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Abstract
A two-phase closedflo?p thermosyphon was designed and

constructed to study the transport of low ‘grade heat'fromwa

gaseous heat source to a liquid heat sink, with both water

and refuigérant R-11 as éke two-phase working fluids. The

of single 5h;§e natural énd forced circulation
“systems with water as the wor;dng fluid wgs also studied.
,The heatin% air-temperéture was below éO°C for the two-phase
experiments and less tRan 100°C for the ﬁingle phase wateg
tests. - |
The effect of external 6perating parameters such as air
volume flow réte, air temperature and working fluid charge
level were studied. \‘é | |
The two-phase water tests show%d agreement with
theorétical Single phaéé heat trans%er rather than with’
two-phase empirical predictions as a result of low vapor
quality flow.'The-£w0hphase R-11 tests gave heat transfer
results which were.1 to 5 timeé'higher than values predictec
by empirical equations for two—phase‘flow. ‘
'The R-11 charged system was the best performer and

‘transferred heat bétween the source and sink reservoirs whe
the temperature difference was as low as 30°C. Due to low
evaporator heat transfer coefficients and restrictions in
the primary:loop, fhé system tﬁerm@dynémic efficiency was
" less than 20%. However, the tests indicate that this type o

system has definite applicéfion for the recovery of heat
.

from low temperature gaseous sources. ' ot
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1. INTRODUCTION

1.1 Background Information

Low temperature heat sources are found all over the
“orld. Pumping power is sometimes used to transfer this
energy to a heat sink [1]. Yet, this method has been
regarded as mechanically impractical or economically
unfeasible in many cases. However, as energy prices increase
and conventional resources dwindle, there is renewed
interest in alternative methods of recovering low g@ade heat
[1-4]. One such method is based on natural circulation of
the fluid transporting the heat and finds application in the
system called thermosyphon [5-7].

The fluid (working fluid) in the thermosyphon transfers
heat absorbed from the heat source in the i&ﬁer section ﬁo
the heat sink in the upper part of the system. Gravitational
forces due to\local density differences.between the heated
and the cooled fluid cause pressure differences in the fluid
within the thermosyphon. When these forces overcome the
friction forces opposing the fluid motion, natural
éirculation of the working fluid is esgzblished.

Two different types of systems are the closed-tube
[5,6] and c7osed-loop [7] thermosyphons. A closed-tube
system is a sealed vertical pipe filled with working fluid.
The fluid, heated by the heat source and cooled by the heat
sink, establfshes preferred flow streams inside the tube.

Yet, the warmer and colder regions of the fluid are still in
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int%%até”contaét with each other as the working fluid
‘traﬁgﬂoffs‘heat from the heat source to the heat siék. This
restri::s the flow and hence, the efficiency of the heat
transportation,

- The closed-loop thermosyphon consists of two heat
exchangers (lower and upper) and their connecting tubes. The
working fluid absorbs heat from the heat source‘in the lower
heat exchanger, The heated fluid flows thxough the rijser
tube to the upper heat exchanger in which the working fluid
releases heat to the heat sink. The cooled working fluid
flows back to the lower heat:exchangef ghrough the
condensate or return tube and thereby completes the working
fluid loop ( primary loop). In this system the warmer and
cooler working fluids are never in contact with each other,
which makes the closed-loop thermosyphon more efficient than
the closed-tube system.

In a two-phase thermosyphon the working fluid undergoes
a phase E;ange between liquid and vapour in both hgat
exchangers (evaporator and condenser). Due to this latent
heat transfer process, thawwbrkiﬁg fluid at constant
"temperature ﬁransfers heat rates from the heat source to the
heat sink, that the would require a working fluid
temperature increase of éeveral degrees for a single phase
thermosyphon to transfer the same heat rate between the two
heat reservoirs. This makes the two-phase thermosyphon

system interesting for low grade heat transportation.



Closed-loop hydronic systems were usea for space
heating in Europe prior to the Second World War.\Later
two-phase thermosyphons were employed in chemical rgboilers
and used for gas-turbine blade cooling.

Solar collector: systems utilizing the closed-loop
two-phase thermosyphon principle werekcommercialized for hot
water and space heating in the early 1970's [9,10].
Additional research work has been done to improve the
performance of the two-phase closed-loop solar collector
system and ada@t ?ts use to cold regions into the present
(7,11,12). Simultaneously, investigations of these two-phase
systems in other areas of low grade heat transportation and
recovery took place. These include the increasing research
efforts devoted to the application of two-phase
thermosyphons for permafrost and icedam consgructions [8],
cooling bf nuclear reactors, geothermal energy recovery [4]

as well as waste heat recovery. !

1.2 Scope of the Study
This project investigates low grade heat recovery from
a{; using a closed—looﬁh?ho-phase thermosyphon system. The
heat 1s recovered by a cooling water loop.
The main ogéectives of the study are:
- to investigate the heat transfer characteristics
of the ovérall system and the two heat exchangers
separately.

- to compare the results with existing heat transfer
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to determine how different working fluids influence )

“the two-phase system perfofmance,
- to indicate how the vapour guality affects the
system behaviour.

.- to compare resulwﬁ for single ph;se thermosyphon with

< - ) .8
the two phase system results
;?"n
- to e,ﬁ? lish) (system limitations. ' .

