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ABSTRACT

A two-phase closed thermosyphon which consists

of a sealed tube enclosing a certain amount of fluid,
transfers thermal energy from one place to another by means
of boiling and condensation phenomena. The heated section
is located below the cooled section to utilize gravity for
condensate return. Other body force fields may also be used,
such as centrifugal force in the case of rotating thermo-
syphoans. The two-phasé system provides a very high thermal
conductivity several orders of magnitude higher than that of
a solid conductor. The two-phase system being almost uni-
directional can achieve a negative thermal storage in perma-
frost over a one-year cycle. For the stability of structure
foundations in permafrost regions, 1t is essential to maintain
the ground in a frozen state. Attempts have been made pre-
viously to use such a device but the effects of various
parameters on the behaviour of this system around freezing
conditions have not yet been studied.

in the present study an experimental investigation
into the performance of a two-phase closed thermosyphon with
particular attention to low temperature operation (20°F to
40°F) was made. Freon-1l1 was used as the working fluid.
The effects of heat flux, quantity of fluid, mean operating
pressure, and heated length-cooled length ratio on heat trans-
fer coefficient were studied. An increase in pressure gave

significant rise to the heat transfer coefficient, whereas



the increase in heated length-cooled length ratio had the
reverse effect. The effect of quantity of working fluid,
beyond a certain minimum amount, was insignificant. Within
the required range of operating temperature, no other experi-
mental results were available with which the present findings
could be compared. A theoretical relationship for heat

transfer rate was found to be in good agreement.
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NOMENCLATURE

defined quantities (Eqn. 4.1)

specific heat at constant pressure, of the working

fluid in the liquid phase

inside diameter of the thermosyphon tube
gravitational acceleration

heat transfer coefficient

latent heat of evaporation of the working fluid
thermal conductivity of the working fluid in the
liquid phase

length

heated length-cooled length ratio, (Lh/Lc)
saturation pressure inside thermosyphon tube
heat f£lux

inner radius of thermosyphon tube

entropy

temperature

dimensionless volume of the working fluid in the
thermosyphon (£fluid volume/total volume)
dimensionless thickness of condensate film
Nusselt number (h.D/k)

Prandtl number (Cp.u/k)

Grashof number (ngBBDS/uz)

Rayleigh number (Gr .Pr)



NU

Greek Letter Symbols

coefficient of thermal expansion

liquid film thickness at the lower end of the
condensing section

viscosity of the working fluid in liquid phase

density of the working fluid in liquid phase

overall temperature difference (Th—Tc)

Subscripts

boiling

cooled, condensing or average temperature in
condensing section

diameter

heated or average temperature in heated section
saturation
vapor core
wall

Nusselt



CHAPTER I

INTRODUCTION

Heat transfer processes play an important role in
modern engineering achievements. For over a half century,
serious and systematic investigations have been carried out
to search for the most efficient, economical, and suitable
system of transferring thermal energy from one place to
another, and much progréss has been made. 'Thermosyphons'
and 'heat pipes' have come up as devices for such purposes.
Their major applications are in various fields. Some
relevant and possible applications are:

to transfer the heat energy from the core of the
reactor of a nuclear power station for producing electrical

power,

to solve the problem of cooling the gas turbine
rotor blades,
to preserve permafrost under building foundations
in such places as the Canadian North,
to decrease the heat sink temperature of a heat
engine, producing a significant thermal efficiency gain,
‘to serve as a thermal rectifier for maintaining a
desired temperature at a particular place,
to connect the hot gas exhaust manifold of an auto-
mobile engine to heat rejection fins inside the car, thus

avoiding a water circulation pump,




to prevent icing on navigation buoys, using the
heat of the sea to de-ice the superstructure, and similar
other utilizations.
A tube partially filled with a working fluid, used
for transporting thermal energy from one end to another, camn
prove to be several hundred times more effective than the

best metallic conductor of the same geometry. Both devices,

'"Thermosyphons' and 'Heat pipes', have taken advantage of the
above mentioned fact.

A 'Thermosyphon' is a simple and inexpensive device
which can transfer heat, mass, and momentum by utilizing
buoyancy forces on a fluid contained in a vessel. For the
circulation of fluid it is essential to have a force field,
which may be gravitational or centrifugal, acting on the
fluid of variable density. The density-change is caused by
heat transfer alone, without the use of any mechanical power.
Under steady state conditions, the potential and kinetic
energies within the thermosyphons remain constant.

A 'Heat pipe', on the other hand, consists of a
closed outer shell, a porous wick and a working fluid. It
transfers thermal energy, relying on evaporation, condensation
and surface tension characteristics of the working fluid. The
internal wick brings the condensate back to the evaporator
section by capillary action, while in a thermosyphon, there
is no other component inside the tube and the condensate
comes back to the evaporator under the gravitational or

centrifugal forces.



The practical application of a thermosyphon was
first made by Schmidt (1), for cooling down the rotor
blades of a gas turbine. Later on, this system was found
suitable for wvarious applications a2nd a detailed study was

carried out by Davies and Morris (2,3), followed by Mital (4).

Tt can be classified, depending on certain characteristics,

as outlined below:

1. The nature of boundaries
a) Open thermosyphon

b) Closed thermosyphon

2. The nature of force field
a) Gravitational

b) Centrifugal

3. The number of phases present
a) Single phase

b) Two phase

4. The regime of heat transfer
a) Free convection

b) Mixed convection

An open thermosyphon (Fig. 1.la) consists of a tube,
having one end sealed and the other opening into a reservoir of
the coolant, from which the heat is removed. It exactly re-—
sembles the fins provided for cooling down an I.C. engine. Cir-
culation of the fluid in the tube and the reservoir maintain

the heat transfer.



