this last ftigure, starting from the pipe
wall and going towards the centerline, the streamlines plotted are

for v = 1.5 x 10°%, 1.3 x 10°%, ... 0.3 x 10°%, 0.2 x 10", 0.1 x 10°°,
0.5 x 1076, 0.1 x 10°%, 0, -1 x 10°7 ... -5 x 10°7. In Fig. 6.10b, only

the streamlines encompassing the recirculation cell have been plotted

and they correspond to values of ¢y = 0, -1 x 107, -2 x 1007, -3 x 1077,
-4 x10°7, -5 x 10°7. The dimensional streamfunctions were evaluated
using the results obtained for the velocity components according to the

usual definition of the streamfunction: 8v/dr = pru; 8y/dz = - prv.

In this formulation, the difference between two streamlines represent

the mass flowrate between these two streamlines.
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The numerical simulations were per formed over a 1 meter length
(L/D = 55), which included 0.05 m for the upstream section, 0.664 m
for the heated section itself, and 0.286 m for the downstream section.
The calculations were performed using variable (temperature dependent)
viscosity and thermal conductivity in the fluid, and the outside bound-
ary of the Plexiglass pipe was assumed to be adiabatic. This last
assumption is fairly good considering that: (i) the inlet fluid tempera-
ture is within 1 °C of the ambient temperature; and (ii) the Piexiglass
pipe has a low value of thermal conductivity, 0.19 W/m (Commercial Plas-
tics, [1985]). In the fluid, 100 and 20 grid points were used in the

axial and radial directions, respectively.

6.4.2.2 Observations

Physically, the existence of these recirculation cells can be
explained as follows. The fluid enters the upstream section with a
fully developed parabolic velocity profile and a uniform temperature.
Due to the relatively large Pe and the absence of any significant axial
heat conduction in the wall, the flow field is not disturbed until it
enters the heated section. At the entrance of the heated section, the
fluid near the wall is heated and its density becomes lower that the
one associated with the fluid further from the wall. This density dif-
ference, in conjunction with the gravitational force field, leads to a

buoyancy force, that causes the fluid to accelerate in the region next

to the wall. To satisfy mass conservation, the increase in fluid velo-
city, and associated mass flowrate, in the vicinity of the wall is fed
by fluid drawn from the pipe centerline region. In turn, this moves the

point of maximum axial velocity towards the wall. This also progres-
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sively depletes the fluid near the center of the pipe up to a point
where the axial velocity at the centerline of the pipe is zero. The
start of the recirculation cell corresponds to that point: it can be

seen at z ~ 14 cm in Fig. 6.11.

Beyond the start of the recirculation cell, the fluid near the wall
continues to accelerate and to fulfill the mass conservation require-
ments, the fluid near the centerline of the pipe must flow in the oppo-
site direction to the main (or overall) flow. This establishes a closed
zone where the fluid recirculates, with part of the fluid moving in the
direction of the main flow and an equal amount of fluid flowing in the

opposite direction.

Further down from the entrance and up to the end of the heated sec-
tion, the streamlines are essentially parallel to one another. This
indicates that the flow has reached a ful ly developed condition, whereby
the velocity profile does not change with axial distance. In this fully
developed region, the buoyancy, pressure, and viscous forces balance

each other.

At the exit of the heated section, there is a sudden decrease in the
level of the buoyancy forces, and the viscous forces, which now dom-
inate, cause the fluid near the wall to decelerate. The excess fluid is
directed towards the centerline, where the axial velocity becomes posi-
tive. Finally, at the end of the upstream section, the shapes of the
streamlines are almost identical to those at the inlet of the calcula-
tion domain. This indicates that the parabolic velocity profile has

been re-established at the outlet.
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A comparison between Fig. 6.10a and Fig. 6.10b indicates that the
location and size of the numerically-predicted recirculation zone agree
fairly well with the experimental observations. Indeed, the cell starts
at z = 11.5 cm in the experiment and at z =~ 14 cm in Fig. 6.10b. Assum-
ing that the numerical simulations are accurate, this difference could

be due to three factors.

Firstly, near the start of the cell, the axial velocities are very
smalt, so that the dye is advected away very slowly with the main flow.
It is, therefore, possible that the apex of the cell shown in Fig. 6.10a
represents a zone of slow upward-moving fluid and not the exact start of
the recirculation zone. However, this phenomenon is not believed to be
that significant in this particular example as the observed apex
remained stationary, within the reading accuracy of the ruler ( 1 mm)
for approximately 10 minutes. The second factor is that in the regions
of low flow velocity, such as the start of the recirculation cell, there
could be some upstream (with respect to the main flow) diffusion of the

dye.

The third possible source of discrepancy, which is believed to be
the most significant of the three mentioned, is due to a heat flux
greater than average at the entrance of the heated section. As will be
shown and discussed in section 7.3.1.4, the two gold-film sections,
which were instrumented with thermocouples, experienced unusually high
wall temperatures at the entrance of the heated section. This indicated
that the heat flux in this region was significantly greater than the

average measured heat flux over the length of the heated section. The
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flow visualization section used for this study was not equipped with
thermocouples, so that unusual wall temperatures could not be recorded.
But it is conceivable, since all gold-film sections were assembled the
same way, that the present flow visualization section has the same gen-
eric "defect". If that is the case, then the fluid would get heated with
a greater-than-average heat flux near the inlet. Thus, the buoyanry
effects, which are responsible for the initiation of the cell, would be

greater and, therefore, the recirculation zone would start sooner.

As a final point regarding Fig. 6.10a, it is interesting to note
that the fully developed nature of the flow is clearly observable as the
width of the recirculation zone remains essentially constant downstream

of the beginning of the cell.

To summarize, the use of a semi-transparent gold-film section
enabled the experimental visualization and verification of numerically-
predicted recirculation cells. To the knowledge of this author, exper-
imental observations of such cells for a uniform heat flux boundary con-

dition have not been reported in the published literature.

6.4.3 Laminar-Turbulent Transition

6.4.3.1 Introduction

Several cases of laminar-turbulent transitions in mixed-convection

flows were observed during the course of the flow visualization studies.

Two such cases are presented in Figs. 6.12 and 6.13 and discussed in the

next sub-section. Transition to an unstable flow is defined here as the
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conditions for which an injected dye-tracer deviates from its streamline

motion to form a somewhat unsteady wave-like motion.

6.4.3.2 Observations

Attention will first be focussed on Fig. 6.12, where transition was
observed by injecting a continuous stream of dye in the center of the
pipe at the entrance of the flow visualization section. The operating
conditions were such that Re = 72 and Grq = 0.7 x 10°. The fluid used
was water with Pr = 6.0. The "x" on the right of Fig. 6.12 indicates
where the unsteady wave started to be discernible: it is located =~ 46 cm

(L/D = 25.5) from the inlet of the heated section.

The second observation of a laminar-turbulent transition flow, which
is presented in Fig.6.13, was obtained for the following conditions:
Re = 48, Gr, = 0.95 x 10°, and Pr = 6.0. In this experiment, the flow
field was flooded with dye in a manner similar to the one used to
observe recirculation cells. As shown in Fig. 6 13, the injected dye
was carried away by the main flow except in a slow-moving flow region
near the centerline of the pipe. This region has the appearance of a
recirculation cell but careful monitoring of the location of the lower
tip of this region indicated that it was moving upward at a velocity of
~ 3 mm/min. The absence of a recirculation cell was later confirmed by
numerical simutations. The laminar-turbulent transition was observed at

a distance of =~ 50 cm (L/D = 28) from the inlet.

As reported in the literature review of Chapter 1, the existence of

a transition zone in low-Reynolds number (< 2000) mixed-convection
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flows, is believed to be due to the presence of an infiexion point in
the flow field which destabilizes the flow. This hypothesis is con-
tirmed here, as numerical simulations performed for the above-ment i oned
conditions indicates the presence of inflexion points for both cases.
For the conditions of Figs. 6.12 and 6.13, the presence of inflexion

points were predicted at L/D = 4 and at L/D ~ 6, respectively.

As can be seen by comparing the location of the numerically pre-
dicted inflexion points and the start of the transition region, the dis-
turbances needed some distance to grow before they became noticeable.
This is in agreement with the findings of Hallman [1958] and Scteele et
al. [1960]. It appears, though, that the semi-transparent gold-film
heater and flow visualization techniques used in this study are better
suited for an experimental investigation of this transition phenomenon in
mixed-convection flows, subjected to a uniform heat fiux, than the tech-

niques used by Hallman [1958] and Scheele et al. [1960].

As was mentioned in Chapter 1, Hallman [1958] relied on wall temper-
ature fluctuations to determine transition, as he could not observe the
flow through his opaque heating tubes. Scheele et al. [1960] determined
transition by observing the behavior of their injected dye filament at
the exit of an opaque heating tube. The major advantage of the semi -
transparent gold-film sections developed for this study is that, unlike
the studies of Hallman [1958] and Scheele et al. [1960], the injected
dye, and consequently the flow field, can be visualized over the full

length of the heated section.
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I 6.5 CLOSING REMARKS

To summarize, axial wall conduction can significantly affect the
temperature and velocity fields of mixed-convection flows, when tiere is
substantial redistribution of the applied heat flux. For water and for
Grq= 5000, axial wall conduction was shown to be more pronounced when K

and A were high and when Re was low.

The advantage offered by the flow visualization capability of the
semi-transparent gold-film heated section, developed for this study, was
demonstrated by observing the presence of recirculation regions and
laminar-turbulent transitions shich occur in mixed-convection flows.
These experimental observations were compared with corresponding numeri-

cal predictions.

The results pertaining to the proposed closed-loop thermosyphon

model are presented in the next Chapter.
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CHAPTER VII

RESULTS: THE PROPOSED MODEL

7.1 INTRODUCTION

The proposed closed-loop thermosyphon mode! couples the local
results of two-dimensional numerical simulations performed in the
extended heated and cooled sections with a one-dimensional analysis of
the entire lcop. The mathematical formulation of this model has been
presented in Chapter 2; the complete solution methodology was given in
Chapter 4; and the governing non-dimensional parameters were identified
in Appendix C. This Chapter presents the results obtaired using this

proposed model .

The results for two different geometries are presented in section
7.3. First, in order to validate the proposed model by comparing its
results with the present experimental data, which are presented in
Appendix K, the geometry used in the exper imental portion of this thesis
is considered. A second geometry is used to study the effects ot heat

losses and to compare the results given by the traditional one-

dimensional models with the ones cbtained with the proposed model.
Before presenting these results, a few preliminary considerations are 1In

order.
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7.2 PRELIMINARY CONSIDERATIONS

This section is divided into four sub-sections. First, the two
geometries considered in this Chapter are presented. The resuits of
grid independence checks performed on one of these two geometries are
discussed next. Then, consideration is given to the determination of
appropriate lengths of the post-heated and post-cooled sections.
Finally, the effects of axial wall conduction and heat iosses from the
heated section of the experimental closed-loop thermosyphon are dis-

cussed.

7.2.1 Presentation of the Two Geometries

A schematic representation of the geometries and the nomenclature
used in the proposed model are given in Fig. 2.1, With reference to
this figure, the dimensional and non-dimensional! lengths of the two
geometries considered in this Chapter are given in Table 7.1. As was
discussed in Chapter 4 (Eq. 4.1), the proposed mode! relies on the
inputs of local mean temperatures, Ths" and TCS,,, and friction fac-
tors, fhs" and fcsl‘, provided by two-dimensional numerical simulations
of mixed-convection flow in the extended heated and cooled sections.
These extended sections include post-heated and post-cooled sections,

as illustrated in Fig. 2.4a,b.

In geometry #1, which corresponds to the experimental apparatus,

the cooled section is composed of a copper pipe (A = 0.084) maintained

at a constant temperature, T on its outside boundary. The post-

W 1
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cooled section is made of a Plexiglass pipe and is insulated from the
ambient fluid with a plastic foam insulation. The extended heated sec-
tion arrangement of geometry #1 is somewhat more complex; a cross-
section of this arrangement is shown in Fig.5.7. As indicated in Chap-
ter 5, the heat input was provided by passing electric current through a
thin gold-film glued on the inner surface of a Plexiglass pipe. The
numerical simulations performed in the proposed mode! had to account for

these and other particularities of both these extended sections.

In the extended heated section, a total of 10 grid points were used
in the solid region of the calcuiation domain, from r, to r, in
Fig. 5.7: 3 grid points were used in the polyester fiim, with one of
these grid poirts essentially located at r, (9.000127 mm) to obtain the
wall temperature, T

1 grid point in the gold coating; 3 grid points

W
in the combined Plexiglass pipe and glue region, with one of these
located at the thermocouple location, r,; and 3 grid points in the cov-
ering insulation. Control volume faces where positioned at the inter-
face between each material, so as to ensure proper application of the
harmonic mean practice for interpolating diffusion coefficients, as
described 1n sub-section 3.5.1.3. The power input to the heated section

was converted to a constant volumetric heat source, S_ in Eq. 3.21.

c

This S, was assumed to prevail over the whole control volume encompass-
ing the gold coating, fromr, to ry; in Fig. 5.7. |In the post-heated

section, S. was set equal to zero. The boundary condition on the out-

c

side surface was one of prescribed constant heat transfer coefficient

and ambient fiuid temperature, h, and T,, respectively, in Fig. 5.7. As

[}

stated earlier, h_ was set equal to 10 W/m°C.

o
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In the extended cooled saction of geometry # 1 a total of 3 grid
points were used in the solid region. In the cooled section, the
boundary condition on the outside surface was one of constant temperature,
T;. In the post-cooled section, the thickness of the Plexiglass pipe
was assumed to be the same as the thickness of the copper pipe and
an "effective” h, was used as the external boundary condition. This hj
was set equal to 2.5 W/m°C, which takes into account the thermal resis-

tance of the outside insulation.

All numerical simulations relevant to geometry #1 were performed
with the elliptic set of the governing equations. This allows the
inclusion of the wall regions in the calculation domain and accounts for

the presence of possible flow reversals in the extended sections.

In the case of geometry #2, the thickness of the pipe wall in both
extended sections is assumed to be negligible. Thus, numerical calcula-
tions are performed only in the fluid. Furthermore, because of a rela-
tively high AZ in geometry #2, tlow reversals in the heated and cooled
sections occur only for cases of high heating (high Gr ). Thus many of

the simulations pertaining to this geometry could be undertaken with the

less computer intensive parabolic set of the governing equations.

7.2.2 Grid Independence Checks

Many preliminary numerical simulations were undertaken to determine

what grid spacing would provide grid independent results with the pro-

. posed model. These grid checks were performed in the extended heated

and cooled sections of both geometries but only the results pertaining
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to the extended heated section of geometry #1 will now be presented; the
results obtained in the extended cooled section of both geometries and
in the extended heated section of geometry #2 show similar trends. The
conditions used for these checks were the same as those of experimental
run # 8 (Appendix K) which represented the highest power input and thus

the most demanding conditions.

As was mentioned in Chapter 3, the grid spacing was non-uniform in
both the radial and axial directions, with a greater concentration of

grid points near steep gradients.

{t was found that the radial distribution of the grid points in the
solid regions of geometry # 1, as discursed in the previous sub-
sections, provided excellent grid independence. Further refinements of
the radial grid in the solid regions changed the results by amounts
which for all practical purposes were negligible. Thus the aforemen-
tioned radial distribution of grid points in the solid regions of geom-
etry #1 was adopted for all further simulations with the proposed model.
Attention in this section will therefore be focussed on the sensitivity
of the results to the radial distribution of the grid points in the

region occupied by the fluid and on the axial grid point distribution.

As was the case for the grid checks presented in Chapter 6, the
axial variation of fRe was the most strict criteria to verify grid
independence. The results of these grid checks are presented in
Figs. 7.1a,b,c, where z/D = 0 and z/D = 36.9 correspond to the inlet
and outliet of the heated section, respectively, and z/D = 73.8 to the

outlet of the post-heated section. These grid checks were performed
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with a short upstream section which extended from z/D = -4.61 to

z/D = 0. The grid sizes quoted in Figs. 7.1a,b,c are composed of three
numbers: the first two, under the hecading "z", refer to the number of
grid points in the axial direction in the heated and post-heated sec-
tions, respectively, and the third number, under the heading "r", repre-
sents the number of grid points in the fluid in the r-direction. The
number of grid points in the solid region, which were discussed in the
previous sub-section, are not reported in these figures. Figures 7.1a
and 7.1b compare grid refinements in the axial and radial directions,
respectively. In these two figures, numerical simulations were per-
formed with variable viscosity and thermal conductivity in the fluid,

with Re evaluated at the local film temperature, (T + T,)/2.