B3

=~ ‘Single-phase thermosyphon‘tests are performed with
water as the working'fluid.(Chapter 2). Water is used since

1t 1s readily avallable, inexpensive, easy to handle and

nonftogic Both natural and. forced c1rculation tests’ are

S performed and thexresults,are compared. However, the main:«
. . 7\ i . " DR .
purpose of these hydronic tests is to obtain some

\ B . o . o ,
information abo¥t the system operation characteristics. This

’knowlédgeais\appiied in the two-phase thermosyphon analyses.
Water is used as the working fluid for -the two-phase

éhermosyphon tests discossed_in Chapter 3. This allows
‘comparison aof the results from a‘two—phase and a

single-phase system mhich.bOth operateiwith the same
working‘flu1d Moreover satisfactory results from the - 5&%’
tho phase system may encourage the use of this working fluid

in future thermosyphonvresearch projects. The system

performance ‘is examined for‘different heating air
R

‘ temperatureé liqu1d charge levels of the working fluid and

the effect of the liqu1d vapour, separator
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Freon R-11 is used as the working fluid for the
closed-loop two- phase thermosyphon system in Chapter 4. The
low boiling p01nt of R-11 (23.7°C at atm. pressure) and high
latent heat of vapourlzatlon makes this fluid su1table as
the working medium for low grade heat recovery research.‘The
low toxic level, readily known thermodynamic properties and
available results from other Rﬁﬁﬁlclosed—loop two-phase
u thermosyphon systems made this fiéid a practical choice. The
overall system performance and the heat trapsfer
characterlst1cs for the two heat’ exchangers are dlscussed
sep&rately in this chapter.
Each of the three Chapters 2 - Q@includes introduction,
problem statement theory, results and concluding remarks.
| To av01d unnecessary repetltlon, the basic system apparatus,
testlng procedure and employed t“eory are not discussed in
Chapters 3 or 4 unless new methods or concepts are applied.
The final chapter (Chapter 5) ties related-experlmental

observatlons and results together and gives overall

conclusions and recommendations resulting from?this study.

-



‘2. Heat Recovery Utilizing a Closed-Loop Hydrdnic System
Tested with Natural and Forced Circulation
Summary

Heat is transported from a wafm air heat source to a
cold water reservoir utilizing water aéithe«transport.
medium.

-Both natural and forced working fluid circulation tests
are conducted. Heat and mass,trénsfer characferistics'are |
studied and results from the two flow conditions are
compared.

Depénding upon the heatiné air parameters (volume flow
rates 0.27 -°0.72 m°/s and temperatures 75 - 96°C) the 3
natural flo& tests give heat‘recoyery rates of 650 - 1800 W,
‘exiting cooling water temperatures from 18 to 25.5°C and
working fluid mass fiow rates between 3.0 - 6.5 g/s.

The -~ ontrolled fluidocirculétion equrimenfs are '
conducted with working fluid flow rates from 4.5 to 20.0 é/s.
The heating air temperature ranges fro% 40 - 70-C, |
while the air flow ratés are the same as‘conducfed for
naturai'working fluid circulation. The4fesuits show a
cool;ng water exit temperature range of f4.5'— 28.7°C and
heat recovéry rates between 350 - 2400 W. The experiments
reveal system efficiencies between 2 - 6.5% for
thermosyphonic flow and 2 - 11% for forEed working fluid

flow.



} .
2.1 Introduction

The main objective of this project is to study the
steady-state opergting characteriétics of a ciosed—loop
t@o-phase thermosyphon transporting‘ldw grade heat from Qarm
air to cold water;vThereforeL the system apparatus is
described usihg two:phase_thermosyphop terminology. But
since single phase tests results are éLscussed”in this
chapter, some terminology will be changed as mentioned later
in the chapter. |

Exp snts are executed with both natural and forced
working fluid circulation. Water is chosen as the working
fluid due go the pracficalities,and conveniences mentioned
in Chapter 1. The working fluid loop is referred to as the
primary loop, while the heating air and the cooling water
loops are often called the secondary heatihg loop and |
secondary cooling loop respectf@ély,

The tests aré performed for different air volﬁme flow
rates (0.27 - 0.72 m*/s) and heating air temperaturés
(7% - 96°C for natural circulation,'40 - 70°C for forced
flow). The controlled working fluid flow rates during forced
circulation are between 4.5 and 20.0 g/é..

The heat and mass 'transfer characteristics of the“two
heat exchangeré are studiéd for stable.system‘conditioné for
bqfh natural and forced circulation. These tests are
‘performed to acquire an understanding of the system
operation ahd to obtain opérating g%gults which can_ge used

for two-phase thermosyphon analyses. The results for
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thermosyphonic and forced flow conditions are discussed in

different sections of this’chapter.