A closed thermosyphon consists of a sealed tube,
enclosing a fixed quantity of fluid which plays the pre-
dominant role in transporting thermal energy from one end to
another. In both the open and closed systems, the tube axis
is parallel to the direction of the acting body force, which
is earth's gravitational field if used in static form. When
the system is part of a rotating body, as for instance in
the turbine rotor application, the centrifugal body force
predominates and it is generally several thousand times that
of the static gravitational field. If the fluid used remains
either in liquid or gaseous form during the operation, the
system is called a single-phase closed thermosyphon and pro-
motes the pure free convection mode of heat transfer.

Fig. 1.1b shows the direction.  of circulation of the fluid.

A two-phase closed thermosyphon (Fig. 1l.lc) works
on the principle of boiling and condensing phenomena and the
tube is partially filled with the working fluid. The heat
transfer along the thermosyphon tube takes place by the pro-
cess of boiling, vapor flow and condensation. It employs the
gravity or centrifugal force for bringing the condensate back
to the heat input section. In an open Or single—phase closed
thermosyphon the mixing of opposite streams of fluid restricts
the flow and reduces the rate of heat transfer, as reported
by Martin and Cohen (5); whereas this deleterious effect of
the opposing circulation in the cold end of the free convection
system is replaced by the very high heat transfer rates

possible with condensing vapors.



This two-phase system does not require any pump
or compressor and can work as a thermal rectifier due to its
unidirectional high heat transfer capability. The pressure
inside the thermosyphon tube corresponds to the saturation
temperature of fluid which in turn depends on the condensing
and boiljing temperatures. The tube has to be perfectly leak
proof and be able to maintain the purity of the fluid used.
The boiling, vapor formation and condensation phenomena in
a thermosyphon are highly complex, and the only acceptable
theoretical correlation available is that given by Mital (4).
Still due to its simple structure, easy installation and
highly efficient heat transporting quality, the two-phase
closed thermosyphon may have a wide range of applications.
Currently more attention is being paid towards this device.
The complications with the investigations are chiefly due
to the large number of independent variables.

The objective of the present study was to carry out
an experimental investigation into the performance of a two-
phase closed thermosyphon, operated in low temperature range
(of the order of 20° to 40°F). The main aim is to achieve an
optimum practical solution to the problem of preserving
permafrost in the Canadian northland. A laboratory apparatus
was used to investigate the effects of the following para-
meters on the heat transfer coefficient: a) heat flux;

b) quantity of working fluid (Freon-11); c) heated length-
cooled length ratio; d) variable operating pressure and

e) constant operating pressure.



CHAPTER I1I

LITERATURE SURVEY

From the basic concept of natural convection, the
idea of transporting a large amount of thermal energy from
one location to another was first applied by Schmidt (1)
during the Second World War. He applied this idea for cooling
down gas turbine rotor blades, having inside radial holes,
closed at one end and opened at the other forming an open
thermosyphon. Since that time the thermosyphon system has
been a subject of great interest and many investigators (2-11)
have worked on open and closed thermosyphons, utilizing single-
phase of fluid. But very little progress has been achieved
regarding two-phase closed thermosyphon, probably due to
great complications in its analysis, whereas extensive
research work has been carried out on the system known as
'Heat pipes' (12-19) which were mainly developed for use in
zero gravity.

To earlier investigators, the open system had been
more attractive, because it was generally capable of pro-
ducing relatively high heat transfer rates, as for example,
to expel large amounts of energy quickly from a nuclear
reactor in case of emergency. Lighthill {6) theoretically
examined the flow regimes existing in an open thermosyphon.
Martin and Cohen (5) have reported that the interface between
the hot and cold fluid streams moving in opposite direc-

tions, decreases the heat transfer rate significantly.



Bayley and Lock (7) conducted a theoretical and
experimental investigation dealing with the general study
of the behavior of a single-phase closed thermosyphon for
various flow regimes. Air, water, ethylene glycol, and
glycerine were used as the working fluids to find the effect
of physical properties of the convecting medium. They studied
the effects of various parameters and observed that the effect
of tube geometry (length-diameter ratio Lh/D) was very little
for Lh/D < 7.5, but was significantly higher for Lh/D > 11.25
in reducing the value of (td)g (as defined by Bayley and
Lock (7)) due to change from laminar to turbulent flow.
Japikse, Jallouk and Winter (9), and Evarrat (10) also carried
out similar investigations and reported that their results
were in good agreement with that of Bayley and Lock (7). In
a recent study of heat transfer characteristics of a liquid~-
metal filled closed thermosyphon, Pucci and Gerretsen (11)
used two geometrically similar apparatuses. Experiments on
both were conducted with water, mercury and sodium—-potassium
eutectic (NaK 56/44) as the working fluids. The energy and
temperature distribution, while using water, were quite
similar for the constant hot wall temperature as well as
uniform heat flux cases, whereas they were different in case
of liquid metals. Their results, giving the variation of Ngd
versus td = Ra X D/Lh,were in good agreement with those of
Bayley and Lock (7).

Cohen and Bayley (20) in pursuance to achieve a

better solution of the heat transfer problems of liquid cooled



gas turbine blades, came out with the two-phase closed
thermosyphon as the most suitable system. They performed

a number of experiments using both static and rotating tubes.
With water as the enclosed coolant, they noted that the heat
transfer from the heated to the cooled end was independent

of the quantity of fluid inside the thermosyphon, until this
quantity was reduced to one percent. From the static rig
experiment they observed very little difference in heat flow
rate whether the heated surface was submerged or merely
covered by a film of liquid, and a criterion for the maximum
rate of heat flow was determined. The effect of

increase in tube diameter and saturation pressure was to raise
the heat transfer coefficient. In addition to distilled water
they also used the organic liquids, butyl alcohol and
chlorobenzene, but found them quite unsuitable due to their
low latent heats and low thermal conductivities.