As shown in Fig. 7.1a, the differences in the values of fRe obtained
with the three axial grid spacings is barely noticeable, except in the
region near the outiet of the heated section, which will be further
examined shortly in Fig. 7.1c. Based on the results shown in this fig-
ure, a grid spacing of 40,30 was considered to give grid independent
results in the axial direction, and all subsequent computations related
to the extended heated and cooled sections of geometry #1 were performed
with such a grid spacing. Figure 7.1b shows the effects of refining the
grid in the radial direction. It is seen that a grid spacing of 10 in
the radial direction gives an essentially grid independent solution.
Therefore, 10 grid points were used in the radial direction for all fol-

lowing calculations in both extended sections.

It has already been mentioned in Chapter 6 that the numerically cal-

culated value of fRe has an unexpected "kink" near the outiet of the
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heated section. As is seen in Figs. 7.1a and 7.1b, this behavior is
also present here for geometry #1. The existence of this "kink" is
believed to be due to the abrupt decrease in wall heating at z/D = 36.9.
As illustrated in Fig. 7.1c, which was obtained based on constant prop-
erty calculations, an increase in the number of grid points in the axial
direction diminishes this kink in the value of fRe at the outlet of the
heated section. But this has been achieved with a substantial increase
in the number of grid points; almost 3 times as many grid points as
those in the other calculations have been utilized. The distance over
which fRe displays this kink is small compared to the overall length of
the loop. Thus, the LfAs terms in Eq. 7.1 remain practically unchanged,
and the net effect of this kink on the determination of the average
velocity in the loop is negligible. With these considerations in mind,
it was decided that the grid with an axial distribution of 40,30 points
and a radial distribution of 10 points in the region occupied by the
fluid provided the optimum balance between accuracy of results and the

computational costs.

With geometry # 2, for which the majority of simulations were done
using the parabolic set of equations, it was found that in order to get
an essentially grid independent solution, 70 and 55 grid points were
necessary in the axial direction in the heated and post-heated sections,
respectively. In the radial direction, 15 grid points provided a grid
independent solution. For cases where the elliptic set of equations was
used, the axial grid sizes in the heated and post-heated sections were
identical to those use in the parabolic set, but, due to computer sto-
rage limitations, only 10 grid points were used in the fluid. It will

be shown later that the average velocity determined with this last grid
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spacing agrees within 1% with the average velocity prediction given by

the 70,55 x 15 grid size of the parabolic set of equations.

7.2.3 Determination of the Lengths of the Post-Heated and Post-Cooled
Sections

As noted in Chapter 2, the velocity and temperature profiles remain
distorted, with respect to their fully developed forced convection dis-
tributions, for some distance beyond the heated and cooled sections.
For this reason, post-heated and post-cooled sections were added to the
calculation domain in the two-dimensional numerical calculations. This
made it possible to supply the proposed model with accurate values of

f(s) and T(s) in these sections.

Suitable lengths of the post-heated and post-cooled sections for
geometry #1 were determined based on simulations performed with the same
conditions as those used for the grid independence checks. As shown in
Figs. 7.1a,b,c, near the end of the extended heated section, the calcu-
lated values of fRe tend, asymptotically, towards the fully developed
laminar pipe fiow value of 16. At z/D = 73.8, the value of fRe is
within approximately 20% of fRe = 16. This value of z/D corresponds to
a post-heated section length of 0.664 m, which is the same length as the
heated section itself. Similarly, it can be shown that a post-cooled
section length equa! to the length of the cooled section, 0.612 m, was
sufficient for the calculated value of fRe to be within approximately

20 % ot fRe = 16.
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As for geometry #2, it was observed that post-heated and post-cooled
sections lengths of 1.5 m were required for the value of fRe to be
within approximately 20% of fRe = 16. Therefore, all simulations per-
formed with geometry #2 were done with post sections that were 1.5 m

long.

7.2.4 Axial Wall Conduction and Heat Losses in the
Heated Section of Geometry # 1

Simulations were undertaken to assess the significance of axial wall
conduction and heat losses for the heated section of geometry #1. A
cross-section of this arrangement is shown in Fig. 5.7. The deployment
of grid points for this geometry was discussed in section 7.2.1, for the
solid region, and in section 7.2.2, for the region occupied by the
fluid. Figure 7.2 presents the axial variation of q;/q for the condi-
tions of experimental run # 8 ( P,= 74.58 W, T, = 17.01 °C, and
T,= 27.73 °C): q, represents the calculated heat flux at the fluid-
solid interface, and q is the appl!ied uniform heat flux normalized to
the internal diameter (q =P, /2xr,Ly). As indicated in Fig. 7.2, the
combined effects of axial wall conduction and heat losses are small as
the value of q,/q is well within 1% of unity over the full length of the
heated section. This was to be expected considering the very small
thickness of the gold coating (20 X), the relatively high value of the
Péclet number (= 1000), and the relatively high level of insulation on

the outside surface of the plexiglass tube.
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7.3 RESULTS AND DISCUSSION

7.3.1 Comparison Between Results of the Proposed Model and the
Present Experimental Data

7.3.1.1 Introduction

As was mentioned in Chapter 2, traditional one-dimensional models of
closed- loop thermosyphons are less accurate when the distance between
the heated and cooled sections, &Z in Fig. 2.1, is small and/or when the
power input, P,, is high. This is because of the increased importance
of mixed-convection effects and the associated distortions of the velo-
city and temperature fields from their fully developed forced convection
distributions. The proposed model is designed to account for these
effects. In order to test this new model, it was decided to compare its
results against experimental data for operating conditions which produce
strong mixed-convection effects including, for all runs considered here,

flow reversals in the heated and cooled sections.

in the experiments, the power input was varied from 9.8 to 74.6
Watts (Grp = 2181 to 5078). The average wall temperature in the cooled
section, f;, varied from 13.3 °C to 26.9 °C and was adjusted so that the
mean closed-loop temperature would be relatively close to the
ambient temperature, T_, thereby limiting the amount of heat losses.

In addition, using the correlation of Hallman [1958], conditions

were carefully selected so as to avoid the faminar-turbulent transition

often found in mixed-convection flows.

The model equation specialized for simulating fiow and heat transter
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in the experimental apparatus, Eq. 4.20, was solved using the corres-

ponding experimental conditions. Four inputs were needed: P,, T, 6, U,

a 1
and f;. With these inputs, the proposed model was used to generate
overall and local results which will now be compared to the exper-

imental results.

7.3.1.2 Average velocity in the heated section

Figure 7.3 presents a comparison between the experimental!ly deter-
mined average velocity in the heated section of the closed-loop thermo-
syphon and the corresponding predictions of the proposed model. Both
sets of data are also presented in Table 7.2. The diagonal on Fig. 7.3
represents a line of perfect agreement between the results of the pro-
posed model and the experimental measurements. The error bars are the
uncertainties on the measured average velocity (t 5%) and are based
on a calibration of the average velocity measurement, which is reported
in Appendix J. The results of the proposed model presented in Fig. 7.3
were obtained by assuming constant fluid properties, evaluated at the

mean loop temperature, T .

As illustrated in Fig. 7.3, the agreement between the proposed model
and the experiments is very good. The line of perfect agreement lies

totally within the experimental uncertainty.

As expected, the results in Table 7.2 indicate that the average
velocity in the heated section increases with an increase in power

input. However, the rate of increase in the average velocity is much
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less than the one predicted by traditional one-dimensional models. For
example, according to Case 1 of the traditional one-dimensional model,
Eq. 2.15, and assuming that the thermophysical properties are constant,
the average velocity in the thermosyphon should vary as the square root
of the power input. Thus, over the range of power input conditions pre-
sunted in Table 7.2, the average velocity should have increased by a
factor of (74.6/9.8)'/2 = 2.76. As shown in Fig. 7.3 and in Table 7.2,
the measured average velocity increases by a factor of only 1.85. This

represents a 33% difference.

é Notwithstanding the facts that the pipe radius in geometry #1 takes
on two slightly different values, that heat losses could not be com-
pletely eliminated, and that form losses in the 180" bends are not
accounted for in the traditional model, the cisagreement between the
traditional one-dimensional model and the observed results is important.
It underscores the inability of traditional one-dimensional models to
predict average velocities in the presence of strong mixed-convection
effects in the extended heated and cooled sections. This is simply
because, as will be shown in more detail in section 7.3.2.1, some of the

assumptions used in the derivation of the traditional one-dimensional

mode! are markedly incorrect in the presence of strong mixed-convection
effects. Indeed, the invalidity of the fRe = 16 assumption can be
clearly noticed in Fig. 7.1 where fRe is significantly higher than 16

over most of the heated section.




7.3.1.3 Axial wall temperature variations in the heated section

The local variations of ihe wall temperatures in the heated section
are presented in Fig. 7.4a,b,c for run # 2, 4, and 8, respectively.
The dots represent the average of the readings taken by thermocouples
located in the female and male half sections at the same axial foca-
tion., As indicated in Appendix G, the uncertainty on the wall tempera-
tures was estimated at + 0.05 °C. The uncertainty associated with the
positioning of the thermocsiupies was + 0.5 mm. Both of these uncer-
tainty values are well within the diameter of the dots presented in
Fig. 7.4. The solid lines plotted in Fig. 7.4a,b,c refer to the local
wz!l temperatures predicted by the proposed model and were obtained by
assuming constant fluid properties evaluated at T,. The dashed line in
Fig. 7.4c is for a variable property calculation and will be reviewed

in section 7.3.1.5.

As can be seen, the agreement between the local predictions of the
proposed mode! and the experimental measurements is quite good at low
power levels, run # 2 and run # 4, but there is a deterioration in the
level of agreement at high power, run # 8. 1In all three cases, the
measured wall temperatures are higher than the numerical predictions in
the entrance region of the heated section, at z/D =~ 0. Another point to
note is that the last experimental wall temperatures measured near the
outlet at z/D ~ 35 are all higher than their corresponding upstream
neighbors. Furthermore, as illustrated in Fig. 7.5, the difference in
the wall temperature measurements performed in the male and female half
sections, at the same axial location, are important. These discrepan-

cies can not be attributed solely to the £ 6.2 % heat flux uniformity of
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the gold-tilm reported by Neill [1989] for this gold-film. The exper-
imental results are, in al! probability, also affected by some other

defects in the gold-film sections., This point is elaborated in the next

sub-section.

7.3.1.4 Problems _encountered with the qold-film sections

Four gold-film sections were built during the course of this work.
Two of these were instrumented with thermocouples. All of these sec-
tions eventually failed. This behavior is believed to be due to a grad-
ual deterioration of the electricai connection between the copper elec-

trodes and the gold-film.

Recall that the electrical connection between the gold-film and the
copper electrode is provided by a thin coat of silver-loaded paint
applied at both extremities of the gold-film section, as shown in the
insert of Fig. 5.6. As mentioned in Chapter 5, the electrical resis-
tance of the gold-film sections was carefully monitored from the ini-
tial cutting stage to the final electrode assembly. As indicated in
Tabte 5.1, no abnormalities in the resistance of the gold-tilm sections
were detected. [t is only when the gold-fiim sections were supplied

with electric power in the loop that problems were first noticed.

It is believed that, under the conditions of therma) expansion and
contraction experienced by the gold film sections, the electrical 1ink
between the gold-film and the copper electrodes weakened with time,
causing a local increase in the value of the electrical resistance at

the electrode-film interface. This created a greater-than-average heat
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flux and higher-than-normal wall temperatures, as seen in Figs. 7.4 and
7.5, in the vicinity of those locations. Furthermore, a 10 % increase
in the value of the electrical resistance across heated section no.2 was
observed from the initial test to the last test just before failure. It
should also be noted that the preliminary temperature measurements
obtained with heated section no.1 showed similar higher-than-normal tem-
peratures in the vicinity of the electrodes, indicating that this defect
is probably common to the four gold-film sections built for this study,

including flow visualization sections no.1 and no.2.

As illustrated in Fig. 7.5, the measured wail temperatures near

z/D = 0 are quite different depending on whether they are located inside
the male or female half sections. This indicates that the aforemen-
tioned deterioration in the electrical contact between the film and the
copper electrodes was not occurring at the same rate in the two half
sections. Indeed, the two half sections did not fail at the same time.
As the power input was increased to =~ 100 Watts, the electrical link on
one of the two half sections failed, creating an open circuit, while the

other half section was still functional.

As indicated in Fig. 7.5, there are other regions where the measured
temperatures are higher than expected, notably in the male section at
z/D = 12.9 and z/D = 18.5. This is probably due to a manufacturing
defect in the gold-film, causing a higher-than-average resistance.
Unfortunately, these defects could only be observed using temperature
measurements during the actual operation of the gold-film section; they
could not be detected with the electrode-to-electrode resistance

measurements performed during the construction phase.
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These higher-than-average heat fluxes in the heated section must
have affected the local values of the friction factors and of the mean
temperatures. But these latter effects seem to have had only a small
impact on the resulting average velocity in the thermosyphon: Thus the
results ot the proposed model, which were obtained by assuming a uniform
heat flux in the heated section, agree, within the experimental! uncer-

tainty, with the experimental observations.

Furthermore, as was shown in section 6.4, despite these defects,
the gold-film sections provided good qualitative flow visualization

results on mixed-convection flows.

7.3.1.5 Effects of variable properties

The results described thus far in this Chapter were obtained by
assuming that the thermophysical properties of the fluid were constant.
The effects of variable properties on the overall and local results of

the proposed model will now be examined.

The variable-property calculations were performed as follows. In
the extended heated and cooled sections, where the changes in the physi-
cal properties of the fluid were the most significant and important, the
thermai conductivity and the dynamic viscosity of the fluid were evalu-
ated at each grid point based on the fluid temperature prevailing at
that grid point. Elsewhere, around the loop, the fluid properties were

evaluated at T.

As can be seen in Table 7.2, the average velocity obtained with the
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proposed model using the variable property simulations are in good
agreement with the constant-property calculations. The maximum differ-
ence occurs for the highest power input, run # 8, and is of the order
of 1.5%. It can also be seen in Fig. 7.4c, which is also for run #8,
that the wall temperatures are marginally affected by a variable-
property calculation. Thus, for the conditions experienced in this
work with geometry #1, the constant property assumption can be consid-

ered to be valid.

However, as indicated in Table 7.2, the difference in the values of
the average velocity produced by variable- and constant-property cal-
culations increase as the power input increases. This is due to the
fact that as the power input increases, the temperature rise (or drop)
increases in the heated (or cooled) sections. Thus, as the power input
is augmented, there is an increase I1n the differences between local
fluid properties and properties evaluated at T, . Moreover, at the
entrance of the cooled section, the fluid temperature decays more rap-
idly, because of the constant wall temperature boundary condition, than
the corresponding increase in the heated section. Therefore, the visco-
sity of the fluid increases more rapidly in the cooled section than the
corresponding decrease in the heated section. Accordingly, for a given
flowrate in the loop, the frictional resistance in the cooled section
increases more rapidly than the corresponding decrease of frictional
resistance in the heated section. This implies, as shown in Table 7.2,
that the overall frictional resistance and the average velocity will be,
respectively, higher and lower for a variable-property calculation than
for a constant-property calculation. Furthermore, the difference inV

produced by constant- and variable-property calculations will increase
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as the power input increases.

7.3.2 Results for Geometry #2

Since geometry #1 had two slightly different internal radii, only
an approximate comparison with the results of the traditional one-
dimensional analyses could be made. Furthermore, geometry #1 required
the use of the elliptic set of the governing equations because of the
presence of flow reversals in the extended sections. This implied that
a detailed analysis of heat losses from thermosyphons corresponding to
geometry #1 vould have been computationally expensive. Geometry # 2
does not suffer from these two drawbacks: the radius is the same all
around the loop and AZ is high enough to avoid, for the most part, flow
reversals in the heat transfer sections so that the parabolic set of

equations could be used.

All results related to geometry #2 were done with TL = 20.3 °C.
The fluid properties were evaluated at that temperature giving a
Pr = 7.0. The desired Gr, was obtained by varying the heat fiux, q.
Notice that Gr (D3gﬂq/uvrefkf) is only proportional to the
square root of q as V.., is also proportional to q'/2. For a fixed
Grm, different values of Sty (UD/pVrefACp) were obtained by changing U.
The non-dimensional ambient temperature, ¢, ( [T,- T;]/[QD/kf]), was
varied, for fixed values of Grp and St,, by changing Ta. Form
losses in the 180° bends were neglected. The relevant equation to be
solved with geometry #2 is Eq. 4.2. When heat losses are neglected, as

will be the case in the next sub-section, Eq. 4.2 reduces to Eg. 4.3.
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7.3.2.1 Comparison between the results of the proposed mode! and those
f Cases 1 and 2 of th raditional one-dimensignal mcdel

Average velocity results

Figure 7.6 presents the results of a comparison between Cases 1 and
2 of the traditional one-dimensional model and the proposed model. Non-
dimensional average velocities, V' o= VIV.e¢, are plotted against
Gr,. The modified Stanton number, St,, was set to zero, thereby
eliminating heat loss effects from this comparison. It is worth not-
ing, parenthetically, that once the value of St has been set to zero,
the value of the non-dimensional ambient temperature, ¢., iS inconse-
quential since St multiplies ¢, in the governing non-dimensional equa-
tions and boundary conditions (see Appendix C). The predictions of the
proposed model are for several different specified values of Gr_; as
shown in Fig. 7.6, the resulting values of V" were joined by straight
piecewise lines. Also, for Gr 2 2000, the use of the elliptic set of

the governing equations was required due to the appearance of reversed

flow in the extended heated and cooled sections.