2.2 Experimental Appératus

The system used.in this work, shown sipematicallx in
Fig. 2.1, is a closed-loop two-phase thermosyphoﬁ system and
will be referenced as such. The description of the system.is
arranged into different subsections‘discussing'the secondary
heating loob, the pgimary wo;king fluid loop, the secondary
codiing loop and the data acquisition system. A final
subsection discusses the system changes'made to accommodate
the hydronic testing conditions. |

The system instrgmentation (flowmefers, the;mocouples,
pressure transducers, etc.) will be.describedvin detail in

Section 2.3,

2.2.1 The secondary heating loop

The heating air is circulafed by a backward inclined
centrifuga} blower, whose speed is controlled from 0 to
2650 rpm. using a Variac autotransformer contr§l}ing
a 1.5 hp varilable speed motor.

Two pressure taps, a pitot tube and an énnubar (air
- bar), are located in the duct loop 0.45 m downstream and
2.15 m upstream of the blower as 'shown in Fig. 2.1. The’
dynamic air pressuré obtained from these two pressure taps,

was converted to electronic signals using two sensitive

Validyne pressure transducers.
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A 5 kW electric duct heater heats the air before it
enters the evaporator. A thermocouple located 1.0 m
downstream of the heater is connected to a Thermo Electric
PID temperature controller. This controller regulates the
power supply to the heater to maintain a prescribed air
temperature (accuracy within'ib.BAC).

The air temperature entering thé evaporator is recorded
using two thermocquples, while the air temperature
differencé acrésshthe evaporator is measured with a
nine-joint thermopile as shown 1in Fig. 2.1,

.?he evaporator is a built-on-site heat exchanger,
consfﬁﬁipg of four solar collector panels' {9], (1.764 m
high x 0.480 m wide) which are mounted 0.07 m apart in a
0.508 m x 0.310 m x 1.764 m section of the air duct as shown
in Fig. 2.2a. The air flows pérallel to each of the four
collector panels, usually referred to as evaporator panels
or banels). Fig. 2.2b shows how the evaporator tubes and
thermoéouples are mounted onto the (1Q727 m high, 0.480 m
wide and 0.61 mm thick) evaporator plate. A cross section of
the panel is shown in Section A-A. The tube side of the 
panel is referred to as tube-side and the oggzsite side is
called the plane-side. The original black coating was not
removed from the evaporator_panel. The thermocouples, éhown

in Fig. 2.2b, are attached only to evaporator paneis 1 and

.0
LN

'Manufactured by Solar Research, Division of Refrigeration
Research, Inc., Michigan., . - '
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2/2.2 The primary working fluid loop

The evaporatﬁr is designed as a counter flow heat
exchanger as indicated in Fig. 2.1. From the lower main
evaporator header (0.0156 m i.d.) located outside the air
duct, the working fluid is assumed to be equally distributed
to the four lower evaporator headers (0.0156 m i.d.). The
eight evaporator tubes (0.007747 m i.d.) are equally spacéd

(0.054 m centre to centre) on the fin-plate as shown in

Fig. 2.2b. Further details about the evaporator dimensions

-

are found in Table 2.1.
A liquid-vapour separator is located in the vapour line

between the two heat exchangers. Here some of the liquid'is

" separated from the working fluid before it enters the

condenser.

The horizontal centre line of the shell and coil
condenser? is located 2.13 m above thé evaporator inlet. The
helically coiled coppe;vtube (0.0127 m i.d.) has 16
continuous low integral fins?® per inch and an outside
surface area of 0.952 m?. dther physical dimensions for the
condenser are given in Table 2.2.-

A sight glass mounted in the inclined riser 1is used for

visual flow observation. The vertical sight glass parallel

" to the condensate line is used as a liquid level indicator.

" “A connecting tube attaches a storage tank to the

condensate line of the primary loop as shown in Fig. 2.1,

*Manufactured by Solar Research, Division of Refrigeration
Research, Inc., Michigan, condenser model 5835. '
’The fin root radius and fin height are approximately
12.7 mm (1/2 in) and 1.6 mm (1/16 in). '



TABLE 2.1: EVAPORATOR DIMENSIONS

HEAT EXCHANGER MAKE

MANUFACTURER OF
SOLAR COLLECTOR

TYPE OF HEAT EXCHANGER
HEATING FLUID

WORKING . FLUIDS

COLLECTOR PLATE DESCRIPTION

EVAP. PLATE, TUBE
AND HEADER MATERIAL

MAIN EVAP. HEADER MATERIAL
EVAP. SIZE W x B x H [cum]

OPEN CROSS-SEC. AREA FACING THE
AIR FLOW THROUGH EVAP. (sq.m]

DIST. BETWEEN 2 PANELS [m]

CROSS-SECTIONAL AIR FLOW AREA
BETWEEN 2 EVAP.PANELS [sq.m]

EVAP. PLATE DIM.*w x t x h [cu.m]

SURF.AREA PER EVAP.PANEL [sq.m)
PANEL SURF.AREA, TUBE SIDE [sq.m]
PANEL SURF.AREA, PLANE SIDE (sq.m]
MAIN EVAP. HEADERS °

'HEADERS PER EVAP. PANEL

TUBES PER EVAP. PANEL

MAIN EVAP. HEADER ‘LENGTH [m]
EVAP. HEADER LENGTH [m]

EVAP. TUBE LENGTH [m)

ID/OD MAIN EVAP.HEADER [m]
ID/OD EVAP. PANEL HEADER [m)
ID/OD EVAP.TUBE [m]

* CENTER-CENTER DISTANCE
BETWEEN EVAP.TUBES [m]

EVAP. TUBE LENGTH
TO INSIDE DIAMETER RATIO

INSIDE SURF.AREA
PER EVAP.TUBE [sq.m]’

ON SITE BUILT
4 SOLAR COLLECTOR PANELS
MOUNTED IN PARALLEL

SOLAR RESEARCH, DIV. OF
REFRIGERATION RESEARCH, INC.