Schmidt (21) in a similar approach towards the
problem of cooling the gas turbine blades, experimented with
the fluids near their critical states. At this state, the
coefficient of thermal expansion increases considerably
while the viscosity of all liquids has its lowest possible
value, both resultirg in high convection currents and high
Rayleigh number. For studying the behavior of such an applica-
tionhe used a vertical tube with critical quantity of fluid,
heated below and cooled above, at the critical operating

temperature and found that the apparent heat conductivity of



the fluid reaches values of 4,000 times that of a solid

copper rod of the same outer diameter. Bewilogua and Knoner
(22) used this two-phase system as a nitrogen cryostat for
operation in the horizontal reaction channel and found it

very suitable. Bewilogua, Knoner and Kappler (23) utilized
this system for pre-cooling an apparatus, which conventionally
would have required a very large quantity of liquid refri-
gerant in reducing the temperature of the apparatus down to
about 4°K.

Long (24) used this system to preserVe the perma-
frost under building foundations in Alaska, but did not pay
much attention to = | the effect of various parameters
governing the heat transfer characteristics of the system.
Koh, Sparrow and Hartnett (25) found that in laminar film
condensation of the two-phase flow, shear at the liquid-vapor
interface is negligible for Prandtl numbers of ten and higher
and is quite small even for Pr = 1.

Recently the literature (26-29) reported the effects
of various parameters of the performance of two-phase closed
thermosyphons. Larkin (28) observed that the overall heat
transfer coefficient increased with tube diameter but was not
very sensitive to heat flux, heated length-cooled length ratio
and the depth of working fluid. Using Freon-11, he expected
better heat transfer results than water, if operated at
temperatures below 80°F. Lee and Mital (29) found good agree-—

ment between their theoretical analysis and the experimental



results. In their investigations, they observed that the
heat transfer coefficiemt was independent of the quantity
of working fluid above a certain amount, increased with
pressure, but had a reverse trend with increase in heated
length-cooled length ratio.

It may be noted from the above review that the
effects of various parameters on the performance of a two-
phase closed thermosyphon at low operating temperature have
not yet been studied, which might be very helpful in finding

a suitable means of preserving permafrost in the Arctic

region.




CHAPTER III

EXPERIMENTAL STUDIES

Experimental details for the investigation of the
heat transfer characteristics of two-phase closed thermo-
syphon at low temperatures are described through the
following:

3.1 General set-up

3.2 Test section - the thermosyphon

3.3 Cooling system

3.4 Instrumentation and control

3.5 Choice of a working f£luid

3.6 Procedure

3.7 Data reduction

3.1 General set-up

The test thermosyphon was designed for a maximum
of 10 kw thermal energy transfér. It consisted of three
sections; the lower, as heated length, comprising of five coiled
heaters in series, the middle as an adiabatic length, and
the upper.as cooled length having five cooling jackets.

The heatéd section was supplied with electrical
power from 208 V, 70 A main, through a powerstat rated at
13.4 KVA at 240 V. A current transformer (Genmeral Electric

Co., type JP 1, with ratio provisions 10:5 to 1000:5) was




used in line and the power was measured by means of an
ammeter (0-5 amps) and a voltmeter (0-10, 25, 100, 250,
1000 V ranges). Two switch boxes (Hampden Ltd., 600 V

3¢ - 70A) were used to serve as six terminals of the heaters.

This facilitated the changing of the heated length, simply

by plugging in the required terminals. Fig. 3.1 illustrates
the overall set-up and Fig. 3.2 shows the circuit diagram
for the heating unit.

In addition to the main heaters, a guard heater (Fig.3.3)
was provided to minimize the heat loss, if any, through the
insulation.

The cooled section consisted of five cooling jackets.
Each jacket was separately connected to the main supply £from
the cooling system, through an orifice meter for flow
measurement and a control valve to maintain a uniform
temperature throughout the cooled length. Coolant used was
a mixture of _thylene glycol and water, with 1:1 ratio,
decreasing the freezing point to -38°F. The cooling system
is described later in - . Section 3.3. The five calibrated
orifice meters were connected to respective U-tube mexrcury
manometers. Fig. 3.4 is a typical calibration chart for the
measuring orifice.

The exit pipe carrying the coolant, before going to
the cooling system, was connected to a steel tank containing
four immersion heaters of 10 kw capacity. These heaters

served dual purposes. One, as a stand-by for the cooling



system, in case the hot gas bypass arrangement of the cooling
system failed, and the second to control the coolant tempera-
ture. The heaters were separately connected through variacs
to 208 V main. This provided controlled variation of the
coolant temperature in the test section, required for constant
pressure operation of the thermosyphon.

All the Iron-Constanton thermocouples connected to
the thermosyphon tube were recorded by the Data Acquisition
System (Hewlett Packard 2010 K), while a potentiometer (Leeds
and Northrup 8686 millivolt potentiometer) measured the

Copper—Constanton thermocouples.