For Gr, = 600, both the parabolic and the elliptic set of equa-
tions were used in separate simulations. As can be seen in Fig. 7.6
and as stated earlier in section 7.2.2, the agreement between the
resulting V' is very good, with a difference of less than 1%. It is
interesting to note that the CPU time required to run the proposed
mode! with the parabolic set of equations was approximately 6 minutes,
while the elliptic set of equations needed approximately 120 minutes of

CPU time. Both simulations were done on the same B0386-based personal
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computer running at 25 MHz. This comparison, albeit tor different
grids, illustrates the substantial computer time savings that can be
obtained by using the parabolic set of equations, for cases where they

are applicable, instead of the elliptic set in the proposed model.

As indicated in Fig. 7.6, for Case 1 of the traditional one-
dimensional model, V' is independent of Gr, and is equal to unity.
This reflects the fact that V. ,¢ is, by definition, equal to the average
velocity obtained using Case 1 of the traditional one-dimensional model.
It can also be seen that for large values of Gr,, the values of v' for
Case 2 reach, asymptotically, the value of V* given by Case 1. For
small Gr,, the average velocity predictions of the proposed model are in
good agreement with Case 2 of the traditional one-dimensional model,
while the agreement with Case 1 is not as good. As Grg is increased,
the discrepancy between the proposed model and the traditional one-
dimensional model increases significantly. For Gr, = 4000, the average
velocity given by the proposed mode! is 28 % lower than the predictions

given by Cases 1 and 2 of the traditional one-dimensional model.

In order to understand these differences between the proposed model
and the traditional one-dimensiona!l model, attention in the following
sub-sections will be focussed on local resuits in the extended heated and
cooled sections for a small and a large value of Gr . For convenience
in the following discussion, Eq. 4.3, is written below in a slightly

different form:
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As was mentioned in relation with £q. 2.7, the numerator and denomi -
nator of Eq. 7.1 represent the "total buoyancy" and "total fric-
tion", respectively. Each of these expressions depends on V. They are
composed of various terms identified by the letters | to XI. The dimen-
sional form of this equation has been preferred to the non-dimensional form,
Eq. C.1. This is because the relation between T; and the temperature
levels in the loop is relatively easier to understand and discuss, from
one Gr_ to another, than the corresponding relations among the

non-dimensional temperatures, ¢ ([T - T;]/[qD/kf]), which depend on q.

Loca!l results in the extended sections for Grp= 300

Figures 7.7a,b present local results in both heated and cooled
extended sections for Gr = 300. The values of fRe are given in
Fig. 7.7a; in the traditional models, fRe is set equal to 16. Distribu-
tions of the area-weighted mean temperature, T, and of the bulk tempera-
ture, T,, are reported in Fig. 7.7b. The corresponding Nussel t number

variations in the cooled section are depicted in Fig. 7.9.

As can be seen in Fig. 7.7a, because of mixed-convection effects,

the fRe value in the heated and cooled sections can change significantly
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from the value of 16 assumed in the traditional one-dimensional models.

Figure 7.7b shows the axial variation of the area-weighted mean
cross-sectional temperature predicted by the proposed model and the
axial temperature variations predicted by Cases 1 and 2 of the tradi-
tional one-dimensional model. As noted in Chapter 2, the results of
Case 1 do not give the level of the absolute temperature in the loop;
only the temperature rise (or drop) in the heated (or cooled) section
can be predicted. However, in this work, for comparison purposes, it is
assumed that the temperature at the outlet of the cooled section for
Case 1 is the same as the one obtained using Case 2. For the proposed
model, both the cross-sectional mean and bulk temperature predictions
are presented. Recall that the former one is an area-weighted mean tem-
perature while the later is a velocity-weighted temperature. For Cases
1 and 2 of the traditional one-dimensional model, these temperatures are
equal!. Also, as noted in Fig. 7.7b, and with reference to Fig. 2.1, the
temperature at the inlet of the extended cooled section is equal
to the temperature at the outlet of the extended heated section, T,
because heat losses are zero. Similarly, the temperature at the inlet
of the extended heated section is equal to the temperature at the outlet

ot the extended cooled section, Tyq.

As shown in Fig. 7.7b, the temperature distribution in the cooled
section is linear for Case 1 and exponential for Case 2. For the pro-
posed mode!, the mean temperature variation in the cooled section has an
exponential -like shape, with a rapid decay at the entrance. The bulk
temperature variation follows the same trend except that the values of

T, are slightly higher than the corresponding values of T. This is
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because the rapid temperature changes that occur near the wall are not
reflected as strongly in the bulk temperature due to the small veloci-

ties prevailing in the near-wall region.

In the heated section, the axial temperature variation is linear for
Cases 1 and 2 and for the bulk temperature of the proposed model. Near
the entrance, the area-weighted mean temperature variation predicted by
the proposed model increases sharply due to the rapid temperature
changes that occur near the wall. Further downstream along this sec-
tion, the cross-sectional temperature profile reaches a fully developed
condition, and the axial variation of the area-weighted mean tempera-

ture, T, becomes linear.

In the post-heated and post-cooled sections, the bulk temperature is
the same as the one prevailing at the outlets of the heated and cooled
sections, respectively The area-weighted mean temperature predicted by
the proposed model reaches, after a short distance, the same value as
the bulk temperature. This last behavior is to be expected as the tem-
perature profile become more and more uniform, within the cross-section
of the pipe, as the fluid moves downstream of the heated (or cooled)

section.

The di fferences in the values of fRe and T predicted by the differ-
ent models influence the corresponding values of V*. Perhaps the best
way to explain these differences is to examine the various terms compos-
ing the "tota! buoyancy" and the “total friction” in Eq. 7.1. By adding
terms |1, 111, 1V, and V and then dividing them by the corresponding sum

of the lengths, an average "hot" side temperature, T, .., can be deter -
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mined:

izt T
Tiobe * Thole *+ B Tpg i8s; + Tslg
Thot = (7.2)
Lyt Lot L+ L+ L

Similarly, an average "cold" side temperature, T.o1d, can be evaluated:

=11 T
Tiobao* Tp Ly +.Z, Teg i8s;
Tcold= (7.3)
Lot Lg+ Lot Lyg

It is the difference between T, . and T . 4 which drives the flow in
the thermosyphon. As T,., - T., 4 increases, total buoyancy increases.
Opposing this total buoyancy is the total friction, the denominator of
Eq. 7.1. This total friction can be divided by the total length of the
the loop to give an average value for the frictional resistance, fRe:

=01 u 1=L1 u
16(Lyg+ Lyt Lyt Lg+ Lo+ 27R) + i§1 fhs, REds] + i§1 fes, RelS]

fRe = (7.4)
L1+ L2+ L3+ L4+ L5+ L7+ L8+ L9+ L10+ 27R

Table 7.3 presents the values of Thot, Tecold, and Tﬁg'predicted by the
proposed model and both Cases of the traditional one-dimensional model.
A comparison between Cases 1 and 2 indicates that the average cold side
temperature is lower for Case 2. The main reason for this is that the
term :?:1Tcs,1AS: is lower for Case 2 than for Case 1, due to the
exponential decay of temperature in the cooled section for Case 2. This

increases total buoyancy and the corresponding average velocity. On the

other hand, the increased average velocity for Case 2 decreases the tem-
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perature rise across the heated section and, consequently, T, . is

slightly higher for Case 1 than for Case 2. But overall, the temoera-
ture difterence, T .- T o 14> IS higher in Case 2 than in Case 1,
0.201 versus 0.193. This represents a 4.1% difference. Since

fRe = 16 in both cases, the difference in V* is also 4.1% as is seen

in Table 7.3.

It is interesting to make a similar comparison using the simple

equation for Case 2 developed in Chapter 2:

P, A 12
V= W(AZ + €) (2.15)
where,
e =0 for Case 1,
. 1 s | for C
€ = > "X + XL 8 or Case 2,
1-e"78
_ _mkNu . _
and X = ;;V?Eﬂ; , with Nu = 3.66

Equation 2.15, much akin to Eq. 7.1, represents the ratio of total
buoyancy over total friction in the loop. In that respect, the value
of ¢ can be considered to be a correction factor applied to the total
buoyancy to account for the exponential variation of temperature in the
cooled section for Case 2, as opposed to the linear variation in Case 1.
In the case being discussed here, ¢ = 0.16 and AZ = 2,00 m, which leads

to V' = 1.041.
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The local results of the proposed model for Gr, = 300 will now be
considered. As illustrated in Fig. 7.7b, the area-weighted mean temper -
ature at the inlet of the cooled section decreases quite rapidly. This
is due to high heat transfer coefficients in the inlet region. Indeed,
as indicated in Fig. 7.9, the Nusselt number in the iniet region is much
higher than the value of 3.66 assumed in Case 2 of the traditional one-
dimensional model. Due to this rapid decay in temperature in the

=L 1
entrance region of the cooled section, the term ‘21 T
1=

for the proposed model than for Cases 1 and 2. Thus, as indicated

cs'iAs: is lower
in Table 7.3, T., 4 is lower for the proposed model than for Cases 1

and 2. This increases total buoyancy and the corresponding average
velocity. As was mentioned above, this increase in average velocity
decreases the overall temperature rise in the heated section, which
decreases T, ,. However, the decrease in T, 4 is higher than the
decrease in T,,. and total buoyancy for the proposed model is 12.4 %
higher than for Case 1. However, the average frictional resistance,
TRe, predicted by the proposed model is only 6.9% higher than that for
Cases 1 and 2. Thus, relative to Case 1, the combined effects of these
increases in total buoyancy and tota! friction lead to a 5.5 % increase

in V', as indicated in Table 7.3.

Local results in the extended sections for Gr = 3000

As can be seen in Fig. 7.8a, mixed-convection effects are very
significant in both the extended heated and cooled sections for Gr, =
3000. In fact, flow reversais were identified in both extended sec-
tions. The fRe product reaches values that are approximately four times

greater than the value of 16 associated with fully developed flow.




204

The striking feature of Fig. 7.8b is the difference in the tempera-
ture levels predicted by Cases 1 and 2 of the traditional one-
dimensional model and by the proposed model. The proposed model pre-
dicts a mean locp temperature of around 28.5 °C whereas the traditional
mode! predicts that T, = 42.5 °C. This is mainly due to the following
reason. As shown in Fig. 7.9, the Nusselt number predicted by the pro-
posed model for Gr, = 3000 is much higher than the value of Nu = 3.66
assumed for Case 2 of the traditional one-dimensional mode!. Indeed,
the mean Nusselt number obtained with the proposed model is equal to
9.44 for Gr = 3000. This implies that fluid cooling will be more rapid
with the proposed mode! than for Case 2. Consequently, the overall tem-

perature levels will be lower for the proposed model.

Figure 7.8b also shows that the area-weighted mean and bulk tempera-
tures predicted by the proposed model are quite different. The bulk
temperature variations in the heated and cooled sections follow the
expected trends, while the mean temperature variations are somewhat more
complicated due to strong mixed-convection effects. Furthermore,
because of the drastic change in thermal boundary conditions that occurs
at the outlets of the heated and cooled sections, there is a sudden
decrease in the value of T at z/D = 50. In the post-sections, the mean
temperature tends towards the value of T,, as the cross-sectional tem-

peratures become more and more uniform.

As shown in Table 7.4, the resulting values of T, . and T ., 4
predicted by the traditional one-dimensional model and the proposed

mode!, are quite different. It is also seen that the average value of
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the frictional resistance, fRe, predicted by the proposed model

is significantly higher than the value of 16 used in the traditional
model. This leads to a decrease in V. In turn, this increases the tem-
perature rise (drop) in the heated (cooled) sections, which translates
into a greater difference between T, , and T_ 4. So, in effect, an
increase in total friction contributes to an increase in total buoyancy.
However, as shown in Table 7.4, relative to Cases 1 and 2, the predic-
tions of the proposed model indicate that the increase in total friction
is greater than the increase in total buoyancy. Consequently, V" pre-

dicted by the proposed model is lower than 1, and equal to 0.799.

Also of interest in Fig. 7.8b is the fact that the temperature pre-
dictions given by Cases 1 and 2 are nearly identical, while they were
quite different for Gr = 300. This can be explained with reference to
Eq. 2.14b. When Gr is increased from 300 to 3000, V increases by a
factor of 10. Accordingly, X in Eq. 2.14b, decreases by a factor of
10. When multiplied by (s - sg), the exponent of the exponential func-
tion varies from 0 to X since (sy -sg) = 1 for geometry #2. Thus, for
Gr, = 3000, the range of variations of the exponent 1s 10 times less
than that for Gr, = 300. Over this reduced range, the exponential func-
tion gives an almost |linear temperature variation, as shown in
Fig. 7.8b. Since Case 1 is based on the assumption of a linear tempera-
ture variation, it is not surprising to see a very good agreement
between Cases 1 and 2, as is also shown in Table 7.4. This explanation
is also consistent with observations made earlier in connection with
Fig. 7.6, that the velocity predictions for Case 2 reach, asymptoti-

cally, the values given by Case 1 as Gr, increases.
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In addition, since the temperature variation in the cooled section
for Case 2 is almost linear, ¢ in Eq. 2.15 should be negligible in com-

parison to AZ. Indeed, for Gr, = 3000, ¢ = 0.02 for AZ = 2.00.

7.3.2.2 Effects of heat lgsses (gains) from thermosyphons

The effects of heat losses on V" predicted by the proposed model are
presented in Fig. 7.10 for geometry #2. Values of V* are plotted
against a non-dimensional ambient temperature, ¢, = (Ta-f;)/(qD/kf),
tfor three different values of Stp and for Gry = 5§00. The values of
V' were obtained by solving Eq. 4.2. [t should be recalled that the
level of insulation is inversely proportional to St . At the limit when

St, = 0, the thermosyphon is perfectly insulated. For completeness,

the value of V' corresponding to a perfectly insulated loop, V' = 1.030,

is presented in Fig. 7.10.

As is seen in Fig. 7.10, the impact of heat losses (gains) on V" can
be signiticant. For example, for St = 1 x 10°% and ¢ = -10, V' s
equal to 0.571. This corresponds to a 45% decrease in comparison with
the value of V" obtained for St, = 0. At the other extreme, a 28%

increase in the value of V" is noted for St, = 1 x 10°% and ¢, = 10.
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In order to explain this behavior, the concept of hot and cold side
temperatures will be used again. Equation 4.2 can be written in a form

similar to Eq. 7.1:

r— 1T M
(T1o-Ty) aL (T, -T,)
- -l
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When compared to Eq. 7.1, the numerator of Eq. 7.5 contains an
extra term, term VI11, which accounts for heat losses (gains) in the
180° bends. It can be shown, however, that the impact of this extra
term on total buoyancy is insignificant and can be neglected. So, hot
and cold side temperatures can be defined in a manner similar to the
one used in sub-section 7.3.2.1, and the corresponding terms of
Eq. 7.5. The value of total friction is the same as the one determined

for the case where heat losses are zero, Eq. 7.4.

The first thing to note here is that the amount of heat loss is not

(7.5)
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the same in the various sections of the loop. |In each section, the

amount of heat losses (gains) is proportional to the overall heat loss
coefficient, U (W/m°C), to the length of the section, and to the differ-
ence between the average temperature of the fluid inside the loop and
the ambient fluid temperature. For example, consider the post-heated
and post-cooled sections. Since the lengths of these two sections are
equal and U is the same around the loop, the difference between the
average temperature of the fluid inside the loop and the ambient fluid
temperature will determine the difference in heat losses (gains) between
the two sections. |f the temperature at the outlet of the cooled sec-
tion, Ty, is lower than T , heat gains in the post-cooled section will
be higher than in the post-heated section. In fact, there may even be
cases where T, will be greater than T, while T, is smaller than T_.