COUNTER FLOW EVAPORATOR (EVAP.)
AIR

DISTILLED WATER/FREON R-11
EVAPORATOR. PANEL

CARBON STEEL FUSED WITH COPPER
WITH BLACK CARBON-COATING COVER

COPPER

0.598 x 0310 x 1.764

i

0.2%

0.07

0.0336

0.480 x 0.00061 x 1.727
1.923

1.094

0.829

2

2

‘8§ EVAP. TUBES
10.270

0.408

1.764
0.0156/0.0195
0.0156/0.0195

0.007747/0.009529
0.054
277

0.0429

13
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TABLE 2.2: CONDENSER DIMENSIONS

MANUFACTURER

TYPE OF CONDENSER

TYPE OF CONDENSER COIL

SHELL MATERIAL

WORKING FLUIDS

COOLING FLUID

CONDENSER TUBE LENGTH |[m]
NUMBER'OF COILS

QUTSIDE CONDENSER COIL SURFACE
AREA [sq.m]

INSIDE CONDENSER COIL SURFACE
AREA [sq.m]

INSIDE DIAMETER OF
THE COPPER TUBE [m]

APPROX. FIN HEIGHT [m]
APPROX. FIN ROOT RADIUS [m]

TUBE LENGTH TO INSIDE
DIAMETER RATIO

RADIUS OF CURVATURE OF

THE CONDENSER COIL [m) i
¥

OUTSIDE SHELL DIAMETER ‘[m]

INSIDE SHELL DIAMETER [m]

SHELL WALL THICKNESS [m)]

SOLAR RESEARCH, DIV. OF
REFRIGERATION RESEARCH, INC.

SHELL AND COIL

HELICALLY COILED CONTINUOUS
LOW-FINNED COPPER TUBE

STEEL ‘
DISTILLED WATER/FREON R-11
WATER

7.620

21
0.952
0.304

L0127
0.0016
0.0127

600.

0.106
0.1524
0.1461

0.00315
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This is used for storing excess working fluid during. system
operation.

- The working fluid flow rate 1is ﬁeasured by a rotameter
located close to the inlet of the evaporator. |

% Locations of pressure gauges, pressure transducers

The pressgre‘reference tank shown in the figure is kept at
constant pressure. Hence, the pressure transducer connected
to the tank and the condensate line monitors the system
pressure at all times. Wire meshes are used to disturb the
working fluid upsteam of the thermocduples to improve the
accuracy of the bulk temperature recordings. The pressure

drop of the working fluid across each heat exchanger is
measured by pressure transducers as shown in the figure.
Pressure gauges record the local working fluild pressures at
strategic positions in the loop.

The inside diameter of the connecting tubes are reduced
from 0.019 m (3/4 in.) to 0.0127 m (1/2 in.) to fit the
flowmeters. Yhe tubes are insulated with Armstrong Armaflex
tube insulation. All the tube joints are silver soldered,
while Swagelok brass fittings are used to attach instruments
and valves to copper and glass tubes. To make system
modifications easier, several valves are located in the

working fluid loop.



2.2.3 The secondary coo‘l_ing loop

As shown in Fig. 2.1 the gold water is stored in a
storage tank (1110 1 capacf{y), and the water is circulated
around the cooling loop by a Jacuzzi water pump
with a 370 W (A/Z hp) motor.

Cooling water flow rate, regulated by throttling valves
“and ajtuge by-passing the condenser, is measured using a
turbine flow meter located in‘the cooling water supply line.

The water pressure drop across the condenser is
registered by a Validyne pressure transducer, attached to
both thé inlet and the outlet cooling water tubes of the
heat exchanger. Wire meshes ére used to ensuré proper water
bulk temperature is recorded. A water filter is mounted
between the pump and the turbine flow meter to reduce the
amount of sediments entering the flowmeter and the heat

exchanger.

¥.2.4 The data acquisition system

A flow chart of the data recording and storing
procedure is shown schematically in Fig. 2.3, Voltage
signals from all the electronic measuring insz?ﬁments are
monitored by a Hewlett Packard* 3497A data
acquisition/control unit. This unit is controlled by an
HP-85 micro computer which collects, stores and prints all
the data. The pressure gauges and rotameter recqrdings are

entered manually into the micro computer. All the collected

‘From here on Hewlett Packard will be referred to as HP.
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data are stored on,mabnetic tapes and printed ou@gby a

. (1 Yy

o> N

Decwriter terminal The collected data are later transferred
to the Unlver51ty of Alberta main frame computer

(Amdahl 580/5860) to perform required numerical calculations,

data,proceSSing and'plotting. “

2.2.5 Hydronlc system modifications )

| Distﬁlled water was used as the worhing fluid The-
‘worklng flu1d storage tank used dur1ng the two-phase
experlments, is replaced by a 510‘kPa (75 ps1) expansion.
tank. The sole purpose.of this tank is to absorb the',
empanded liguid volume as the working fluid is‘heated

A 1/25 hp Taco water pump is located parallel to the

condensate llne,vas shown in Flgl 5.1, for use durlng forced
worklng flu;d operationt Valves in the tube downstream of
the pump’and in the paﬁallel-thermoSyphon line are used to

f

‘regulate the forced work1ng fluid flow. rates
Although no/f%yu1d vapour phase change takes place for
thes@ hydronlc tests, the- heat exchangers w1ll still be

referred to as evaporator and condenser.