3.2 Test Baction — the test thermosyphon

The test thermosyphon was made of copper tube
1-1/4" nominal size, 72" in length with O0.D. 1.66" and wall
thickness 0.194". Twelve grooves were made longitudinally
to accommodate Iron-Constanton thermocouples for the
measurement of wall temperatures. The grooves were spaced
uniformly around the circumference as shown in Fig. 3.5.
The thermocouples, insulated with magnesia and sheathed in
stainless steel tube of 0.032" 0.D., had on one end a
male connection and the other grounded. They were embedded
in the grooves with the help of copper strips and white
babbit metal solder. A finished copper tube sample is shown
in Fig. 3.6.

At the top end, the thermocouples were sheathed

in teflon spaghetti tubing, 0.053" 1.D., 0.012" wall thickness,




and supported on a brass disc (Fig. 3.7), covered under
plexiglass to hold them in position and to avoid sharp bends.
All the thermocouples with their extension were carried in
a plexiglass pipe to the Data Acquisition System.

The thermosyphon was connected to a vacuum pump,
pressure gauge, manometer, and the charging funnel, through a
1/2" 0.D. copper tube protruding out of the top end. Swagelok
fictings, Whitey valves, and Vacuum Tygon tubing with inserts
were used, so as to provide good vacuum connections. A thermo-
couple probe, to measure the vapor core temperatureé, was made
of a stainless steel tubing (AISI Type 304) O0.D. 1/4" and I.D.
0.18". It consisted of eight thermocouple junctions at 6"
apart. One end of the tubing was vacuum sealed and all the
thermocouple wires were taken out from the other end as shown
in Fig. 3.8. This probe was inserted up to 42" from the.top
end, inside the thermosyphon tube. It was held vertical with
the help of a reducing union whose one end gripped the probe
tightly and the other was connected to the protruding copper
tube. The annular space (1/16") between the probe and the
protruding copper tube was sufficient for charging the fluid.

The therﬁosyphon tube had heat input in the 1o§er 30"
of length, heat output in the upper 30" of length, and the
middle 12" was an adiabatic section.

The heat output section consisted of five cooling
jackets. Each one was 6" in length and made from 3-1/2" N.S.

copper pipe of 0.D. 3.63" and wall thickness 0.1", with ends
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closed by welding 1/4" thick brass sheet. The end walls
of the jackets contained n-butane O'rings to prevent leakage.
After fixing the thermocouples of the thermosyphon tube on the
brass disc, as described earlier, an asbestos disc was placed
and the jackets were slid over the main tube. The O'rings
provided tight seal compartments. The whole assembly of cool-
ing jackets were insulated by 1-1/2" fiberglas and held in
position by clamps.

The 12" adiabatic section was insulted by 2" thick
fiberglas. This section was provided with a view to keeﬁhﬁ;the
heated and cooled zones apart, maintaining 1:1 ratio between
the heated length and the cooled length, and to give a close
similarity to the practical applications of the thermosyphon.

The heat input section consisted of five coiled
heaters, each 6" in axial length. 10 AWG Chromel-A-Nichrome
wire insulated with ceramic beads (Leedsland Northrup No.
STD-715 Fish-Spine Insulators, 0.26" 0.D., 0.152"™ I.D.) .was
wound around the main tube to form coiled heaters. Each heater
was of resistance 0.8 ohms and could generate thermal energy
of 2 kw at 208 V. The heaters were connected in series and
the six terminals were lead to the switch boxes (Fig. 3.2).
The heaters were held in the required position by two asbestos
discs at both ends and an asbestos tape of 0.25" thickness
was wound over the heaters. Further a 3-1/2" thick pipe
insulation (2" asbestos and 1-1/2" Newtherm insulations)
covered the wrapped heaters. A ceramic insulated 15 AWG

Chromel 'A' wire was wound over this assembly to form a guard

heater, which was

+h

inally insulated with a 2" thick fiberglas,v



resulting in a heated length assembly of 12" dia. and 30"
length, Fig. 3.9. Two Iron-Constanton thermocouples were
embedded in the inner insulation, to sense the temperature
difference and actuate the Achromag relay (Model 370)
connecting the guard heater to the 115 V main supply. An
Iron-Constanton thermocouple, to measure the boiling iiquid

temperature at the bottom of the main tube, was soldered

to the screw fitting at the bottom plug end.

3.3 Cooling system

A S H.P. refrigeration unit, with F-12 as
refrigerant, was used as a cooling systen. If operated at
low load it could result in coil icing and compressor
tripping. This can be explained by the T-S diagram as shown in
Fig. 3.10¢a). Let 'm' be the mass of refrigerant flowing in
the circuit. As the load in the evaporator decreases, only
a fraction m, of m(=ml + mz) enters the compressor in gaseous
state while m, remains as liquid in the suction accumulation.
This results in a reduced load on the condenser, consequently
lowering down the refrigerant's temperature at the outlet of
the condenser. The expansion valve being fixed for a parti-
cular pressure ratio will reduce the pressure of refrigerant
in the evaporator, that is, the suction pressure (Fig. 3.10(a)).
A continuation of the above, fesults in lowering the suction
pressure below the recommended value (5 psi for this compressor)

and ultimately trips off the compressor.



This system was redesigned to work continuously,
Fig. 3.10(b), irrespective of the heating load from the test
section. This was accomplished by providing (1) a hot gas
discharge bypass in the refrigerant'circuit and (2) a 1.5 kw

immersion heater in the heating load circuit. The bypass valve

was set to operate as the suction pressure dropped below 10
psi, a sufficiently cafe limit teo keep it more than the short
cycling condition (5 psi). Fig. 3.11 illustrates the system
circuit diagram.