This would create a situation where there would be heat losses in the
post-heated section while the post-cooled section would experience heat
gains. Such imbalances between heat losses (gains) in various sections
of the loop imply that the average hot and cold side temperatures do not
increase (or decrease) at the same rate. In turn, these influence total

buoyancy and the average velocity.

Yet another factor which explains the variation of the average
velocity with heat losses (gains) is the fact that the amount of heat
removed in the cooled section is greatly influenced by the cumula-
tive amount of heat losses {gains) around the loop. This is illustrated
in Table 7.5 where the two extreme cases mentioned above are examined,

along with the case of the perfectly irsulated loop.

In Table 7.5, Q_/P, represents the ratio of heat losses around
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the loop and the power input in the heated section. The first thing

to note in this table is that fRe is approximately equal to the

fully developed value of 16 in all three cases. This indicates that the
velocity profiles are only mildly affected by mixed-convection effects
and the total friction does not change significantly from one case to
the other. However, the variation in total buoyancy (or Thot = T

cold)

is much greater.

For the case where ¢, = +10, it can be seen that the total amount of
heat gain around the loop, excluding the heated and cooled sections, is
greater than the power input to the loop. |In order to satisfy the ove-
rall energy balance in the closed-loop, the amount of heat removed in
the cooled section has to be 2.23 times the power input supplied in
the heated section. Thus, the overall temperature drop across the
cooled section has to be higher than the overal! temperature rise in the
heated section. Consequently, the difference Thot - Tecoug increases
when compared to the case where St = 0. The corresponding total buoy-

ancy and average velocity also increase as indicated in Table 7.5.

As for the case where ¢, = -10, an interesting situation occurs.
For this particular condition, the ratio of Q /P, is negative and
greater than 1. This imply that heat losses around the loop, excluding
the heated and cooled sections, exceed the power input to the loop.
Consequently, because of the overall energy balance requirements, heat
is supplied (and not removed) in the cooled section. As shown in Table
7.5, this profoundly affects T, ., and T, 4 and the resulting average

velocity.
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As indicated in Fig. 7.10, for a given ¢,, the magnitude of the dif-
ference between the values of V' obtained with a specified St, and for a
perfectly insulated loop increases as St, is increased. This reflects
the fact that the above-mentioned phenomena are amplified when the insu-

tation level is decreased or, alternatively, when St is increased.

0f course, the analysis of the effects of heat losses on V' pre-
sented in this sub-section is specific to geometry #2. Nonetheless, the
results presented here indicate that the average velocity inside a clo-
sed-loop thermosyphon can be markedly affected by heat gains (or losses)

in the insulated portion of the thermosyphon.

7.4 CLOSING REMARKS

in this Chapter, it was established that the proposed mode! can suc-
cessful ly predict the average velocity measured experimentally in the
closed- loop thermosyphon of interest. Using the proposed model, it was
also shown that traditional one-dimensional models can significantly
overpredict the average velocity in thermosyphons when strong mixed-
convection effects are present. This is because traditional one-
dimensionai models do not account for the local nature of the flow in
the extended heated and cooled sections of the thermosyphon. Also, the
proposed model revealed that heat losses (gains) from thermosyphons can

significantly atfect the average velocity.

This concludes the presentation of results obtained during the course

of this study.
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CHAPTER VIII

e

CONCLUSION

8.1 REVIEW OF THE THESIS

Complementary analytical, numerical, and experimental investigations
of fluid flow and heat transfer in closed-loop thermosyphons with verti-
cal heated and cooled sections were presented in this thesis. Attention
was focussed on the geometry shown in Fig. 1.1. Of particular interest
to this study, were the cases where conditions similar to mixed-

convection prevailed in both the heated and cooled sections.

Analytically, the traditional one-dimensional approach to the model.

ling of closed-loop thermosyphon was reviewed in Chapter 2. Using

Al I

a this approach, it was shown that the average velocity in the thermo-
? P, A9 12

syphon is equal to: V =[ E;;EEE(AZ + e)] (Eq. 2.15). When V is high,

the temperature drop in the cooled section can be assumed to be lin-

i
3
\
{
g

ear. In this case, ¢, which accounts for the exponential variation

of temperature in the cooled section, is negligible when compared to AZ.
In turn, V becomes independent of r,, Nu, and f;. However, when AZ

is small and/or when P, is high, the ratio Grq/Re2 could take on

values which lead to mixed-convection conditions in the heated and
cooled sections of the loop. Fecr those cases, the assumption of fully
developed forced convection conditions, used in traditiona! one-
dimensional mode!l, is incorrect and Eq. 2.15 can not be used to accu-

>3 rately predict the average velocity inside the loop.
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A new model has been proposed to alleviate these deficiencies. The
proposed model, which has been described in Chapter 2, involves the cou-
pling of local results of two-dimensional numerical simulations of mix-
ed-convection in the heated and cooled sections with a traditional one-
dimensional analysis. Also, unlike the traditional one-dimensional mod-
els, the proposed model allows the analysis of heat gains (or losses)
from sections of the thermosyphons other than the heated and cooled sec-
tions. The proposed model enables the determination of the average
velocity inside the loop, and provides detailed temperature and velocity

profiles in the heat transfer passages of the loop.

Numerically, the work reported in Chapter 3 included the formula-
tion, implementation and testing of a finite-volume based method for the
solution of steady, laminar, two-dimensional, axisymmetric mixed-
convection in vertical pipes. The computer code based on these methods
was used as part of the proposed model and was also used to study conju-

gate conduction and mixed-convection in vertical pipes.

The methodology for the solution of the general momentum equation of
the proposed model, Eq. 4.2, has been described in Chapter 4. The meth-
odology requires the inputs of two-dimensicnal numerical simulations,
which themselves depend on the results of Eq. 4.2. This coupling is

handied by the use of an iterative procedure.
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Exper imentally, as reported in Chapter 5, a closed-loop thermosyphon
was specially designed and constructed for this study in order to vali-
date the proposed mode!. One of the key elements of this experimental
tfacility is the heated section. |t uses a thin semi-transparent gold-
tilm, glued on the inner surface of a Plexiglass pipe. Power input to
the closed-loop thermosyphon is provided by passing electric current
through this gold-film. This heated section was instrumented with ther-
mocouples to obtain local wali temperature measurements. Furthermore,
the flow visualization capability offered by the semi-transparent heated
section enabled observations of recirculation cells and laminar-

turbulent transitions which occurred in the heated section.

8.2 SUMMARY OF RESULTS AND MAJOR CONTRIBUTIONS

Mixed-convection flows

The computer code developed for this study was used to fill an
apparent void in the literature on the treatment of conjugate conduction
and laminar mixed-convection in vertical pipes for upward flow and uni-
form wall heat flux. Using this code, it was found that significant
portions of the applied heat flux on the outside surface of the heated
section couid be redistributed by axial conduction within the heated,
upstream, and downstream sections of the pipe. The magnitude and the
extent of upstream and downstream heating increases monotonically with
an increase of K (solid to fluid thermal conductivity ratio) and/or A
(pipe thickness to diameter ratio). In turn, this heat flux redistribu-
tion could significantly affect the temperature and velocity fields

inside the fluid. For example, in one particular case, it was found




214

that upstream axial wall conduction distorted the parabolic velocity
profile at the entrance of the upstream section to a point where the

centerline velocity was negative at the entrance of the heated section.

The existence of recirculation cells for upward mixed-convection
flows in vertical pipes subjected to a uniform wall heat flux had been
established by a number of researchers and was confirmed with the pre-
sent numerical investigation. In this work, for the first time, these
cells were experimentally observed using the flow visualization capabil-

ity of the gold-film heater.

Laminar-turbulent transitions which are often encountered in mixed-
convection flows even for low Re ( < 2000) were also observed experimen-
tally. In this case, the major advantage of the semi-transparent gold-
film heater is that the injected dye, and consequently the flow field,
can be visualized over the full length of the heated section. Earlier
experimental studies of such mixed-convection flows (Hallman [1958],
Scheele et al. [1960]) did not have such a facility, and laminar-
transitions were inferred indirectly either through thermocouple
measurements (Hallman [1958]) or by flow visualization at the end of the
heated section (Scheele et al. [1960]). The present experimental

approach is superior to these earlier investigations.

Proposed model

The proposed mode! successfully predicted the average velocity meas-
ured in the closed-loop thermosyphon over the range of power inputs stu-

died experimentally in this work, from 10 to 75 Watts (Gr, ~ 2200 to
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5100). Predictions made with this model indicate that the rate of
increase of V with increasing power input, P , is much lower than the

V ~ (Pw)”2 relationship predicted by the traditional one-dimensional

model, Eqg. 2.15.

In addition, the proposed model was able to predict fairly well,
specially at low power levels, local wall temperature measurements made
in the heated section of the closed-loop thermosyphon. At high power
levels, the agreement was not so good. This may be due to an unforeseen

deterioration of the electrodes of the gold-film heater section.

A second geometry, which is somewhat simpler than that used in the
exper iments, was used to examine the differences between the traditional
one-dimensional and the proposed models. For the case where there are
no heat losses, St; = 0, it was shown that traditional one-dimensional
models can significantly overpredict the average velocity in thermosy-
phons for high Gr . In one particular case, for Gr = 4000, the average
velocity given by the traditional one-dimensional model was 28 % higher
than the predictions of the proposed model. This is because traditional
one-dimensional models do not account for the distortion of the velocity
and temperature profiies from fully developed forced convection shapes.
Such distortions occur due to mixed-convection effects, especially for

high values of Gr .

Using the proposed model, heat losses (and gains), from sections of
the thermosyphon other than the heated and cooled portions, were stu-
died, seemingly for the first time. For Gr = 500, it was shown that

such heat losses (or gains) can significantly alter the average velocity
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in the thermosyphon when compared to that in a perfectly insulated loop,

)

St,= 0. For example, for St, = 1 x 10°% and ¢, = -10, V is about 45 %

lower than for the case where St = 0.

8.3 PROPOSED EXTENSIONS OF THIS WORK

The numerical code developed in this work could be extended to
examine uninvestigated areas of mixed-convection flows in pipes such as
three-dimensional developing mixed-convection flow and heat transfer in

inclined pipes.

The results obtained with the gold-film heaters were quite encourag-
ing but more work is required to improve the electrical link between the
gold-film heater and the electrode. Once this problem with the electri-
cal connection at the electrode is solved, these semi-transparent heated
sections could be very good tools to further enhance the understanding
of mixed-convection flows including the laminar-turbulent transition

phenomenon.

As for the proposed model. a number of extensions can be envisioned,
The modelling of turbulent mixed-convection flows would be a logical
addition to the proposed model. Also, the inclusion of a transient
capability into the proposed model could be a useful extension. For

example, it could be used to study the behavior of the loop at start-up.

In conjunction with contro! volume finite element methods (CVFEM)
(Baliga, [198B]), the proposed mode! could be used to simulate thermo-

%{ syphons with irregular-shaped heated (or cooled) sections, such as rod
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bundle geometries with axial flow in the interstices between heated

l rods.

The experimental facility built for this study could easily be
modified to examine, for example, other values of AZ or power inputs.
This would broaden the experimental data base initiated with the work

presented in this thesis.
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APPENDIIX A

THERMOPHYSICAL PROPERTIES OF WATER

In this thesis, the thermophysical properties of water were obtained
using the correlations presented in this Appendix. The correlations
represent least squares fit to the data contained in the CRC Handbook of
Physics [1989]. In the following relationships, the temperature
T is in °C.

ific Hoat: (J/kg°C)

Cp = 4179.9 - 0.9233 T + 0.011285 T
Thermal Conductivity: (W/m°C)

k = 0.5586 + 0.002171 T - 9.822x10°% T2

Dynamic Viscosity: (Ns/mz)

4= 1.6701x10°3 - 4.1734x10°5 T + 4.9043x10°7 T2 - 2.1638x10°% T3

Density: (kg/m3)

p = 1001.2 - 0.08982 T - 0.003462 T2

Coefficient of Thermal Expansion: (K")

B = (0.006924 T + 0.08982)/p
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APPENDTIX B

SOLUTION OF THE TRADITIONAL MODEL

The governing equations and the boundary conditions of the tradi-
tional one-dimensional mode! have been presented in Chapter 2. In this
Appendix, the governing equations of the traditional model are solved
for two sets of thermal boundary conditions, which are referred to as

Case (1) and Case (2).
Case (1):
For Case (1), the thermal boundary conditions are:
- Constant heat flux in the heated section;
- Constant cooling flux in the cooled section;
- Adiabatic condition elsewhere.

The governing equations are given by:

Momentum equation around the loop:

P, 1308 -
vV = —EZE__ T(s) cosé ds (2.8)
Energy equation:

In the heated section (s; ¢ s <5,):

(s-s;) P
dT 3 W
P VAC, ds = P,/Ls and T =T, + —/—5— — (2.11 a,b)



in the cooled section (s; ¢ 8 ¢ sg):

dl _ _ IR AL
PVACp oo = - P /lg and T =T, FVAG L, (2.12 a,b)
In the adiabatic sections:
[ (s,< s < sg)
dT T =cte=T, and T =T,=T,=To=T
"mVACPE;= 4 576777787 "4
(2.13 a,b,c)
(sg< s < sg)
[ T = cte = Ty and T10=T”=T1=T2=T3=T9

Introducing these temperature distributions into Eq. 2.8 and inte-

grating along path "s" , as shown in Fig. 2.1, leads to:
S3 1 s, 1
r2gp (s-s5) P,
Pm i T, cgfsf ds + | (Ty + ——— — )cbsé ds +
T — 9 3 VAC, L
T T 8al PpVibp L3
Sy S3
1 s 4] -1
Se 7 8
+ J T,.?s/a ds + JT,’ cosd ds + JT,. %so ds (B.1)
s, Sg s;
S¢ -1 Sq4 -1 S,
(5'58) PH a
+ (TB-W-!:)C 6 ds + | To cos6 ds + | Ty cosé ds
Sg So 514

fn the 180° bends (from s, to s, and from s,, to s,), 6 varies and the
corresponding integrals can not be evaluated directly. Using the

transformation ds = Rdé for these bends and solving, Eq. B.1 reduces to:



]

¢
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0
pml’fgﬂ PHL3 "
V= =g | Tolbatte) + Tsbs * 5ve, * T, (Ly+s) + TR j}z:
0
0
P.Ly 2x
S Tly - Tals * 55vagy - Tolle*hia) - ToR s'/ﬂ (B.2)

x

Under the adiabatic assumption, the temperature rise across the
heated section is simply given by:

PH

(T,-T3) = 7VAC, (8.3)

Using this relationship, Eq. B.2 reduces to:

172

Vo | P -
- 87nCpul (B.4)

where AZ is the height difference between the middle of the cooled
section and the middle of the heated section:

L L

8 3
AZ = (Lyg* Lo+ —E—) - (Ly+ L+ - ) (B.5)

Case (2):

For Case (2), the thermal boundary conditions are:

- Constant heat flux in the heated section;
- Constant wall temperature in the cooled section;

- Adiabatic condition elsewhere.
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The governing equations are the same as for Case (1) except for
the cooled section where:

tn the cooled section (s; < 8 ¢ 8g):

T = = _-X(s-Sg), T
pVACy ST = n2er (T-T,) and T = (Ty-T,)e7 ' Se)s T, (2.14 a,b)

h2nr, xkNu

—— = , Nu = 3.66
p_VAC, ?,VACp

where X =

Using this temperature distribution and solving, one obtains:

pmrfgﬁ PHL3
V=g | Tettatte) * Tl * govag t Telbatts)
T L, + —— (Ta-T.) (e Xt8-1) - ToL, - To(Lgtl B.6
- Tly + —— (Tg-T,)(e 778-1) - T Ly - Tollotlyp) (B.6)

Regrouping terms and simplifying:

P.Pg 1 e.xL8

2| L, 4L - Ly + L2 - +
4 5 7 3 -
BrCp L X1

Lg (B.7)

Adding and subtracting Lg/2 in the bracket, Eq. B.7 can then be

written as:

v2 = ——Eifg—- L, + L. - L, +L,/2 -Lg/2+ s R TN el L (B.8)
BrCopl | 4 T 5 T 7 T3 8 2 X 'y o) © '

1 ] j
Java4 €

which is equation 2.15 .
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APPENDIIX C

NON-DIMENSIONALIZATION OF THE GOVERNING EQUATJIONS
OF THE PROPOSED MODEL

In this Appendix, the governing equations of the proposed model,
without conjugate heat conduction in the pipe wall, will be non-
dimensionalized with reference to the problem of interest (Fig. 2.1).
For this analysis, the elliptic set of the governing equations and the

following dimensionless variables will be used:

* u * v * )
u = v . v = ~ . vV = —
ref ref ref
R i ;= 2 & = S
- D ! - D ! D

=L/, U"=L/p, =L/ ,L"=L/D ,L=L/D

1 1 2 2 3 3 4 4 5 5

* [ ] L L ] *
Li=Ly/D , Ly=L,/D, Lg=Lg/D , Lg= Lg/D , Lyjg= Lyo/D

R"= R/D (D=2r; )

T-T, Ty- T Tg- T, T-T
¢ = qD/kf ' ¢3 = QD/kf ' ¢8 = qD/kf [ ¢m = qD/kf

, P - €02
iz ————
pmvref

where the reference velocity, V. .¢, is defined as:
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v ) L Tv4
ref = 8xCpul




Momen a n_around the { : {(E
- » *
S3 Sg
8u' * -
32v ds' + 4 ds" + azv
or
. - r*=1/2 *
! $10 S3 Sg
L ] »
S3 S
Gr,, ¢ cosd ds' + | ¢ _cosh ds” +
L * L ]
S10 S3 Sg

Vidg = - St (¢ - 4a) ds”

Extend heat and cool ections
ntinyi yation (Eq. 2.2
* *» »
1 d(r v ) + du =0

L]

r ar* az"

r-momentum equation (Eq. 2.21):

RT-UANNRY: N | S I -
ar* ar* ar' PRerer| g,

z-momentum equation (Eq. 2.22):

Gr

.au' ~du m

i i ¥ T (R I I
ar’ az Refef "

17

»
Sg

ds"+ 4

*
Sg

¢ cosf ds” +

v
ar”*

[r

ap

] .