2.3 Instrumentatlon and Cal1bratlon
All the electronlc data recordlng instruments were
calibrated using the’HP—85 micre computer and the pr4397A

data acquisition/control unit. Hence;‘the recording

procedure was the same for both calibrationfand experiments.
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o

UfZ.Qgg Thermocouples and thermopile
vali temperature sensors were made from type'J

-

1ron constantan, thermocouple wires. The working fluid and

-%emperatures were all measured using 0.7 mm
S d sheathed thermocouples, whlle the air stream '
temperatures and the wall temperatures of the evaporator
Qefe recorded with 0.225 mm o.d. thermocouples.

A Rosemount modkl 910C chtrolied temperature
calibration bath wag\used to caiibrate the thermocouples. A
Fluke 2189A thermometry unit with 0.01°C resolutlon and
0.1°C maximum error was used as the temperature standard

The‘theerCOUples were calibrated over their operatlng
range. A lineat eurve fit of‘recorded’voltade versus
measured standard temperature gave correlation coefficients
of 1.000 fot all the'thermoceﬁples. The»maximum error was
£0.3°C. PR S |

The nine- 301nt ]unctlon 1ron -constantana(0.225 mm o. d. )
thermopile was calibrated u51ng twelve prev1ously callbrated
thermocouples (0.225 mm). SlX of them were located in the
“inlet and six iﬁ the outlet air stream_of the evaporator.
Repeated calibrations for air temperatures rahging from 40
to 90°C andywith air temperature differences range of
3 - 11°C gave good repeatabilty with a maximum deviation of

0.1°C.
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2.3.2 Liquid flowmeters

The rotameter(capacity 3 - 23 ml/s) and the tuébine

flowmeter (capacity 5 - 80 ml/s) were calibrated by averaging

their respective readings over the collection time of a
certain mass 5f water. The mass flow rate of the‘water was
assumed constant over the collection period. A calibrated
scale was used to record the water mass during calibration.
The accuracy of the .scale was 0.005 kg and the resolution
was 0.0005 kg. The collected water mass varied between O.S
and 4.0 kg depending upon flow-rate. The collection time was
recorded wi%h a digital stop watch with a 1/100 sec.
resolution. |

The water témpérature was recorded aid the density
difference was'incorporated into the calibration curves. q%
Repeaﬁed calibrations of the same flow rate showed less than
#.5% deviation. Linear curve fits of the results'gaQe
correlation coefficients of 0.999 and 1.000 for the
rotameﬁer and the turbine flbwmeter‘respectively. The
"%'§%ximum error was 0.3 g/é for both flowmeters.
2.3.3 Pressure transducers

Six Validyne presshre transducers we:gﬂusedﬂin the
overall heat transfer system. The wquing4fluid system
pressure was recorded by a 68,900 Pa (10 psi) transducer,
whilexthe pfesspre'drob of the cooling water across the

53

condeser was measured with a 34,450 Pa (b psi) pressure
‘ 4

transducer. Both these transduct were calibrated over
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their operating range using a mercudry manometer with a 60 Pa
resolution.

The working fluid pressure drops across the two heat
exchangers were recorded‘by two 3,450 Pa (0.5 psi)
transducers. A U-tube water manometer (5 Pa resolution) was
u;ed to calibrate these pressurebtransducers over their
operating rénge. |

 The pressure differences recorded across the pitot tube
and the air bar were measured with two 200 Pa (O.BlinHZO)
pressure transducers. A micro-manometer, 0.2 Pa resolution,
was used for this calibration.

Linear calibration curves showed a correlation
coefficient of 1.000 for ;ll Six transducefs and the error.

did not exceed 0.5% of the recorded pressure for any

transducer. ,

2.3.4 Pressure gauges

The ﬁhree pressure.gauges installed in thé workingv
fluid loop are alI;Robinair refrigerant gauges with
operating range from 30 inHg vac‘ugm (abs. zer'r'essure) to

861,300 Pa (120 pSl) preSSUres.»"ﬁm'ﬂ ‘
£§A,l e .
The pressure in the reference ‘tank was recorded by a

- pressure gauge with an operating range of 0 - 205,000 Pa
(0 - 30 psi) pressure and 3450 Pa (0.5 psi) resolutipn. All

the gauges were checked and calibrated against a Budenberg
—————————————————— B _

SAtmospheric pressure, 101,325 Pa (14.7 psi) absolute
pressure, is used as datum for pressures above this value.
Pressures below atmospheric pressure are referred to as

partial vacuum or as absolute pressure.
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dead weight testen before installation.