From the compressor discharge line hot gas was
tapped out to pass through the Sporlan discharge bypass valve
and was allowed to mix with the liquid-vapor mixture tapped
through the desuperheating thermostatic expansion valve. Both
the fluids were admitted, through a Tee connection, to flow
against the flow direction of the suction gas before going to
the suction accumulator. The thermostatic expansion valve
bulb was fixed downstream of the accumulator, which was placed
on the suction side just before the compressor. The external
equalizer connecting. the suction line. to the discharge bypass
valve, the desuperheating valve, and the main thermostatic
expansion valve, maintained the suction pressure almost
constant to the set value (10 psi) for any load variation as
stated earlier. The 1.5 kw heater provided the heating load
for the initial starting of the system and was also set to
operate whenever the temperature of the coolant dropped down

to 40°F.



The following describes the working procedure of
the control circuit (Fig. 3.12) for the cooling system. As
the pump starts circulation of the coolant, a pressure
difference is established between the evaporator ends, and
the 'Hi-Lo', differential pressure control switch energizes
the relay, putting the three parallel circuits, cooling,
heating, and compressor, across the 115 V main. The time de-
lay relay, 'RI', takes three minutes to energize and close the
contact of the auxiliary compressor starter. This delay period
allows sufficient time for the coolant to pick up the initial
heaéing load given by the additiomnal heater. The compressor
starts working and it takes 90 secs;to build up the required

pressure. Fuses were used to take care of any overload.

3.4 Instrumentation and control

3.4.1 Temperature measurement

The thermosyphon wall temperaturesat different
points and the bottom liquid temperature were measured by
calibrated Iron-Constanton thermocouples. They were of
Thermo Electric make with omne end grounded and the other
having male connector. Further calibration up to 100°C was
carried out using an oil bath maintained at constant tempera-
ture and measured by a Fisher, N.B.S. certified precision
thermometer (—1°C to 101°C range with subdivision of 1/10°%).
The calibration curve is given in Fig. 3.13.

The stainless steel thermocouple probe carried

eight 30-gauge Honeywell Copper—Constanton thermocouple



junctions, to measure the vapor core temperatures. Twenty-
gauge Copper-Constanton thermocouples measured the inlet and
outlet temperatures of the cooling jackets and outer surface
temperatures of the cooled and adiabatic sections. All were
connected to a 16 point rotary switch and measured by a Leeds
and Northrup potentiometer No. 8686 having an accuracy of
‘*.03Z of reading + 3 uv, . The evaporator of the cooling
system was equipped with thermocouple weils on both ends.
Twenty-gauge Iron Constanton thermocouples sensed the res-
pective temperatures. Calibration for all these thermocouples
was done using the same oil bath procedure as explained above
and the curve is given in Fig. 3.14.

The Iron-Constanton thermocouples were recorded by
a self calibrated Hewlett Packard 2010 K Data Acquisition
System, measuring up to 1 uV with an accuracy of 0.01Z of
the reading for 100 mV range. The col& junctions for both
types, i.e., Iron-Constanton and Copper-Constanton thermo-
couples were separately made of a mixture of crushed ice and
distilled water and were maintained at the melting point of
ice. Ambient temperature was recorded by an Iroh—Constapton

thermocouple.

3.4.2 Power measurement

The heat input to the test section, in the form
of electrical energy, was determined by measuring the voltage
drop across the heaters using .2 voltmeter and the current

by an ammeter. The ammeter was used in conjunction with a
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current transformer. Power was controlled through the power-
stat (Superior Electric Co., 13.4 KVA, 240 V). An Amprobe
(RS-1000) was also used for a quick check of current flow.
Heat input to the guard heater was periodically
checked. It functioned on the signal given by the twc
thermocouples to the Achromag relay (Fig. 3.3). Power was
supplied from 115 V main through a variable autotransformer
(0-140 V, 22 Amps, 3.1 KVA). An electric lamp was put in
the circuit to indicate whether the heater was on or not.
Power to the cooling system was supplied through a
15 KVA single-phase 600 V/240 V step down Marcus transformer.
The control devices have already been described in the pre-
vious section (3.3). The 2 H.P. coolant circulation pump
was connected to 208 V main supply. Auxiliary immersion
heaters of total 10 kw capacity were used for coolant tempera-
ture control and were placed inside the tank connected to the
exit line from the test section. These heaters were connected
to 115 V supply through a step-up (120 v/240 V) transformer
and the power was controlled by a variac (General Radio Co.,

Type W20M, 0-140 V, 204).

3.4.3 Pressure measurement

Air and other non-condensible gases were removed
from the thermosyphon tube using the Teltron Vacuum System.
Both, the Forevac unit (TEL 505B), and the Highvac unit (TEL

506B), were used in conjunction to reach an ultimate vacuum




of about 5 x 10-3 torr. A U-tube mercury manometer was
coqnected to the thermosyphon for pressure measurements. In
addition the vacuﬁm was also measured with high precision,
using a Nester/Foust vacuum gauge, recording up to 1 x 10-4

“

torr. -

3.4.4 Coolant flow measurement

.The orifice meters, equipped with the cooling
jackets, wére connected to the U-tube manometers. Coolant
flow (lb/sec) corresponding to the pressure difference (inches
of mercury)_ was determined from the calibration curve

(Fig. 3.4). The orifice meters were calibrated on a hydraulic

bench.

3.5 Choice of a working fluid

The choice of a working fluid depends on several
physical and thermodynamic properties. Boiling and freezing
temperatures are very significant. Fig. 3.15 illustrates the
'p—TS' diagram for few refrigerants considered for their suit-
ability as a working fluid for the operation of thermosyphon
in a low temperature range (20°F to 40°F). Freon-11 was
selected as one of the appropriate fluids. Its boiling point
being 74.87°F, was convenient in charging into the thermo-
syphon tube. It has suitable properties and particularly its
high latent heat of vaporization is desirable to have a lower

mass flow rate for the same heat transfer.