The dimensionless governing equations are the following:

« -
$10
au' -
ot ds | =
r*=1/2

$10

¢ cosd ds” (C.1)

*

Sg

Energy equation in the insulated sections (Eq. 2.29)

(C.2)

(C.3)

] (C.4)

v’

+ —

dz°

»
-~

l"z



where; ¢é=1 for downward flow with cooling
- €=-1 for the case of heating in upflow

ke

ner ion . 2.2

2
"'a¢. ¥ ”.af - Pr1Re 1_'_19_. r a_% * Q‘?z
ar dz reflr oar ar oz

Boundary conditions

a) Inlet boundar onditions:

For heating in upflow For cooling in downflow

¢ = 4 ¢ = ¢
b) Boundary conditions in_the heated and cooled sections:

For heating in upflow For cooling in downflow
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(C.6)

s3 <s s sg < s $ s
0 <z ¢ L; 0 <z ¢ L;
9 _ -
. 1 L 1 ¢ =0
at r = 2> ar
L u'=0, v'=0 u'=0, v'=0
Qi'z 0 gi'= 0
ar ar
L ] * 4 * *
at r =0 Qg;= 0, _Qg;= 0 au‘ = 0, av' -0
- | ar ar ar ar
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c) Boundary conditions in the post-heated and post-cogled sections:

For heating in upflow

For cooling in downflow

s, <8¢ sg sg < 5 < 8y
Ly < 2" <Ly + L Lg < 2°¢ Lg+ Ly
[ St _Re__Pr
.} m ref
, 8- S - )
at r = ~ ar
2 » L ]
| u=0,v=20
-
Qiﬁz 0
ar
* *
at r =0 Q!;= 0, §!;= 0
| ar ar
d) | ndary conditions:

For heating in upflow

For cooling in downflow

w

- *

* * *
2 = L8 + L9

From the foregoing analysis it can be seen that the governing non-

dimensionalized parameters of this problem are:

3
Grm = J%fﬂﬁ%:
Wref" s
St uD

(modified Grashof number);

(modified Stanton number);
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VrefD
) Re.o¢ = — (reference Reynolds number);
Pr = "ﬁkp— (Prandt! number);
f
T,- T,
a W i ) )
P = ab7k, (dimensionless ambient temperature).
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APPENDIX D

DETERMINATION OF THE NODAL TEMPERATURES FOR A GIVEN V

The determination of the average velocity, V, using the proposed
model has been described in Chapters 2 and 4. The solution procedure
involves the evaluation of V for a given set of conditions. This Appen-
dix presents the procedure to update the value of the nodal tempera-

tures, T1 . T11. based on this value of V.

Using the latest values of V, Tg, and ﬁa'(obtained from the two-
dimensional numerica!l simulations), the determination of the nodal
temperatures is initiated by relating the temperature at the outliet
of the cooled section, Ty, to the wall temperature in the cooled

section, T;. Using Eq. 2.14b, T, can be expressed by:

-~ XL -
To= (Tg-T,)e "8 + T (D.1)
nkfﬁa
where X = _;;VKE; » and Lg is the length of the cooled section.

Then, from sy to s, the following calculations, based on Egs. 2.11b

and 2.30, are performed:

9.

Tio= (Tg-T,)e 9 + 7T, (D.2)

-
T1i= (Tyg-Tyle 710 + T, (0.3)
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xR

T, = (Tyy-T,)e" + T, (D.4)

T, = (T, -T,)e &1 + 1, (D.5)

Ty = (T, -Ta)e'nLZ + T, (D.6)

PH

T, =Ty + TVAG (D.7)

T, = (T, -Te e 41, (D.8)

T, = (Tg -T,)e" s + 1, (D.9)

T, = (T, -T,)e T 4 1, (D.10)
wiere 0 = —Zﬁiqﬂ:_.

Then Ty is updated using:

-
Tg = (T, -T,)e 7 + T, (D.11)

This new updated value of Ty is then returned to the beginning
of the iterative process, Eq. D.1. lterations are performed
until the change in two consecutive values of Ty is less than 0.01 °C.

Typically, less than 5 iterations are necessary.
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APPENDTIX E

DETERMINATION OF L,, DUE TO FORM LOSSES IN THE 180° BENDS

It is well known that fluid flow in curved pipes induces a secondary
fluid motion in the pipe. The additional pressure loss associated with
this secondary motion has been assessed by Blevins [1984] for laminar
flows. His graphical representation of the loss coefficient in curved

pipes, K _, has been curve-fitted to obtain:

log,oKL = 6.11 - 3.9810g,,(Re) + 0.6610g,,(Re?) (E.1)

This relationship is valid for Re < 2000, 0.5 < < 11.7

R

2r;

and a bend angle of 90°. Blevins [1984] recommends to multiply Eq. E.1

by 2 to obtain the loss coefficient for a 180° bend. For the

present geometry —%7— = 13.5 . Even though this ratio is not within
i

the 1imit set by Blevins [1984], it was judged to be close enough to

be valid. According to Blevins [1984], errors of the order of 10 % to

20 % can be expected on the value of K, . By definition, K_ is given by:

h

KL =

= (E.2)
V2/29

where h, is the head loss in meters of fluid.

For convenience, the loss coefficient is transformed into an equi-

valent length of pipe, using the Darcy friction factor relationship:
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L V2 2
- ¢ 9 _ v
h, = f, 3¢, 29 = K 29 (E.3)
which reduces to:
. ) KL2ri
eq - fo (E.4)

where Leq is the equivalent length of pipe due to pressure
losses in the bend, and f, is the Darcy friction factor for fully
developed laminar flow, 64/Re. As shown in Eq. 4.20, Leq is added

to the actual length of the bends, 2sR.
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APPENDIX F

THERMOCOUPLE CALIBRATION PROCEDURE SULTS

F.1 INTRODUCTION

The thermocouple calibration procedure and results are reported in
this Appendix. A1l thermocouples used during the course of this
study were individually calibrated, except the three thermocouples used
in the cooled section which were installed prior to the calibration.
These latter three thermocouples used the technique described by Shirt-

lifte [1971] to obtain temperatures from thermocouple volitages.

Tables of temperatures as function of thermocouple emf (referenced
to the triple point of water) have been published by the National Bureau
of Standards [1955, 1979]. Shirtlitfe [1971]}, among others, has curve-
fitted the data contained in these tables to produce nt" order polyno-
mials over specific temperature ranges. The use of such polynomials is
adequate for non-critical temperature measurements, such as in the
cooled section of the present work. For critical temperature measure-
ments a thorough calibration is necessary to account for possible ther-

mocouple construction error and hardware compensation inaccuracies.

F.2 THERMOCOUPLE CALIBRATION PROCEDURE

A total of sixty thermocouples could be individually calibrated dur-

ing a typical calibration test. Thermocouples were calibrated against a
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quartz thermometer (Hewlett-Packard, Model 2804A). The resolution of
the quartz thermometer was set at 0.001°C. Its accuracy was verified at
the Physics Division of National Research Council of Canada

(l.awlor, [1987]) against the national platinum resistance thermometer.
Based on these results, the accuracy of the quartz thermometer is

+ 0.005°C over the temperature range from 0°C to 95°C.

The thermocouple calibration procedure is similar to the one adopted

by Neill [1989]. Briefly, the procedure is as follows:

(1) The quartz thermometer and the data acquisition and control unit

were energized at least 24 hours prior to the calibration test.

(2) The quartz thermometer probe (Hewlett-Packard, model 18111A) and
the uncalibrated thermocouples were inserted into a machined copper
block to minimize temperature fluctuations. This copper block was
then placed inside a temperature-controlled water bath (Neslab,
Mode! RTE-220A) and covered with approximately 10 cm of distilled

water to minimize wire conduction errors.

(3) The temperature of the bath was allowed to reach the lowest tempera-
ture in the calibration range, i.e. 5°C. Typically, the bath tem-
perature was considered to be constant when the temperature indi-
cated by the quartz thermometer would not fluctuate by more than

+ 0.002°C for a least 5 minutes.

(4) Once the temperature of the bath was constant, the output of the

quartz thermometer as well as the individual thermocouple voltages




ware read and stored by the data acquisition system in a manner

similar to the one described in section 5.4.4. This process was

repeated five times at 30 second intervals. Then, the average of

these five readings was stored.

(5) Step (3) and (4) were then repeated at approximately 5°C incre-
ments up to 70°C.

F.3 THERMOCOUPLE CALIBRATION RESULTS

A fifth-order polynomial equation was then fitted to the quartz tem-
perature-thermocouple voltage data, obtained in step (4) of the calibra-
tion procedure, using the least squares method. With this method, the

thermocouple temperatures are related to the voltages by the following

relationship (Neill [1989]):

T.= B(c (V)] (F.1)
=0 i, }

where Vj is the voltage reading of thermocouple j, and C; ; are the

polynomial coefficients for thermocouple j. Typical calibration
results fci one particular thermocouple are shown in Table F.1 (next

page).

F.4 UNCERTAINTY ON THE TEMPERATURE MEASUREMENTS

As can be seen in Table F.1, thermocouple temperatures obtained

using the above-mentioned procedure yield very accurate results that are

within £ 0.01°C of the quartz thermometer reading. However, these
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results shoulid be interpreted with caution for two main reasons.
Firstly, the ambient temperature during a test was not necessarily
within the range of ambient temperature experienced during a calibration
test. Secondly, as shown in Table 5.2, the accuracy of the voltmeter of
the data acquisition and control unit is * 3uv. For Type-E thermo-
couples, which have a sensitivity of = 60 uV/°C, this corresponds to a
temperature accuracy of + 0.05°C. Because of these two factors, the

uncer tainty on the temperature measurements is estimated at + 0.05°C.

A 5t order polynomial over the range 0 - 50 °C was used in the
cooled section to obtain temperatures from thermocouple voltages (Shirt-
liffe [1971]). A comparison between the results obtained with the pre-
sent polynomials (Eq. F.1) and the ones given by the tifth order polyno-
mials of Shirtliffe [1971] indicated that the uncertainty on the tem-

perature measurements in the cooled section is of the order of * 0.1°C.

Thermocouple temperatures
Temperatures read by (obtained using the

the quartz thermometer |polynomial coefficients)
(°C) (°C)
4.943 4.94
9.874 9.88
15.446 15.45
19.795 19.79
25.016 25.02
30.020 30.02
34.906 34.90
40.038 40.03
44.978 44.99
49.940 49.93
54.966 54.96
59.976 59.98
65.002 65.00
69.998 70.00

Table F.1: Calibration results for thermocouple T50. Ambient
temperature during calibration was 25°C *+ 2°C.



APPENDIX G

WALL TEMPERATURE CORRECTIONS
G.1 INTRODUCTION

As reported in section 5.4.1.3, wall temperature measurements are
taken inside the Plexiglass pipe of heated section no.2, thus they are
not true inner wall temperatures. The following Appendix presents the
procedure used to correct these measured temperatures to obtain inner

wall temperatures.
G.2 CORRECTION PROCEDURE

Figure 5.7 represents a cross-section of heated section no.2 with
the relevant materials and dimensions reported in the adjoining table.
In this figure, T, is the temperature read by the thermocouple, while T,

is the inner wall temperature.

Assuming one-dimensional heat flow in the radial direction and with
reference to the nomenclature of Fig. 5.7, the heat losses out of the
heated section, q,,,, can be calculated from a knowledge of the meas-

ured wall temperature, 7, :

) (T,-T,)
Dur = tn(rg/r,)  In(rg/frg) 1 (G.1)

+ +
27rkah 2"kiLh 21rr6hoLh
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‘ where L, is the length of the heated section. The outside fiim

| coefficient, h , is assumed equal to 10 W/m?2°C. The accuracy of h, is
not critical since the second term in the denominator of Eq. G.1, which
represent the thermal resistance of the foamed plastic insulation, is
much greater than the other term related to h,. For the same reason,
the value of q,,,. and consequently T, is mildly dependent on the posi-
tion of T,, since the first term in the denominator of Eq. G.1 is much

smaller than the second term.

Using q,,,: T3 can be determined by:
In(r,/r3)
Ts = %ue | amcr, | T (6.2)

Assuming that the temperature drop in the gold coating is negli-

gible, then T, = T, and the inner wall temperature, T, , is given by:

In{ry/r,)
T, = - Qn _E;EJ;T— + T, (G.3)

where q; ., the heat supplied to the fluid, is simply:

Ain = P, - 9yt (G.4)

During a test, temperature readings given by the thermocouples were
corrected using Eqs. G.1 to G.4. As shown in Appendix K, the value of

the temperature correction, T, - T,, ranged from ~ 0.1 K to 1.0 K.
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As was mentioned in section 7.2.1, two-dimensional numerical simula-
tions in the heated section were performed with the same geometry and
materials that were used in this Appendix. These simulations revealed
that the numerically calculated values of T, - T, were typically within
+ 0.01 K of the corresponding value calculated using the approach pre-
sented in this thesis. Thus, the one-dimensional heat flow assumption

used in the correction procedure was very good.

As was stated in Chapter 5, the uncertainty on the radial position-
ing of the thermocouples inside the Plexiglass pipe is £ 0.5 mm. Thus,
thermocouples may not be located exactly at r, as assumed by the correc-
tion procedure. However, it can be shown that this positioning uncer-
tainty has a negligible impact on the determination of T, - T, simply
because q,,, is very small. Therefore, when experimental results are
compared to the numerical simulations in the heated section, the uncer-
tainty on the experimental value of T, is equal to the uncertainty
obtained from the calibration of the thermocouples: % 0.05°C

{Appendix F).
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1' APPENDIX H

EXPERIMENTAL DETERMINATION

OF THE OVERALL AT LOSS COEFFICIE U

H.1l INTRODUCTION

The overall heat loss coefficient, U, of the insulated portions of

the closed-loop thermosyphon was evaluated experimentally. The proce-

dure and results of this experiment are presented in this Appendix.

H.2 EVALUATION OF U

The determination of U is simply based on the principle that, without
power input to the loop, the amount of heat losses between T, ~and
Toue is equal to the enthalpy difference of the fluid between these two
points multiplied by the mass flowrate. With reference to Fig. 5.8,

U can then be expressed by:

acp(Tin “Tout)
(Lx+Ly+Lz)(Ta-Tm) (H.1)

where m is the mass flowrate, Cp is the specific heat, T, and T

are the measured inlet and outlet bulk temperatures, respectively, Ly
is the length of the pipe section preceding the heated section, L, is
the length of the heated section, L, is the length of the pipe section

from the outiet of the heated section to the outlet bulk temperature

%

measurement, T, is the ambient temperature, and T, is the mean temper-
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ature in the loop between T;, and T, .

The value of U was experimentally determined by measuring, under
steady-state conditions, the quantities indicated in Eq. H.1. For this
test, the open-loop configuration was utilized. This configuration,
which is described in Appendix |, provides a steady (* 1 %) and accu-
rately measurable mass flowrate (X 0.1 %) as well as a constant inlet
temperature (+ 0.05°C). The values of Ly Ly, L, are equal to 0.872 m,

0.664 m, and 1.544 m, respectively (Table 7.1).