;2}3L5 Wattmetef>

| The Wattmeter in the electric duct-heater confrol loop
/ : ' ' : .

was calibrated against the voltage reading of a Fluke

multimeter with 1.0 mV resolution. The wattmeter Qés used to

indicate ihe powér supply to the duct heater. It was also

used to verify steady state of thé operating sy;tem.

One volt on thevvoltmeter correspondéd to 1000 W power
supply. The maximum error of the wattmeter was 30 W over
,§€o - 4500 W calibrated range.
2.3.6”Pitot tube and air bar

The air flow rates Qere obtained from the dynamic
pressure recorded from an annubar and a. pitot tube. The-
standard equal area method [13] was used to intergrate the
dynémic pressﬁre over the cross section of the circulare
“duct. The annubar‘® mounted in the square duct.wasuinstalled
and recorded according to the specifications recommended by

1
the manufactuger.

2.4 Experimental Procedure

The‘working fluid lbop was leak-tested witﬁfcompréssed‘
air (300 kPa) for 48 hours. The voltmeter of the HP-3497A
data acquiéition/control unit (7.0 Pa .resolution) was used
as a leak-indicator, aﬁd Snoop (liguid leak detector) was

, L :
‘Air bar model Air-79, manufactured by Dieterich Standard
Corporation, Boulder, Colorado.
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used to locate the leaks.

\

When no leaks were detected over the leak-testing

i
¥

period, the primary loop was charged with working fluid,
distilled water treated with Zeotec 5900 corrosion inhibiter
(0.5% vol/vol). The inhibiter was assumed to have no effect
on the system performahge. The working fluid had a pH-range
of 8.5 - 10.0 and an electric conductivity of

1,000 - 2,000 mmho/cm.

A water pump forced the workihg fluid through the
liquid éharging valve locatéd by the evaporator inlet (shown
in Fig: 2;1): The system was charged until only liquid came
out of :the air purging valve aﬁ the top of the condenser.
Then several test-runs were conducted so air péckets in the
working fluid would collect in the condenser shell. This air
was purged out of the condensef by the working fiuid which
was pressurized to 35 kPa (5 psi). Visual observations of
the purging process were possible since the air/water
mixture was purged thfough a transparent plastic pos;. This
procedure was repeated Pntil no air was seen léaving tﬁe
heat exchangers After air was purged from the primary ioop,
additional working fluid was forced into the system. This
ensured that'th%;loop‘was always full of liquid.

Before any‘experiment was commenced, all the electronic
control and recérding instruments were allowéd minimum.é4
houré to warm up. The cooling water was cooled down to the
operating temperature of 12 =13 °C. The water temperatufe

was maintained at this temperature as the water was
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continuously replaced by cold tap Qater throughout the daily
testing period. This was done to ensure that constant
cooling water temperature entered the condenser.
One data recording set lasted approximately 45 sec. and
‘read each of the 74 data channels on the HP data acquisition
uﬁit‘several time;. After all the data signals Qere
recorded, the mean value for each data channel was stored on
tape. During a data recording set the thermocouple data
channels were read 2 times( the pressure trapsdueer data
channels (monitoring the dynamic air pressure) were read
25 times and allvthe other data channels were fead 10 times.
This was a compromise between accuracy and recording time,
and the recording seguence was chosen after several trial
tests.
All the‘trial teste»were performed at steady state for
air temperatures 40, 60 and 80°C and air flow rates 0.44 and
- 0.72 mf/s. Aﬁ eaeh system condition.the thermocouples data
charinels were recorded 1, 2-and 10 times, the data channels
for the dyhamic air pressure were read 10, 25 and 50 times,
~while the other data chennels‘were read 5, 10 and 25 times._
Each of the three readings per data channel wes averaéed,
and the mean values were compared. The temperaturel were
collected using three different reading pfocedures. The mean
values of 1 and 2 thermocouple readings shoyed 0.7 end 0.3%
deviation from the average of 10 readings respectively. For

the two pressure transducers monitoring the dynamic air

pressure, the mean of 10 and 25 readings gave 25 and 4%
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‘deviation from the average value of the 50 readings »
respectively. For the other data channels the mean values
for 5 readings showed 7% and for 10 readings showed 2%
deviation from the average value of the 25 readings. All ;
these results wefe maximum‘relafive deviations for ali the
trial tests.

Prior to each test an initial reading was'proce§sedfand
‘the data were used to eliminate zero-offsets for the
electronic instruments. 

Experiments were always started with adjusting the
heating and cooling fluids to desired flow rates; When the
tests were conducted with forced working .fluid circulation,
the fluid flow rate was set before turdﬁhg the heater on.
This flow rate had to be adjugfed occasionally as the flow
rate increased with increasing working fluid temperatures
until ﬁhé system reached steady state. This fluid fléw
searching was mainly caused by gravity acting on the density
differénces of the working fluid around the primafy loop duew
to different fluid temperatures. |
The rotameter was read over the sampling period, while
- the working fluid pressure gauges were checkedjimmediateiy
before and after fhis period. The average readings were
entered into the HP-85 micro-computer. All fhe electronic
data signals were automatically recorded by the micro
éomputer thfough'thelHP-3497Avdé£a agquisition/control unit

according to the procedure explained in Section 2.2.
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Data recording sets were taken every 10 - 15 minutes
until the system reached steady state 2.5 to 3 hours after
thé'experiment started; After one steady state condition was
reached and a operaﬁing parameter was changed, a 1 to 2
hours stablizing period was required before the system
stabilized again. Steady state was assumed when the héat
source temperature changed less than 0.1°C and the po/wert1
supply was nearlfxconstant over a 30-minute period. The
" steady system data were recorded and stored on magnetic
tapes for later analyses.