3.6 Procedure

During the final construction stage, the thermo-
syphon tube was cleaned, vacuum dried, and tested for any
leak. After complete set-up, it was connected to a vacuum
pump and subjected to a high vacuum of 5 x 10_3 torr. mag-
nitude. The evacuation procedure was repeated at intervals
to check for vacuum leak through fittings and adjustments
were made till the vacuum gauge indicated a constant reading.
The pump was run for forty hours to remove any non-condensable
gas.

After a thorough check-up, it was charged with
Freon-11, the working fluid. A 250 ml cylindrical graduated
funnel, with teflon stopcock (Pyrex brand), was employed for
this purpose. Under atmospheric pressure Freon-~11l boils at
74.87°F; so the room temperature was kept lower, in order to
charge it in liquid state. All the air and Freon-1l1l vapor
bubbles were removed while charging and only a measur ed

quantity of the working fluid was allowed to go inside the

thermosyphon tube. This being the first experiment, the
charge was 12% of the total volume (V¥ = 0.12), so as to
cover 9" of heated section. This provided a submerged heated

section at L+ = 0.2 and partially filled with higher it.
Heating and cooling systems were switched on. Only

one heater, the lowermost, was given power and the coolant

was allowed to flow through the full condensing length. It

established the operation of the thermosyphon at the heated



and cooled length ratio L+ = 0.2. Power was varied by the
transformer. (powerstat) and at each level it took 15 to 30
minutes for the stabilization of pressure and temperatures.
Extensive preliminary tests for V+ = 0.12 were carried out
at different heated length-cooled length ratios, i.e.,

L+ = 0.2, 0.4, 0.6, 0.8, and 1.0. For each ratio, results
were obtained for a range of operating pressures, temperatures
and heat fluxes. Care was taken regarding the maximum heat
flux to prevent the tube from burmn-out. Once, during the
later experiments (V+ = 0.06) at q = 5000 Btu/hr ft2 and

L+ = 0.6, it was observed from the rapid rise in wall
temperature at one place. An immediate power reduction pre-
vented the tube from damage; this has been discussed in the
latter chapter. The guard heater operated whenever the pair
of thermocouples actuated the relay. and it was noticed that
the frequency was higher at greater heat flux.

Experiments were carried out both at varying ané
constant pressures inside the thermosyphon. For constant
pressure operation, initially the coolant temperature was kept
higher using the auxiliary immersion heaters and was adjusted
according to the increase in heat flux. Wall temperatures
were recorded by the Data Acquisition System, whereas the
vapor core temperatures,by fhe potentiometer. Atmospheric
pressure was also recorded regularly and necessary corrections

in the manometer readingswere made accordingly. Useful range

of operation was investigated. At intervals, experiments were




repeated and they were found to be reproducible. All the

test results are not included here,

Further experiments with higher and lesser
quantities of working fluid (V+ = 0.24, 0.03, and 0.06) were
carried out within the observed useful range. To reduce the
amount of fluid, inside the tube, it was convenient to
evacuate completely and recharge. A cold trap of liquid
nitrogen was used to collect all the evacuated fluid and
prevent it from passing through the vacuum pump. The pro-

cedure for handling the cooling system has already been

described in Section 3.3.

3.7 Data reduction

As the thermosyphon was operated at low temperature,
the temperature in the condensing section ranged between
10°F to 60°F, whereas. in the heating section, it went to.the
highest value up to 110°F. Heat losses from the insulations
were found to be neglible. At a heat-flux of 10,000 Btu/hr £¢2
it went to a maximum of about 27Z. q, the rate of heat flux,
in terms of Btu/hr ftz_ was calculated from the voltage and
amperage measurements.

The different heat transfer coefficients were cal-

culated by the relationships given below:

(a) Tube heat transfer coefficient h =qu?h - Tc)
(b) Boiling heat transfer coefficient hb = qﬂih - T
(c) Condensing heat transfer coefficient hc = qKIS - Tc)



(d) Condensing heat transfer coefficient based on Nusselt

_ 2. .3 1/4
analysis, hNU 0.943[p hfgk g/u(Ts—Tc)L]

The non-dimensional parameters used were Nu and Ra’ defined

as

Nu = h.D/k and R = G_.P

where Gr = p2g86D3/u2 and Pr = uCp/k.

The experimental errors were estimated by the
method suggested by Kline and McClintok (30). The estimated

uncertainties in the variables are

D (diameter), *0.2Z
V (voltage), *2.257
I (current), +0.67%

T (temp.), © #0.,017

These possible differences in measurements gave an error of
2.3Z in q (heat flux) amnd h (heat transfer coefficient), and

2.47 in Nu (Nusselt number).
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CHAPTER IV

RESULTS AND DISCUSSION

The experimental results of the current investi-
gations have been presented in forms of Tables 4.1 to 4.21,
and Figures 4.1 to 4.23. These results provide the basis
for analyzing the various characteristics of a two-phase
closed thermosyphon operating within a low temperature
range, possibly suitable for the preservation of permafrost
such as found in the Canadian north. Experiments were
carried out for variable operating pressures depending on
heat input and condensing temperatures, as well as at
constant pressures. Very few results using Freon-11l as the
working fluid are available (Mital (4) and Larkin (28)), but
even they do not provide a firm basis for comparison, being
in a higher range of pressures and temperatures. The
following theoretical relationships given by Lee and Mital
(29) were used to compare the results.

k(T _-T )