H.3 RESULTS

Table H.1 presents the results of the experimental determination of
U. As can be seen, measurements were taken over a 10 minute period.
Values of T, - T ,. were taken every minute, while measurements of T,
and T, were taken at the beginning and at the end of the 10 minute

interval. By averaging these measurements and using Eq. H.1, U was

found to be equal to 0.18 W/m°C.

H.4 UNCERTAINTY ON THE VALUE OF U

It can be shown that the largest sources of uncertainties in the

determination of U are due to the Tin'Tout and Ta-Tm measurements.

The present evaluation of U was done with a value of T,-T, ot 12.5 K.
Assuming, conservatively, that the uncertainty on the T,-T, measurement
is of the order of £ 0.2 K then the T,-T, measurement has a

relative uncertainty of + 1.6 %. The measured value of Tin- T is

out

almost equal to 1.0 K. As mentioned in section 5.4.1.1, the uncertainty
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on the T, -T,,. measurement is * 0.2 K. This implies that the relative

uncertainty on the T, -T measurement is of the order of + 20%.

out

From the foregoing analysis it can be concluded that the uncertainty
on the T, -T, . measurement is the dominant uncertainty. Therefore,

the uncertainty on the value of U is simply set at + 20 %.

Time Tin-Tout m T, T,
(min) (K) (g/s) (°C) (¢C)

1 0.95 1.585 28.6 17.2

2 0.95 - - -

3 0.95 - - -

4 0.94 - - -

5 0.94 - - -

6 0.95 - - -

7 0.95 - - -

8 0.94 - . .

9 0.95 - - -

10 0.94 1.580 28.8 17.3
Averages 0.946 1.583 28.7 17.25

Table H.1: Results obtained during the experimental
determination of U.
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APPENDIX I

DESCRIPTION OF THE OPEN-LOOP CONFIGURATION

I.1 INTRODUCTION

During the course cf this study, it was necessary to modify the clo-
sed- loop thermosyphon to perform the following experiments: (i) evalua-
tion of the overall heat loss coefficient, U; (ii) calibration of the
average velocity measurement; and (iii) flow visualization studies. For
these three cases, a steady and accurately measurable water flowrate at
a constant temperature was needed at the inlet of the heated section of
the loop. This required the use of an open-loop configuration with
water supplied from a constant-head tank, with mass flowrates measured

by the so-called stopwatch-bucket method.

I.2 GENERAL DESCRIPTION

The open-loop configuration, which is presented schematically in
Fig. 5.12, has been built according to the techniques recommended by the
International Standard Organization [1980]. The open-loop configuration
uses all the components of the closed-loop, except that the cooled sec-
tion has been removed and replaced by flexible pipes which are connected
to a constant-head tank and to a flow diverter. As shown in Fig. §.12,

the open-toop configuration consists of two circuits.
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In the primary circuit, water flows by gravity into the loop trom a
constant-head tank. After travelling around the loop, the water is
directed towards a flow diverter. Then, the water flows either into a
bucket, when one of the three above-mentioned experiments is performed,
or back to a constant-temperature bath. The flowrate is adjusted by
using coarse and fine adjustments valves located within the primary cir-
cuit. The stability of the flowrate in the primary circuit has been

observed to be better than * 1 %.

The dimensions of the constant-head tank are 40 cm wide x 60 cm long
x 40 cm high and the tank is insulated with 25 mm of Styrofoam insula-
tion. The tank contains approximately 100 liters of distilled water and
sits on a leveled metal support which is anchored to the ceiling. A
smaller inner tank (10 cm x 10 cm x 32 cm high) is located within the

constant-head tank.

In the secondary circuit, water is pumped from a 20 liter temperatu-
re-controlled water bath (Nestab, model RTE-220A) to the bottom of the
constant-head tank. Then, the water moves upward in the tank and "over-
flows" in the inner tank to final!y return to the constant-temperature
bath. In order to maintain the water level constant, the flowrate in
the secondary circuit is regulated, using a globe valve, so that water

overflows into the inner tank at all times.

With this set-up, the temperature of the water in the constant -head

tank can be maintained constant to within * 0.05°C.




I.3 DETERMINATION OF THE MASS FLOWRATE IN THE
PRIMARY CIRCUIT

5

The mass flowrate in the primary circuit is obtained by measuring
the mass of water accumulating in a bucket over a certain time interval.

The step-by-step procedure is as follows:

(1) The initial position ot the flow diverter is such that water is directed
to the constant-temperature bath. The mass of the empty bucket, m, .,

is measured by a weight scale;

(2) The flow is then diverted to the bucket and a stopwatch is

immediately started;

(3) Once the desired mass of water has accumulated in the bucket,
the flow is diverted back to the constant-temperature bath and the

stopwatci is immediately stopped;

(4) The mass of the water-filled bucket, m, ¢, is measurcd.

Then, the mass flowrate is simply determined by the following :

Mo, ¢” My 4

’

Y a— (r.1)

Ie
|

where AT is the time interval indicated by the stopwatch.
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I.4 UNCERTAINTY ON THE VALUE OF THE MASS FLOWRATE OBTAINED
USING THE OPEN-LOOP CONFIGURATION

The uncertainty associated with the mass flowrate, as measured using
the techniques described in the preceding section, is dependent on the

uncertainty of the mass and time measurements.

The mass of water was measured using a weight scale (Ohaus triple
beam balance, Cole-Palmer mode! J-1012-00). This scale has a capacity
of 2610 grams and an in-house calibration revealed that its uncertainty,
was * 0.1 grams in the 50-2000 grams range. Time measurements were done
with a stopwatch (CASI0 alarm chrono, model no. 248548) and its uncer-
tainty is estimated at £ 0.01 sec. But the uncertainty on the time
interval measurement was mainly due to the uncertainty associated with
the flow diverter mechanism. This latter .ncertainty is estimated at

+ 0.1 sec.

Using the propagation of random uncertainty technique of
of Kline and McClintock [1953], the overall uncertainty on the

L ]
on the value of m, w , is given by:
m

172
2 2 2
am am am
w = w | = w + —_—w (1.2)
51 [ amb'f m, ¢ amb,i mb'i oAt At
where w ,w ,w,, are the uncertainties on the final and
My, ¢ My, § At
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initial mass measurements and on the time interval measurement,
respectively. Solving Eq. 1.2 and simplifying, the relative

[ ]
uncer tainty on m becomes:

1/2
2 2
wm w
. b, f
w |m=|2]| ———+ At (1.3)
m Mo, ¢ My, i At

Equation 1.3 shows that to reduce the uncertainty on the vafue of m,

the values of My ¢= My g and At should be as large as possible.

In this work, during the evaluation of U and the calibration of V,
the values of My ¢ My 4 and At were chosen so that the resulting
refative uncertainty on the value of m would always be less than
+ 0.1 % When flow visuvalization studies where performed, At and
My, ¢~ My, had to be relatively small in order to devote all the

attention to the dye observations. Nonetheless, for these cases,

the relative uncertainty on m was still below + 1 %.
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APPENDTIX J

CALIBRATION OF THE AVERAGE VELOCITY MEASUREMENT

J.1 INTRODUCTION

This Appendix presents the results of the calibration performed on
the average velocity measurement in the closed-loop thermosyphon. As
mentioned in Chapter 5, the average velocity inside the closed-loop

thermosyphon is obtained using the following relationship (Fig. 5.8):

V = P (Gt 9t O J.A
=T (T...T,) oA (J-1)

p out

where Eqs. 5.2 and 5.3 have been combined to give Eq. H.1.

J.2 CALIBRATION PROCEDURE

The average velocity measurement was calibrated in-situ by using the
open- loop configuration. As shown in Appendix |, the open-loop configu-
ration provides a steady (+ 1 %) and accurately measurable mass flow-
rate (+ 0.1 %) as wel! as a constant temperature (! 0.05 °C) at the

inlet of the heated section.

The calibration procedure consists of comparing, under steady-state
condi tions, the average velocity obtained using Eq. J.1 with the average

velocity given by the stopwatch-bucket method of the open-loop
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configuration.

J.3 CALIBRATION RESULTS

Five calibration tests were performed over the range of expected

operating conditions. The results are presented in Table J.1.

P, ox+oy+oz Tin Tout T, v Veb Difference
(Watts) [ (Watts) | ("c) | °C) | °C) | (em/s) | (emss) | Y "Vsu! Vs
(%)

10.04 | -0.82 | 24.2 | 26.7 | 27.2 | 0.360 | 0.350 2.9
25.02 | -1.82 | 21.9 | 26.0 | 27.7 | 0.555 | 0.534 4.0
39.96 | -1.81 | 20.1 | 25.4 | 26.5 | 0.674 | 0.649 3.8
54.42 | -2.20 | 20.3 | 26 1 | 27.8 | 0.834 | 0.793 5.1
24.96 | -4.55 | 16.7 | 21.6 | 27.9 | 0.504 | 0.501 0.6

+‘ V = Average velocity calculated using Eq. J.1

H V., = Average velocily as measured by the stopwatch-bucket method
of the open-loop configuration

Table J.1: Calibration results on the average velocity
measurement in the closed- loop thermosyphon.

Based on the results presented in Table J.1, the uncertainty on the

experimental determination of V, using Eqs. 5.2 and 5.3, is estimated at

15 %.
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APPENDIX K

EXPERIMENTAL DATA

The experimental data obtained during the course of this study are
tabulated in this Appendix. Eight experimental runs were performed and

each of the following pages contains the results of one particular run.

As was mentioned in Chapter 5, the wall temperature in the

cooled section, Tu , was equal to the arithmetic average of three
measurements, Tu'1. Tu,z' Tu'3. Likewise, the average inlet and outlet
bulk temperatures, T, and T, ., were evaluated oy taking the arithmetic
average of tive thermocouple measurements. The governing non-
dimensional parameters were evaluated at the mean loop temperature and
were based on the internal diameter of the heated section. The average

velocity in the heated section was measured using the technique

described in section 5.4.2 .

The wall temperature measurements in the heated section are given in
a four column format. In the first column, the letters F and M refer to
thermocouples located in the female and male half sections, respec-
tively. The non-dimensional axial location, z/D, of these thermocouples
is also given in the first column. The measured temperatures are
reported in the second column, while the corrected wall temperatures,
obtained using the correction procedure given in Appendix G, are pre-
sented in the third column. Finally, the average of the corrected wall
temperatures at each axial location is given in the last column. As was
mentioqed in Appendix G, the uncertainty on the corrected walil tempera-

tures is * 0.05 °C.



I IL AUN # 1 Wal! temperatures In the heated section
Measurements Lécation Measured |Corrected | Average of
in the closed-loop temp . wall temp.| corrected

z/D temperatures
P, = 9.97 W (°C) (°C) (°C)
F 0.529 28.66 28.53 28.75
Ta = 29.20°C M 0.529 29.10 28.97 '
F 1.23 28.78 28.65 28.84
T . = 26.8°C M_1.23 29.16 29.04 '
w1 T 2B F 1.94 | 28.76 28.63 28.69
TH 2= 26.8°C TH= 26.9°C M 1.94 28.89 28.76 )
o . F 2.64 28.71 28.58
Ty,3® 27.2°C M 2.64 | 28.72 28.59 28.58
F 3.7 28.73 28.60
_ M 3.71 28.71 28.58 28.59
T = 27.35°C F 5.12 28.80 28.67
in, 1 .
T e 27 32°C M _5.12 | 28.80 28.67 28.67
in, 27 ’ F 6.53 28.89 28.76 28.74
Tin 3= 27.35°C Tin= 27.30°C M 6.53 28.85 28.72 '
’ _ ° F 7.94 28.95 28.82
Tin, 4= 27.28°C M 7.94 | 20.02 28.89 28.86
Tin, 5= 27.25°C F 9.35 | 29.02 28.90 28.89
- M 9.35 29.01 28.88
F 10.76 29.14 29.02
T = 29.21°¢[ M 10.76 29.04 28.92 28.97
out,1” ’ F 12.88 29.18 29.06
Toue. 2= 29.31°C M 12.88 29.19 29.07
) F 12.88( 29.11 28.99
- o - o
Tout,s’ 29.31°C Tout- 29.30°C F 12.88 29.18 29.06 29.10
Tour o= 29.33°C M 12.88] 29.46 29.34
U . M_ 12.88]| 29.22 29.10
Tout, 5= 29.32°C| F 15.70] 29.34 29.22 29 19
M 15.70 29.27 29.15 )
F 18.52 29.44 29.33 29.48
Non-dimensional! parameters M 18.52 29.74 29.63 )
F 21.34 29.68 29.58 29.53
Gr = 2181 M 21.34 29.60 29.49 )
F 24.17 29.80 29.70 29.61
Re ., = 85.3 M_24.17] 29.62 29.51 :
_ F 26.99 29.86 29.75
Pr =5.6 M_26.99| 29.97 29.87 29.81
= -3
Stm 0.78 x 10 ; 33.11 29.96 29.86 29.91
6. = 0.291 .11 30.05 29.96
® F 31.22 29.87 29.77 29.92
M 31.22 30.17 30.07 )
Average velocity ; gg'gg gg'g? ;g'?? 30.04
in the heated section F 34.04 3016 30.06 0 12
M 34.04 30.28 30.19 )
F 35.46 30.51 30.42
\I =
¥ = 0.483 cm/s M 35.46| 30.42 30.33 30.38
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RUN # 2 Wall temperatures in the heated section
Measurements Location| Measured |Corrected | Average of
in the closed-loop temp. [wall temp.| corrected

z/D temperatures
P, = 9.83 W (°C) (°C) (°C)
F 0.529| 24.29 24.12 24 32
T, =26.18°C M _ 0.529| 24.68 24.52
F 1.23 24.47 24.31 24 46
- 21.8°C M 1.23 24.77 24.62
w,1 7 €0 _ F 1.94 24.49 24.32 24 33
T, ,= 21.9°C|T = 22.0°C M 1.94 24.50 24.34 '
o o F 2.64 24.37 24.20
Ty 3= 22.2°C M 2.64 | 24.32 24.15 24.18
F 3.71 24.38 24 21
- M_3.71 | 24.33 24.16 24 19
T. .=22.67°C F 5.12 24.46 24.30
,
L an 6% M 5.12 | 24.41 24.25 24.27
in,2 : F 6.53 24.50 24.34 04 32
T., 3= 22.73°C|T, = 22.64°C M 6.53 24.45 24 29 "
T . F 7.94 24.56 24.40
Tin,47 22.60°C M 7.94 | 24.62 24 .46 24.43
T = 22.60°C F 9.35 24.64 24.48
.5 ,
" L M 9.35 | 24.59 24 43 24.4%
F 10.76] 24.73 24 .57
T - 24 79°CT M 10.76| 24.66 24.50 24 54
out,1” <% F 12.88] 24.80 24 64
Tout 2= 24.88°C M 12.88| 24.82 24.67
o . _ o~ll F12.88| 24.70 24.55
Tour,3= 24.89°C|T = 24.87°C| o o'col 5, 74 04 63 24 68
Toue o= 24.89°C M 12.88| 25.07 24.93
" . M 12.88| 24.84 24.69
Tour,s= 24.90°C| F 15.70| 24.95 2480 21 70
M 15 70| 24.92 24.77 :
F 18.52] 25.09 24 95 o5 09
Non-dimensional parameters M 18.52 25.37 25.23
F 21.3a4] 25.34 25 20 25 15
Gr = 1957 M 21.34| 25.24 25 10 )
m T F 24.17| 25.48 25 34 05 24
Re.,; = 67.6 M 24 17| 25.29 25 15 )
_ F 26.99| 25 48 25.34
Pr=6.4 M 26.99] 25 61 25 47 25 41
St,= 0.88 x 10°3 F 29.11] 25.58 25 45 05 51
6. = 0.540 M 29.11] 25 70 25.57
© = T F 31.22] 25 44 25.31 05 48
M 3122] 25.78 25 65 )
. .52
Average velocity v oo.00| 2981 | 2960 | 70
in the heated section F 3404 55 75 55 62 25 o8
M 34.04| 25 87 25 75
F 35.46| 26.15 26 03
V = 0.457 cm/s M 35 46| 26 03 22 91 25 97
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RUN # 3 Jl Wall temperatures in the heated section
Measurements Location| Measured |Corrected | Average of
in the closed-loop temp. wall temp.| corrected

z/D temperatures
Pw =25.18 W (°C) (°C) (°C)
F 0.529 25.85 25.50 25.97
Ta = 27.60°C M 0.529 26.76 26.44 ’
F 1.23 26.11 25.77 26. 14
T - 21.0°C M_1.23 26.82 26.50 )
w,1 7 ) _ F 1.94 26.06 25.72 25.80
T, ' 21.1°C(T = 21.3°C M 1.94 26.21 25.87 )
" . F 2.64 25.89 25.55
T,,3= 21.8°C M 2.64 | 25.81 25.46 25.51
F 3.71 25.90 25.56
- M_3.71 | 25.84 25.49 25.%2
T = 22.53°C F 5.12 26.04 25.70
in,1 .
L o sec M 5.12 | 25.97 25.62 25.66
in,2° ’ F 6.53 26.18 25.84 25.79
Tin 3= 22.58°C Tin= 22,48°C M 6.53 26.09 25.75 )
T o F 7.94 26.25 25.91
Tin,s= 22.42°C M 7.94 | 26.42 26.09 26.00
T. = 22.42°C F 9.35 26.41 26.08
'S .
" L M 9.35 | 26.33 26.00 26.04
F 10.76 26.58 26.25 26. 14
T = 26.29°C[ M 10.76 26.36 26.03 )
out,1” : F 12.88 26.66 26.34
Toue 2= 26.44°C M 12.85( 26.68 26.35
o o _ onll F 12.88| 26.51 26.18
Tout,S_ 26.46°C Tout- 26.43°C F 12.88 26.65 26.33 26.44
Tout, 4= 26.47°C M 12.88| 27.32 27.01
) _ ° M 12.88 26.77 26.45
Toutr,s5= 26.47°C F 15.70] 26.97 26.65 25 59
M 15.70 26.85 26.53 )
F 18.52 27 .22 26.91 27 24
Non-dimensional parameters M 18.52 27.86 27.56 )
F 21.34 27.74 27 .44 27.30
Gr. = 3191 M 21.34 27 .46 27.16 )
m F 24.17 28.03 27.74 27.49
Re,,, = 112.8 M_24.17| 27.55 27.25 :
_ F 26.99 27 .91 27.62
Pr=6.2 M 26.99] 28.19 27.90 27.75
= -3
Stm 0.54 x 10 F 29.11 28.19 27.90 27.99
é. = 0.317 M 29.11 28.37 28.08
© F 31.22 28.03 27.74 28.15
M 31.22 28.51 28.23 )
Average velocity F32.63 28.30 28.01 28.26
in the heated section M_232.63 28.56 28.28
F 34.04 28.43 28.15 28.26
M 34.04 28.65 28.37 )
- F 35.46| 29.34 29.08
vV =0.628 cm/s M 35.46| 29.02 28.75 28.92