Experiments were conducted with four air flow rates
(0.27, 0.44, 0.57 and 0.72 m*/s) and for an air temperature
raﬁge of 75 - 96°C for thermosyphonic flow , while the
temperatures used for forced flow were 40, 50, 60 and 70°C
The air temperatures for the nathal circulation tests aré
shown in Table 2.3.. The forcedﬁ?}gculation tests were
. analysed using four differentﬁzzgw rates (4.5, 6.5,10.0 and
20.0 g/s).

All other system operat;ng parameters, such as cooling
Qater flow rate (40 g/s), céoling water inlet temperature
(approximately 13ﬂC)'and initial working fluid pressure
(10 kPa gauge) were kept constant. The separator downcomer
tube and the vertical sight glass indicating the liquid

level were always closed for the single phase experiménts.

G
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TABLE 2.3: HEATING AIR FLOW RATE AND TEMPERATURE

u

AIR FLOW RATE . " HEATING AIR
_ TEMPERATURE
[(m>] [°C]

78.

' 85.

0.27 ’ 89.
94.

96.

W~ Wm

77.
0.44 83.
84.
88.

> ~J U1

76.
78.
0.57 : 81.
83.
84.

W oWwaowo

o 76.
. 0.72 . 78.
s 81.

82.

N — N —

2.5 Basic Equations for Data Analysis
The heat rate, Q, absorbed by a fluid flowing through a

heat exchanger is

<

(2.1a)
or

Q= mT(te - tey) (2.1b)
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where V 7is the volumetric fluid flow rate, m is the mass
flow rate of the fluid, p is the fluid density and ¢, is the
specific heat of the fluid. All thermodynamic properties are
calculated based on the average temperature of the inlet and
outlet fluid of the heaﬁ_exchanger, unless stated otherwise.
The thermodynamic properties of water are obtained from’

" empirical formulas [14], given in Appendix II. A negative
value of Q obtained from Eg. (2.1a) or Eg. (2.1b) ihdicates
that the fluid has released heat in the heat exchanger.

N

The wall heat flux, q, is defined as

q =SA_ (2.2)

where A, is the surface area through which the heat is
transferred.
The heat loss from the air in the evapbrator to the

“surroundings, Q. , is
Q = 0 - 01 (2.36)

where Q, is heat released by the air and Q;, is heat
recovered by the working fluid. Similarly, the heat loss
from the working fluid ‘in the condenser to the surroundings,

Q2| ' iS

(2.3b)

A complete list of notations used in this thesis is given
in the Nomenclature. v



where Q, is the heat released by the working filgidg and Q. is
the heat recovered by thé cooling water. The heat lost by
the single phase working fluid in the connecting tubes, Q« ,
is

+

0y = m [Tty - t3) * fp(t4 - ty)] (2.3c)

Throuéhout this thesis the subscript 1 refers to the
working fluid in the evaporator and the subscript 2 to the
working fluid in the condensér. It should be noteq however,
that also the properties of‘the working fluid entering and
exiting the evaporator are referenced with the subscripts 1
and 2 respectively. The properties of the working flu?d
entering the condenser are indicated with the subscribt 3
and the properties of the fluid leaving this heat exchanger
have 4 as the subscript. The positions in the primary loop
corresonding to these subscript notations are shown in the
schematic diagram in Eig. 2.4. |

The wall heat flux of the air side, dqa, is

Q, - Q1

: (2.4)

q4; °
sa 17

where the total surface area of the evaporator panels, A..,

‘is
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s

Fig. 2.4

Schematic diagram showing the temperature
recording positions in the @rimary loop



31

=4 (A, +A_) (2.5)

where A,, is the tube-side surface area and A,, is the
plane-side surface area of the evaporator panel.
.
The o%erall heat transfer coefficient, U, of any heat
exchanger is defined as v ’
U =9 (2.6)

A_ AT
S

where A, can be either the inside or the outside surface
" area through which the heat is being transferred. The inside
surface was used for both heat exchangers in this work. The

temperature difference, AT, is either the logarithmic mean

(AT,,) or the arithmetic mean (AT,.) temperature difference
¥

between the two fluids.

based on both these te.l;

b5,

analysis. For counterfloW

differences are defined as

. AT, = (Tm B co) - { ho ~ Tc1) (2.7)
m T,. - T
1n €o
Tho ~ Tei
and
< =1 21 '
AT 3 (Ths * Tho) > (Tey Tco) (2.8)

where T,;, is the inlet and T,, is the outlet bulk
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 ktemper§ture'of the hot fluid‘stream, while T., is the inlet
and Tc;’is the outlet bulk;temperature‘of the cold'fluid‘
sﬁfeama | L | . -