A
= . - 4.1)
q (
RL-l- B
Also
2.3
P R"h. g
1= =553 fg” . A (4.2)
H hgc
1 vt 4 Yi4
- — e 1 —_— 1] — — Y'
where A 3 2 + 8 Yi in i



in ¥! Y'! in Y'
4 i 1 i 2 i 1
= ' ' - = =
B Yi in xi ( > 2) + —3 + Yi ( > - 4) +
[
' = - —
and Yi 1 R

For a given value of TS, the heat transfer rate 'q' is
calculated from Eqns. (4.1) and (4.2) using different values
of Yi. The procedure is repeated until the values of 'q'
obtained from both the equations match each other within a
desired accuracy. This value of 'q' was taken as the

theoretical heat flux at the given 'Ts'
The different terms used in the present study may
be defined in the following way. As found by Mital (4) at
steady state, for the particular operating pressure inside
the thermosyphon tube and the given wall temperature of the
condensing section, the heat input had its_limiting value,
termed - the "Maximum heat flux (qm)." Any further in-
crease in Heat input changed the operating pressure. The
corresponding heat transfer coefficient was defined as the
"Maximum heat transfer coefficient (hm)." The saturation
temperature (TS) of the working fluid in the tube was taken
as the operating temperature, whereas (Th—Tc) was the overall
temperature difference. Th and Tc being the average tempera-=

tures of the heated and cooled sections respectively. The

tube heat transfer coefficient 'h' was then defined as

h = q/(T, - T.)



In the present study, for the case of variable
operating pressure, heat flux and the corresponding heat

transfer coefficients had their maximum limiting magnitudes

] \ )
Q. and hm .

4.1 Effect of heat flux

The temperatures recorded along the tube length
have been plotted as examples in Figs. 4.1(a) and 4.1(b),
for different values of the heat fluxes at V' = 0.06 and
L+ = 0.6 and 1.0 respectively. Vapor core temperatures in
the adiabatic and condensing sections give a clear picture
of condensing temperature drop, while the saturation
temperature lies in between the average heated and cooled
length temperatures.

The variations of theoretical and experimental
maximum heat flux 'qm' with the operating temperature 'Ts'
have been shown in Figs. 4.2(a) and 4.2(b). The theory pre-
dicts higher heat transfer rate in low mean operating pressure
range, whereas it gives lower valuesat higher pressure opera-
tions. This trend of underestimating was also observed by
Lee and Mital (29). The assﬁmption that the shear stress
on liquid-vapor interface is negligible does not seem to be
true throughout the operating range. As reported by
Rohsenow (31) the "jnterfacial resistance’” might partially

account for a low heat transfer coefficient. It is also

clear from Fig. 4.3 which gives the typical variation of



condensing coefficient 'hc' with 'Ts' as compared to 'h..'

NU °?
the Nusselt heat transfer coefficient. Larkin's (28) result,
while using water as the working fluid shows a similar trend.
As shown in Figs. 4.4(a) and 4.4(b) the overall temperature
difference (Th—Tc) increases with an increase in 'qm'. This
may be due to the fact that the cooling condition of the
condensing section was maintained almost constant irrespective
of the magnitude of heat input.

The overall temperature difference '(Th—Tc)' and
the operating temperature 'TS' are separately dependent on
the heat flux 'q', but both increase with an increase in 'q'

as shown in Fig. 4.5. This confirms that for a particular

value of 'Ts' the relationship
q = h(Th—Tc)

will give a unique value of 'q', already mentioned as the
maximum heat flux 'qm' at steady state condition.

A two-phase closed thermosyphon is almost uni-
directional as far as the heat transfer is concerncd.
Fig. 4.6 and Fig. 4.7, which are given as examples, show
that the heat tfansfer by conduction happened to be below
one percent of the overall heat transfer for the operating
temperature above 27°F in the present investigations. For
the possible practical utilization of thermosyphon in perma-
frost region, the heated end has to be near the structure

foundation whereas the cooling end exposed to atmosphere.



Any decrease in atmospheric temperature will cause a heat
transfer from the ground to the atmosphere with a compara-
tively greater reduction in thermal reserve in the lower
ground. This may help in building a negative thermal
capacity under the structure foundation during the winter
period, which may be sufficient to compensate the positive
thermal capacity during the summer time. Any heat transfer
from the top end to the bottom will be only by conduction,
whereas the reverse will take place mainly due to two —phase
operation. In the present investigation, it was observed
that at q_ % 2000 Btu/hr £t2 at T_ = 30°F with 21°F of
temperature difference, the two-phase heat transfer was 120
times the conduction heat transfer (Fig. 4.8). A 'similar
trend was also reported by Long (24) from his thermopile
experiment.

The maximum heat transfer coefficient 'hm'
corresponding to the maximum heat flux 'qm' for different
values of V+ and L+ have been plotted as a function of 'TS'
in Figs. 4.9(a) and 4.9(b). It is noted that at higher
operating temperaturesg corresponding increase in 'hm' was
comparatively lower. Mital (4) had also observed a similar
trend while using water as the working fluid. Fig. 4.10
shows the variation of heat transfer coefficient with the
overall temperature difference, while the typical variation
with heat flux for different values of L+ has been plotted

in Fig. 4.11. Within the range of investigation, the heat



transfer coefficient varies almost linearly with the heat

flux. Mital had observed 'hm' becoming constant at 'q_' &

m
2000 Btu/hr ftz, but such a trend was not found in the

present case even up to a value of q, % 3000 Btu/hr ft2.
The typical variations of boiling and condensing

heat transfer coefficients 'hb' and 'hc' with the operating

temperature 'TS' have been shown in Figs. 4.12 and 4.13.