IL* RUN # 4

Wall temperatures in the heated section

Measurements Location| Measured |Corrected | Average of
in the closed- loop temp. |wall temp.| corrected
z/D temperatures
P, = 39.84 W (°C) (°C) (°C)
F 0.529] 25.77 25.25 25 89
T, = 27.36°C M 0.529] 27.02 26.53 '
F 1.23 26.08 25.57 2608
T - 18.6°C M 1.23 27.08 26.60 '
w,i T P _ F 1.94 25.96 25.45 05 52
T, o= 18.6°C|T = 18.9°C M 1.94 26.11 25.60 ‘
! F 2.64 25.71 25.20
- -]
Tu,3= 19.3°C M 2.64 | 25.55 25.03 e5. 11
F 3.71 25.71 25.19
: M 3.71 | 25.59 25.07 25.13
Tin 1= 20.83°C F 5.12 25.89 25.38 25 33
. = 20.76°C M 5.12 25.80 25.29
in,2 ' F 6.53 26.06 25.55 2549
T.n 3= 20.85°C|T. = 20.74°C | M_6.53 25.94 25.43 '
T o F 7.94 26.15 25.64
Tin,s= 20.86°C M 7.94 | 26.41 25.90 25.77
T, <= 20.68°C F 9.35 26.36 25.86
.5 )
" L M 9.35 | 26.25 25.74 25.80
F 10.76| 26.61 26.11
t = o5 aaccl M 10.76] 26.28 25.78 25.94
out,1- <9 F 12.88| 26.70 26.20
T,ue 2% 26.15°C M 12.88] 26.72 26.23
L o _ onll F 12.88( 26.44 25.94
Tour,3= 26.95°C|T = 26.12°C o °'ol) 2 ca 26 19 26.37
Toue 4= 26.16°C M 12.88] 27.76 27.29
T o 26.15°C M 12.88| 26.85 26.36
out,5- “° i F 15.70| 27.08 26.60
26.53
M 15.70| 26.95 26.46
F 18.52| 27.48 27.01 27 50
Non-dimensional parameters M _ 18.52] 28.45 28.00 )
F 21.34| 28.17 27.71
27.51
Gr. = 3920 M 21.34| 27.77 27.31
Mm = F 24.17| 28.65 28.20 27 80
Re .., = 134.8 M 24.17| 27.86 27.40 ’
F 26.99] 28.29 27.84
Pr =6.4 M 26.99| 28.80 28.35 28.09
St_= 0.44 x 10-3 F 29.11| 28.69 28.25
" 0 269 M_29.11]| 29.07 28.63 28.44
$o = 0. F 31.22| 28.45 28.00 28 40
M 31.220 29.23 28.79 '
2.6 . 4
Average velocity 5 22 62 gg g? gg 8; 28.65
in the heated section F 34.04 29.04 28.60 2578
M 34.04] 29.40 28.97 ’
F 35.46] 30.39 29.99
V =0.722 cm/s M 35.46| 29.92 29.50 29.75
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AUN # 5 Wall temperatures in the heated section
Measurements Location| Measured |Corrected | Average of
in the closed-loop temp. wall temp.| corrected

z/D temperatures
P, = 39.89 W (°C) (°C) (°C)
F 0.529| 23.58 23.02 23.64
T, = 27.36°C M 0.529]| 24.77 24.25 :
F 1.23 23.96 23.42 23.88
T - 15.4°C M 1.23 24.87 24.34 '
W, 1T Y _ F 1.94 23.89 23.34 23.34
T, ;= 15.5°C|T = 15.7°C M 1.94 23.89 23.34 '
) F 2.64 23.53 22,97
- o
Ty,3= 16.2°C M 2.64 | 23.30 22.73 22.85
F 3.71 23.47 22 .51
i M 3.71 | 23.32 22.76 22.83
Tin, 1= 18.10°C F 5.12 23.66 23.10 23.04
T. .= 18.10°C M 5.12 23.54 22.98
in,2 F 6.53 23.83 23.28 23.20
T, 3= 18.20°C|T, = 18.05°C M 6.53 23.68 23.12 ’
T o F 7.94 23.94 23.39
Tin,¢= 17.95°C M 7.94 | 24.19 23.65 23.52
- [} 4
Tin 5= 17.97°C F 9.35 24.18 23.64 2358
L M 9.35 24.07 23.52
F 10.76| 24.45 23.91
T = 23.70°C] M 10.76] 24.13 23.59 23.75
out, 1~ F 12.88] 24.47 23.93
Toue 2= 23.87°C M 12.88| 24.51 23.97
T R _ onll F 12.88| 24.18 23.63
Tour,3= 23.93°C|T, = 23.89°Cll = 5 eol 24742 23 .88 24.09
Toue 4= 23.92°C M 12.88| 25.52 25.01
T o M 12.88]| 24.62 24.09
Tour,s= 23.98°C| F 15.70] 24.89 24.36 24, 28
M 15.70| 24.74 24 .21 '
F 18.52| 25.27 24.76 05 24
Non-dimensional parameters M 18.52| 26.22 25.73 ’
F 21.34] 25.29 25.49
M 21.34] 25.55 25.04 25.27
Gr, = 3679 : I :
m F 24.17] 26.43 25.94 2557
Re ¢ = 117.3 M 24.17] 25.70 25.20 '
- F 26.99( 26.11 25.62
Pr = 6.9 M 26.99| 26.62 26. 14 25.88
= -3
St,= 0.47 x 10 F 29.11] 26.58 26.10 26.28
4. = 0.347 M 29.11| 26.93 26.46
o« F 31.22[ 26.36 25.87 26.25
fe M 31.22] 27.10 26.63 )
Average velocity F32.63 26.73 26.25 26.48
in the heated section M _32.63 27. 17 26.71
F 34.04| 26.93 26.46 26.66
M 34.04| 27.33 26.86 )
_ F 35.46| 28.21 27.77
V = 0.679 cn/s M 35.46]| 27.78 27.33 27.55
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RUN # 6 —J[ Wall temperatures in the heated section
Measurements Location| Measured |Corrected | Average of
in the closed-loop temp. wall temp.| corrected

z/D temperatures
P, = 54.83 W (°C) (°C) (°C)
F 0.529( 25.47 24.77 25 54
T, = 27.26°C M 0.529] 26.97 26.31 '
F 1.23 25.82 25.12 25 .75
T = 15.5°C M 1.23 27.03 26.37 '
W, 1 ' _ F 1.94 25.62 24.92 24.97
T, ,= 15.6°C|T, = 15.8°C M 1.94 25.72 25.02 '
T o F 2.64 25.24 24.53
T,,3= 16.4°C M 2.64 | 24.98 24.26 24.39
F 3.71 25.20 24.49
i M 3.71 25.00 24.28 24.39
T. ,= 18.68°C F 5.12 25.45 24.75
o .
T 18.63°C M_5.12 | 25.28 24.57 24.66
in,2 ' F 6.53 25.65 24.95 04,85
T,, 3= 18.72°C|T, = 18.58°C M 6.53 25.45 24.75 )
T . F 7.94 25.76 25.06
Tin,4= 18.47°C M 7.94 | 26.08 25.39 25.23
T. <= 18.49°C F 9.35 26.02 25.33
b
e ! M 9.35 | 25.86 25.16 25.25
F 10.76| 26.36 25.68
T = 25 9500 M 10.76! 25.87 25.18 25.43
out, 1~ F 12.88( 26.45 25.77
Tout 2= 25.47°C M 12.88| 26.43 25.75
T o _ .~ F 12.88| 26.08 25.39
Tour,3= 25.50°C T, = 25.46°C|l o (5 eol 56 a7 25 69 25.94
Tour 4= 25.52°C M 12.88| 27.76 27.11
o o M 12.88| 26.61 25.93
Tout,5= 25.53°C| F 15.70] 26.92 26.25 26 17
M 15.70f 26.75 26.08 '
F 18.52| 27.42 26.77 27.50
Non-dimensional parameters M 18.52} 28.86 28.24 )
F 21.34( 28.39 27.77
27.47
Gr = 4437 M 21.34| 27.81 27.16
m " F 24.17( 28.93 28.31 27.79
Re ¢ = 146.3 M 24.17| 27.91 27.27 '
_ F 26.99] 28.44 27.81
Pr = 6.7 M 26.99] 29.06 2844 28.13
St = 0.39 x 10-3 F 29.11] 28.98 28.37 28.60
4. = 0.261 M 29.11| 29.43 28.82
w = Yt F 31.22 28.78 28.16 08 .59
M 31.22| 29.62 29.02 )
; 29, .
Average velocity ; gg gg 23 ;g gg gg 28.81
in the heated section F 34.08 5933 58 70 26 93
M 34.04] 29.82 29.23 )
F 46| 31.08 30.52
V = 0.776 cm/s " gg ol 30 50 22 23 30.22
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RUN # 7 Wall temperatures in the heated section
Measurements Location| Measured |Corrected | Average of
in the closed-loop temp. wall temp.| corrected

z/D temperatures
P, = 54.80 W (°C) (°C) (°C)
F 0.529( 23.70 22.94 2360
T = 27.67°C M 0.529]| 24.99 24.26 '
a F 1.23 24.15 23.40 23 89
T - 12.9°C M 1.23 25.10 24.38 '
Ww,1 = e _ F 1.94 23.94 23.19 23 11
T, = 12.9°C|T = 13.2°C M 1.94 23.78 23.02 '
o . F 2.64 23.45 22.68
T,,3= 13.8°C M 2.64 | 23.00 22.23 22.46
F 3.71 23.36 22.59
- M 3.71 | 23.04 22.27 22.43
Tin, 1= 16.32°C F 5.12 23.58 22.81 2267
T - 16.30°C M 5.12 23.29 22.52
in,2° TP F 6.53 23.81 23.06 29.90
T,, 3= 16.40°C|T, = 16.23°C M 6.53 23.51 22.75 :
o . F 7 94 23.91 23 15
Tin,4= 16.10°C M 7.94 | 24.16 23 41 23.28
T = 16.14°C F 9.35 24.18 23.43
V5 .
" L M _9.35 | 23.92 23.17 23.30
F 10.76| 24.51 23.77
. - 23.500 M 10.76| 23.97 23.22 23.50
out, 17 <% F 12.88] 24.60 23.86
T,ut 2= 23.58°C M 12.88| 24.53 23.79
o . _ onll F 12.88] 24.19 23.45
Tour,3™ 28.62°C{T = 23.59°C) o 5 0ol 54 g0 23.77 24.02
Toue 4= 23.64°C M 12.88; 25.98 25.27
o o M 12.88] 24.71 23.97
Tout,s= 23.67°C| F 15.70] 25.08 24.36 o1 24
M 15.70| 24.85 24,12 :
F 18.52] 25.63 24 92 05 67
Non-dimensional parameters M 18.52| 27 09 26.42 )
F 21.34| 26.56 25.88
25.57
Gr. = 4206 M 21.34| 25.96 25.26
m F 24.17| 27.14 26.47 25.90
Re,.; = 130.4 M 24.17| 26 03 25.33 ‘
- F 26.99] 25.97 25.27
Pro=17.1 M 26 99| 27.29 26 .63 25.93
= -3
St = 0.41 x 10 F 29.11| 27 20 26.54 26 79
4. = 0.3290 M 29.11]| 27.20 27.04
© T F 31.22{ 27.11 26.44 06. 81
M 31.22| 27 84 27 18 )
, F 32 63| 27.35 26.69 .
S emton thotion | Mosal oo | erims | 29
F 34.04| 27.53 26 87 27 14
M 34.04] 28.05 27.40 )
_ F 35 46| 29.35 28 74
V.= 0.739 cm/s M 35.46| 28.74 28 11 28 43
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RUN # 8 l Wall temperatures in the heated section
Measurements Location| Measured |Corrected | Average of
in the closed- loop temp. |wall temp.| corrected

z/D temperatures
P, = 74.58 W (°C) (°C) (°C)
F 0.529| 26.52 25.59 2627
T, = 27.73°C M 0.529| 27.84 26.95 '
F 1.23 27.00 26.08 96.56
= 13.0°C M 1.23 27.93 27.04 )
W, 1 ‘ _ F 1.94 26.54 25.61 25 41
T, ,= 13.0°C|T = 13.3°C M 1.94 26.14 25.21 '
T o F 2.64 | 25.91 24.97
w,3% 14.1°C M 2.64 25.16 24.20 24.58
F 3.71 25.74 24.79
- M_3.71 | 25.20 24.24 24.52
Tin, 1= 17.13°C F 5.12 25.97 25.03 2479
T - 17.09°C M 5.12 25 49 24.54
in,2 ' F 6.53 26.27 25.34 25 09
Tin 3= 17.15°C|T, = 17.01°C M 6.53 25.78 24.83
T . F 7.94 26.35 25.42
Tin,s= 16.89°C M 7.94 | 26 54 25 61 23.52
Tin, 5= 16.91°C F 9.35 26.69 25.77 05 50
L M 9.35 26 20 25.27
F 10.76| 27.1C 26.19
- - o5 3300 M 10.76] 26.20 25.27 25 73
out,1” : F 12.88 27 .16 26.25
Tour 2= 25.59°C M 12.88) 26.74 25.82
o . _ onll F12.88| 26.64 25 72 .
Toue,3= 25.59°C T, = 25.57°C|f . 12 88| 27.03 26,12 76.41
Tour 4= 25.65°C M 12.88| 29 08 28.22
" . M 12.88| 27.25 26 34
Tour,5= 25.64°C) F 15.70| 27.74 26.84 26 60
M 15.70| 27.26 26.35
F 18.52] 28 33 27 45 28 64
Non-dimensional parameters M 18.52 30.65 29.83
F 21.34] 29 50 28 65 o8 26
Gr. = 5078 M 21.34] 28 74 27 87
Aim T F 24.17| 30 28 29.45 28.64
Re . = 163.7 M 24,171 28 71 27 84 ’
_ F 26.99| 28.81 27.94
Pr=6.8 M 26.99] 30.26 29 43 28 69
= -3
St,= 0.34 x 10 F 29.11| 30 00 29.16 29 43
- 0.242 M 29.11] 30 53 29 71
9 = 0. F 31.22| 29 74 28 90 20 30
M 31.22] 30 53 29.70
F 2
Average velocity M gg gg 32 32 gg gg 29 36
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F 34.04] 30.11 29.28 26 50
M 34 04| 30 54 29.7 1
F 35.46| 32.56 31 78
V = 0.845 om/s M 35.46| 31.40 30.59 3119
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Figure 1.1: Schematic illustration of the crosed-loop thermosyphon used
in the present study.
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Figure 1.2: Schematic illustration of a toroidal thermosyphon
(Lavine, [1984]).
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Figure 1.3: Schematic illustration of a closed-loop thermosyphon with

vertical heat transfer passages (Huang, [1987]).
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Figure 2.1: Geometric details and nomenclature used in the proposed
model .
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Figure 2.2: Elemental control volume used in the derivation of the
general one-dimensional momentum equation.

PViA + PVA di 4
ds

FLOW

\Io\m

. Figure 2.3: Elemental control volume used in the derivation of the
general one-dimensional energy equation.
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Figure 2.4: Calculation domain and boundary conditiors used in the two-
dimensional numerical simulations of the proposed model:
(a) the extended heated section; and (b) the extended
cooled section.



271

r.
1
ADIABATIC
\ 4— PIPE
- \ ) WALL
| \
N N
N N
DOWNSTREAM N \
SECTION | \
(ADIABATIC) Ld N N
N N
q N
N
N
A N
N N
N N
‘ : i N
T —N FLOW N 8
ol \“
e b -
—h N—
— \ | fp—
HEATED L, ==p @
=k N
— \ N Ap—
—N N o
1 =R J—
N N
N N
UPSTREAM \ z N
SECTION L \ A J
(ADIABATIC) u \
\
\ Al
y
X INLET
r TEMPERATURE, T,
PARABOLIC
INLET
VELOCITY
PROFILE

Figure 3.1: Calculation domain and boundary conditions used in the
study of conjugate conduction and mixed-convection in a
vertical pipes. Case where the elliptic equations are
used.
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Figure 3.4: Staggered momentum control volumes for: (a) radial velo-
city; {(b) axial velocity.
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Figure 3.7: Mixed-convection in a vertical pipe subjected to uniform
heat flux boundary condition. Results of a Nusselt number
comparison among the experimental data of Haliman [ 1958]
and the present numerical codes.
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Figure 3.8: Sudden expansion in a pipe. Rey = 40, D/d = 2, L/D = 2
The streamlines generated by the present elliptic code are
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Hung [1967].
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Figure 3.9: Mixed-convection in a vertical pipe subjected to constant
wall temperature boundary condition. Results of a velocity
profile comparison among the numerical data of Marner and
McMillan [1970] and the present numerical codes
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Conjugate conduction in the wall for the case where the
tlow is assumed to be fully developed throughout the calcu-
laticn domain. Comparison of the ratio of the interface
heat flux over the applied heat flux obtained by Fithen and
Ananc [1988] and the present el l1ptic code.
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Schematic of the experimental closed-loop thermosyphon.
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Figure 5.2:

Photograph of the experimental closed-|oop thermosyphon
showing, from left to right: a constant temperature bath;
the closed-loop thermosyphon covered with black insulation;
a computerized data acquisition system; and an instrument

rack holding the power supply, two multimeters, and the
data acquisition and control unit.
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Figure 5.3: Elements of the closed-loop thermosyphon: (a) top circular
180° bend showing the flange-spacer-flange arrangement and
the transparent expansion chamber; (b) bulk temperature
measurement section; {c) cooled section.




EsEy

Figure 5.4:

Construction of the gold-film sections:
of the Plexiglass pipe;
a gold-tilm strip;
gold side of the film; (d)
the Plexiglass pipe using a brass rod;

the top aluminum block; (f) final assembly showing the pro-
truding excess width of the film.

{a) cutting in halt
(b) painting of the extremities of
(c) pouring of the epoxy glue on the

insertion of the gold-film into

(e) tightening of

281




s rm‘.hm

e T ow

D PR X 0, St ngam e g

TR

TR RN

AR T

“

Figure 5.5:

282

Construction of the gold-film sections: (a) cutting of the
excess width; (b) mating and sealing of two haltf sections;
(c) junction between the copper electrode and the gold-
film; (d) close-up view of the thermocoupie wires glued
inside the Plexiglass pipe; (e) completed assembly of a
flow visualization section; (f) completed assembly of a
heated section.
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Figure 5.6: Cross-sectional view of one end of heated section no.2
showing the electrical connection between the copper elec-
trode and the gold-fiim.

£8¢



284

Radi Therma)
(mm) Conductivities

" 9.00 {(W/m*C)

1, 9 127 . k' = 028

Ty 9.127 + 20 A

' 11.15 k! = an

0y 12 68 kp =019

s 69 7 k, =004

FOAMED
PLASTIC
INSULATION

PLEXIGLASS
PIPE

GLUE —‘-/“ﬁ /
GOLD COATING

POLYESTER
FILM

THERMOCOQUPLE

Figure 5.7: Cross-sectional view of heated section no.?2 showing the
location of the thermocouples inside the Plexiglass pipe
and the various relevant materials and dimensions.

Note: the figure is not to scale.
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Geometric parameters and nomenclature used in the determi-
nation of the average velocity inside the closed-loop
thermosyphon.

VOLTAGE MEASUREMENT
(KEITHLEY, MODEL 195A)

HP-IB LINK

Schematic diagram of the electrical circuit.
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Figure 5.10: Transfer of a computer screen
5.2) to a printer showing all
thermosyphon.

image (also shown 1n Fig.
the measurements taken in the




Figure 5.11:

287

Instrumentation for flow visualization studies: (a) dye
injection tube; (b) pressurized dye reservoir; and (c) flow
visualization section, with long-wave black lights on each

side.
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Figure 5.12: Schematic of the open-loop configuration
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Figure 6.1: Results of grid-independence checks for Gr_/Re = 50,
Re = 10, Pe = 50, K = 500, and A = 0.05: (a) effects of
axial grid refinements; (b) effects of radial grid refine-
ments.
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solid interface over the applied heat flux (q,/q) for
Gr,/Re?= 5000, Re = 1, Pe = 5.
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Figure 6.3:

Axial variation of the ratio of the heat flux at the fluid-
solid interface over the applied heat flux (q;/q) for
Grq/Rez= 50, Re = 10, Pe = 50.
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Figure 6.4: Comparison of q,/q for two different Re. Grqz 5000,
Pr =5, A=0.05, and K = 50.
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Axial variation of 6, and 6, for Grq= 5000, Re = 1,
Pe = 5.
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Figure 6.7: Axial variation of 6, for cases where axial wall conduction
is important (K = 50, A = 0.05) and where it is non-existent
(A = 0). Grq= 5000, Re = 1, Pe = 5.
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Figure 6.9: Axial variation of the fRe product for two different Re.
Gry= 5000, Pr = 5.
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Figure 6.10: Recirculation cell in a mixed-convection fiow for Re = 90,
Gr, = 0.33 x 108, Pr = 5.6: (a) flow visualization exper-
iments; (b) corresponding numerical streamlines.
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Figure 6.11: Numerically predicted streamlines over the full calculation
o, domain for Re = 90, Grq= 0.33 x 10%, Pr = 5.6: Note: the
scale of the radial direction is 10 times the scale of the
4 axial direction.
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Figure 6.12: Observation of laminar-turbulent transition occurring
in a mixed-convection flow for Re = 72, Gr,= 0.7 x 10°,
Pr = 6.6. The "x" indicates the start of the transition
and is located = 46 cm (L/D = 25.5) trom the inlet.
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Figure 6.13: Observation of laminar-turbulent transition occurring
for Re = 48, Gr,= 0.95 x 105, Pr = 6.0. Transition was

noted at ‘a distance of ~ 50 cm (L/D = 28) from the inlet.
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Figure 7.1: Grid independence checks performed for the condivions of
experimental run #8. Gr, = 5078, Re.,¢ = 163.7,
-~ Pr = 6.8, St, = 0.34 x 103, and ¢, = 0.242.
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interface heat flux. Results of numerical simulations for
- Gr, = 5078, Re.., = 163.7, Pr = 6.8, St, = 0.34 x 10°?,
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sections of the heated section.
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Pr = 7.0. Comparison between the traditional and proposed
models for geometry #2.




- TN

A, e gt T Y

o

T - T T T T A T T
80 + 4
+ 4
70 B Grm=300 |
I EXTENDED HEATED SECTION | PROPOSED
60 + ~— — EXTENDED COOLED SECTION | MODEL
fRe i —_——— TRADITIONAL 1—D MODEL
50 - -
40 + .
30 + ~ .
o ~ _
20 + L/—f ~ - \\ -
a) A u——e -
10 + .
L 4
0 4 et :TS
20.8 = -
EXTENDED HEATED SECTION
20.7 4
TorTp T ¥b PROPOSED MODEL
20.6 T — casg 1| TRADITIONAL
e T _ casE 2| 1-D MODEL
20.5 _
20.4 EXTENDED COOLED SECTION  Tq4 -
b) — I
20.3 " 1 i | " i .
-10 70 90 110 130
z/D
Figure 7.7: Axial variation of fRe, T (area-weighted mean temperature),

Ty, (velocity-weighted bulk temperature) for Gr = 300,
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St, = 0, and Pr = 7.0. Compar.son between the traditional

and proposed models for geometry #2.
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Samo | Resistance Final +
Dndp € Initial Matching (after cutting resistance
atr' resistance the excess measurement
sirip width) (with electrode)
{Ohms ) (Ohms) (Ohms)

A-1 265 == flow vis. 331 =—

A-2 263 === gection no.1 324 ======::::}= 165 (163)

A-3 266 -

A-4 274 -

A-5 280 =t 349 ===————r——

A-6 275 -

A-7 267 heated -

= t

A-8 270 section no.2 - = 17t (172)

B-1 273 -

B-2 270 flow vis. 311

8-3 272 ]F=section no.2 310 = 156 (156)

B-4 282 heated 340

B-5 281 ‘szection no. 1 352 ======:::H=ﬁ= 178 (176)

B-6 273 339 =——

B-7 265

B-8 264

Average 271.2 +‘Numbers in brackets indicate the theoretical
Max imum resistance obtained by connecting the two

. + 4% resistances of the fourth column in paraliel
difference

Table 5.1: Resistance measurements of the gold-film strips taken at
various stages of construction.



Type of measurement
or device

Manufacturer

Specifications of
the manufacturer

4-wire resistance

measurement

{(used during the
construction of the
heated sections)

Hewlett-Packard
multimeter
(model 3478A)

(5 1/2 digit mode, u
30002 range, 1 year)

resolution: 1 mQ1
accuracy: + 56 ml
[ for a 300 N meas.]

Data acquisition and
control unit with
thermocouple multiplexer

Hewliett-Packard
(mode| 3497A)

( 5 1/2 digit mode, U
0.10V range, 1 year)
resolution: 1 uVv

accuracy: + 3 uv
[for V=1.2 mV (~20°C)]

Current in the
heated section

Hewlett-Packard
multimeter
(model 347BA)

( 5 1/2 digit mode, +
3A range, 1 year)
resolution: 10 uA

accuracy: + 1 mA
[ for a 0.5 A meas.]

Vol tage across
the heated section

Keithley
multimeter
(mode!l 195A)

(5 1/2 digit mode, U
300V range, 1 year)

resolution: 1 mV
accuracy: * 33 mV
[ for a 100 V meas.]

DC Power Supply

Sorensen
(mode! DCR300-3B)

Range:
0-300 Volts
0-3 Amps.

Drift: (8 hours)
0.3 Volts
4.5 mAmps

+

These specifications were checked against a calibrated voltmeter

and a standard resistance cell.

This verification indicated that

these instruments did not have any noticeable bias errors and
that the measurements were all well within the accuracy limits
quoted by the manufacturer.

Table 5.2:

Specifications of various instruments used in this study.
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Mass of the Resulting
of the gold-film + average
Golf-film Length sections Water internal
diameter
sections (empty) (full) densi ty
[Ln] (mg ] [mg] [#] (D]
(m) (9) (9) (kg/m?) (mm)
Heated 0.682 725.7 903.2 997.5 18.2
section no.1
Heated 0.680 732.5 904.3 997.5 18.0
section no.2
Flow vis. 0.683 721.7 898. 1 997.5 18.2
section no.1
Flow vis. 0.681 739.5 917.4 997.5 18.3
section no.2
172 T ,
[(me-m )/p14 1 Water temperature during these
D = L s measurements was 20°C + 2°C

Table 5.3:

Results of the determination of the average internal
diameter of the gold-film sections.
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Thermocouple number Distance
and half section from inlet
male female (m)
T01 T02 0.0095
T03 T04 0.0220
T05 T06 0.0350
T07 T08 0.0475
709 710 0.0665
T11 T12 0.0920
T13 T14 0.1175
T15 T16 0. 1430
T17 T18 0.1685
T19 T20 0.1940
T21 * T22 * 0.2320
T23 T24 0.2825
T25 T26 0.3335
T27 T28 0.3840
T29 T30 0.4350
731 T32 0.4868
T33 T34 0.5240
T35 T36 0.5620
137 T38 0.5875
T39 T40 0.6130
T41 T42 0.6330
T47 * T48 * 0.2320
T49 * T50 * 0.2320
* These 6 thermocouples are positioned 60° apart
at the same axial location

Table 5.4:

Axial location of each thermocouple inside

heated section no.2.
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Geometry #1
(corresponds to the dimensions Geometry #2
of the experimental apparatus)
D =2r; =0.018 D=0.02m
(in the heated section)
Ly =0.165m L,/D = 9.2 Ly, =0.50m Ly/D = 25.0
L, = 0.707 m L,/D = 39.3 L, = 0.50m L,/D = 25.0
L; = 0.664 m L;/D = 36.9 L; = 1.00m L3 /D = 50.0
L, = 0.664 m L,/D = 36.9 L, = 1.50m L,/D =75.0
Ly = 0.047 m Ly/D = 2.61 Ly = 1.50m Lg/D = 75.0
Ly = 0.443 m L,/D = 24.6 L, = 1.00 m L,/D = 50.0
Lg = 0.612 m Lg/D = 34.0 Lg = 1.00 m Lg/D = 50.0
Ly = 0.612 m Ly/D = 34.0 Lo = 1.50m Ly/D = 75.0
Lyg = 0.580 m| L,,/D = 32.2 Lig = 1.50m | Lo/D =75.0
R=0.265m R/D = 14.7 R=0.2m R/D = 10.0
L=6.16m L/D = 342.2 L=11.26m L/D = 563.0
M =0.294m A = 2.00m
Table 7.1: Dimensional and non-dimensional lengths related

to geometries #1 and #2.
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Experimental data Proposed Model
Run # Power
input |Measured , Constant Variable
e Uncertainty . .
(Watts) velocities properties properties

{cm/s) {cm/s) {cm/s) {cm/s)
1 9.97 0.483 + 0.024 0.473 0.472
2 9.83 0.457 + 0.023 0.465 0.464
3 25.18 0.628 * 0.031 0.626 0.623
4 39.84 0.722 + 0.036 0.704 0.699
5 39.89 0.679 + 0.034 0.690 0.683
6 54.83 0.776 + 0.039 0.756 0.748
7 54.80 0.739 + 0.037 0.746 0.737
8 74.58 0.845 + 0.042 0.814 0.803

Table 7.2: Summary of the average velocities measured

experimentally and determined using the proposed
model .
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T T Thoe~ T
hot td hot 1d —
Gr, = 300 ° °° e fRe | V'
(°C) (°C) (K)
Traditional
1-D model 20.701 20.508 0.193 16 1.00
Case 1
Traditional
1-D model 20.688 20.487 0.201 16 1.041
Case 2
Proposed 20.664 | 20.447 0.217 17.11| 1.055
Mode|

Table 7.3: Summary of average hot and cold side temperatures and
average frictional resistance obtained with the tradi-
tional one-dimensiona!l model and the proposed model for

Gr, = 300.
Thot Tcold Thot' Tcold — «
Grm = 3000 fRe \'
(°C) (°C) (K)
Traditional
1-D model 43.304 41.374 1.93 16 1.00
Case 1
Traditional
1-D model 43.285 41.349 1.94 16 1.005
Case 2
Proposed
Mode i 30.739 28.095 2.64 27.43| 0.799

Table 7.4: Summary of average hot and cold side temperatures and
average frictional resistance obtained with the tradi-

tional one-dimensional mode! and the proposed model for
Gr, = 3000.
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Grm - 500 QL/pH Thot Tcold Thot‘ Tcold rry v
(°C) (°C) (K)
St, =0 0 21.019 20.650 0.369 17.86} 1.030
¢, = 10
Stm = 1x10-4 1.23 21.547 21.064 0.482 18.24| 1.317
b = -10
Stm = 1x10- 4 -1.27 20.196 20.004 0.193 16.81| 0.571

Table 7.5: Summary of average hot and cold side temperatures and
average frictional resistance obtained with the proposed
model for three different heat losses (gains) conditions.