'hb' increased with a rise in 'TS', which was also reported

by Larkin (28) wusing water as the working fluid.

4.2 Effect of the quantity of working fluid (vH)

The variations of 'hh' with 'Ts' for different
values of 'V+' are given in Figs. 4.14(a) and 4.14(b). 'hm'
as a function of 'V+' for different operating temperatures
are shown in Figs. 4.15(a) and 4.15(b). The behaviour of
maximum heat flux with 'TS' at different rwwtr oare given in
Figs. 4.16(a) and 4.16(b).

Within the range of 'V+' studied, it may be noted
that beyond certain minimum quantity of the working fluid;
'hm' becomes independent of rvt1'. This confirms the trend
reported by Lee and Mital (29), and Cohen and Bayley (20).
In Fig. 4.14(a), comparison has been made with that of
Larkin's (28) result and it seems that in a higher pressure
range, there seems to be a good agreement.

Cohen and Bayley (20) had postulated that the

condensate returns in the form of a film over the heated



surface, which cools down the portion not submerged in liquid.
The heat transfer takes place by conduction through the film
and:byevaporation from the surface of the returning condensate.
The boiling and condensation form a closed cycle. For the
most effective operation, there should be a uniform and con-
tinuous flow of fluid in both the phases. and should cover the
whole surface of the tube, with the quantity of fluid being

sufficient to pick up all the heat input in the evaporator

section. T£ the heat flux is in .excess, the returmning con-
densate may be completely evaporated before reaching the
bottom end of the heated section. This situation creates
rapid rise in the temperature of the lower portion of the
heated section and an immediate reduction in heat input is

essential to prevent the tube from burn-out. In the present

experimental study, once it occurred at a heat input of 5000

Btu/hr ft2

fer L+ = 1.0 and V+ = 0.06. TFig. 4.17 shows an
unusual increase in temperature from 195°F to 247°F in the
bottom region of the tube. Noticing a rapid and continuous
increase in temperature, the power was shut down to prevent

burn—-out. Similar observation was also reported by Lee and

Mital (29) and Larkin (28).

. +
4.3 Effect of the heated length—cooled length ratio (L )

Wall temperatures increase with an increase in the
. + . .
heated length-cooled length ratio '.7' as shown in Fig. 4.18,

whereas the maximum heat transfer coefficient 'hm' has the



reverse effect (Fig. 4.19). This is evident from the

relationship
_ +
a, = qc/L

based on energy balance, given by Lee and Mital (29), where
q. is the condensation heat flux at particular operating
condition. At higher 'L+' heat transfer coefficient de-
creases due to an effective increase in the heated section
compared to that of cooled section. Similar observation
was also reported by Bayley and Lock (7) during their experi-

mentson a single~phase closed thermosyphon.

4.4 Effect of mean operating pressure 'p'
(Corresponding to mean operating temperature 'Ts')

The wall temperatures for different mean operating
pressures were shown in Figs. 4.1(a) and 4.1(b). They in-
crease with a rise in pressure, because of increase in mean
operating temperature. Mean operating pressure has signifi-
cant effect on the maximum heat transfer coefficient 'hm' as
seen from Figs. 4.14(a) and 4.14(b). Due to an increase in
pressure 'p' the vapor density increases. For a particular
heat transfer rate the mass flow rate is constant and this
results in a low vapor velocity, in turn reducing the inter-
facial shear stress. Again with an increase in pressure, the
corresponding temperature increases giving a decreasing effect
to surface tension. These factors help in a fast condensate

return and high heat transfer coefficient.



Experiments at. two different.constant pressures

were run, but the results, showing the effect of pressure,

were not very conclusive due to small pressure difference.

However, the typical variations of 'h' with 'q' and ’Th—Tc'

have been shown in Figs. 4.20 and 4.21, respectively.

4.5 Comparison of the present results with those of other

investigators

For comparison of the results of present investi-
gations, only few experimental findings of Mital's (4) and
Larkin's (28) using Freon-11 were available. In some cases,
the results of water as the working fluid have also been
included to compare the tremnd of variations. The typical
variation of Nusselt number 'Nud' with Rayleigh number 'Ram'
has been shown in Fig. 4.22. Rayleigh number was modified
as Ra x'%: to include the effect of tube geometry and provide
a basis for the correlation of the results of the previous
investigators. The present results are in good agreement
with that of Lee and Mital (29). The results of Bayley and
Lock (7) and Pucci and Gerretsen (11) of single-phase closed
thermosyphon have also been included for comparison, which
lead to a conclusion that the heat transfer capability of a
two-phase closed thermosyphon is far better than that of a
single-phase closed thermosyphon. The reproducibility of

the present results has been demonstrated by Fig. 4.23.
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CHAPTER V

CONCLUDING REMARKS

The results of the present investigation lead to

the following conclusions.

1. A two-phase system has the capability of transferring
thermal energy several hundred times greater than a

solid conductor of same geometry, is confirmed.

2. The quantity of working fluid beyond certain minimum
amount has no significant effect on the heat transfer

coefficient.

3. Within the range of investigation, an increase in 'L+'

has a decreasing effect on heat transfer coefficient.

4. The heat transfer coefficient increases significantly

with an increase in operating pressure.

The results are very encouraging and for further
study it is suggested to have an experimental work on models
placed in atmospheric and soil conditions similar to the

permafrost region, maintained in the laboratory.
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Modified cooling unit

10 (b)

3

Fig.
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Fig. 4.2(a) Comparlson 0of the experimental results with
the theoretical values for maximum heat flux
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Two-phase heat transfer
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