~ The heat transfer coefficient based on the arithmetic
;\?ﬁifference,h, is ' |

"mean temperature

& .
o o h= 3 | 2.9
m
. Where
=7 -7 2.10
AT T, Te ( a)
or
AT =T, -T oy (2.10b)

m f W
/ R ,

and T, is the averagé recdrdea walidtemperatuke aﬁd'T, ‘s
fthé mean recorded fluid temperature. :
Eq. (2.10a) is used when the wall.temperatufe is higher
- than the fluid témpérature, and Eq, (2.10b) is used when the
wall is heated by the fluid. . |

Thg combined convection and fadiéfion heat tran;fer
cdefficiéﬁt of the air side 6§>the evaporatdr, hc:, can o~
either be obtaingd frpmvK. (2.9) or by adding the
'coﬁ;ectiverheaf,transfer coefficient, h.,,, and the
radiation heat transfer'caefficient,bh,ad, af done in [15]

and below

4 . N ‘8
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=h__ +h . O 2.11)
- .
A simplified method described in [16] is used to

calculate the radiadtion heat transfer coefficient

Ta4 4
hrad =0¢€

Ty (2.12)

—|
—i|

d W

where o is the Stefan;Boltéhan constant (o=5.§7x10"
W/m?-K*), e is the emissivity‘of the evaporator pléte
(e=0.6) [7] and Ta_is the mean airtagperature(thr5ugh the
evaporator. | ) ’

’ The'following assumptions are made when calculating the

working fluid heat transfer coefficient through the heat
source éxchanger: | | | ’
| - the working fluid flow rate ié equally distributed
. to the evéporator tubes. ) N :
| -~ the working fluid recover; heat at the same rate
“{n each evaporator tube.
. :

- the bulk temperature of the working fluid entering
an evapoéator tube is- the average of the lower tube
wall temperatufe and the temperéture of the.wo:king
flJid entering the evaporator; t, °*. |

- the temperature throuéﬂ the wall of the evaporator

*This assumption is made since the working fluid is heated
somewhat in-the lower header of the -evaporator panel and the:
actual temperature is_ unknown. This assumption is ‘only used
for single phase analysis. Similar analyses in Chapters 3
and 4 use the temperature of the working fluid entering the
evaporator. -
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tubes is the same for all the. tubes at similar

distance from the lower evaporator header.

Since the condenser tube wall temperature is unknown,
an empirical equation [17] for helicaily coiled tubes is

used to calculate the cooling water heat transfer

coefficient, h.. ‘ .
A a0 o173 &
h =713.65 + 0.08[1.0 + 0.08(—) JRe"Pr™"7} = (2.13)
c | 2R d
where
: , 4 .0-194 _
« = 0.5+ 0.2903 (-—) ’ (2.14)
2R

where d is the inside diameter the copper tube,.R is the
radius of curvature of the coil, Re is Reynolds number, Pr
is Prandtl number and k is the thermal conductivity of the

liquid. Reynolds number is defined as

O
G d

B

Re (2.15)
where u is the absolute viscosity of the fluidjpased on the

‘fluid temperature entering the heat exéhahgen. The mass flux
{'gﬁv N a .

G is defined as

cem. . (2.18)

[N
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where A, is the inside cross sectioﬁal ;rea of the tube..The
thermodynamic properties used 'to calculate Reynolds number
are based on ﬁhe tempeﬁ%ture of the entering fluid. This is
done because the fluid flow rate is measured at this
temperature aﬁd an exact value of Reynolds number can be
calculated. As it is heated in the evaporatér tubes, the
temperature becomes unknown at any location and the value of
Reynolds number can only be approximated. Prandtl number is

defined as

or =™ p (2.17)

R ’
3 A
X -
:\/ oL TEhG e,

The outside heat”t?gﬁéfgf coefficient of the condenser

e,
A "

coil, h,, 1is calcuiaged using the overall heat transfer

coefficient equation for circular pipes [18]. The heat

~conduction term is neglected as the temperature through the
& ;

&, copper tube wall is assumed constant. In rearranged form,

A,

L
Y
1,

£ the outside (fin side) heat fcransfer coefficient can be %

;+ " expressed as

h, = {—S2_ - A2y (2.18)

where A,, 1is surface area in contact with'the working fluid
and A,; is the surface area through which heat'is
transferred to the cooling waté:, The applied assumption is
justifiable since the thermal conductivity of copper is

high, 393 W/m'K [19], and the tube wall is thin.
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Nusselt number, Nu, is the dimensionless heat transfer

coefficient, and it is defined as

o
Q

|

N (2.19)

L

&3

Peclet number, Pe, is the product of Reynolds and

\

Prandtl humbers

Pe = Re Pr . ' (2.20)
\.

<

a

and the dimensionless group
Gz = Pe %- ) (2°2?)

is called Graetz number, Gz, where L is the total length ofy
one heat exchanger tube.

The working fluid‘préssure difference in the ﬁrimary
loop, APp, cauSéd by the gravitational fofces acting on the

fluid can be described as

i

APp = [ g p dh . (2.22)
PO

Assuming that the temperature varies lineérly between thé@

%

measuring points Eg. (2.22) can be simplified as follows:
spp = & {- (py + pp)Hyp - (0 * o3)pg

' | a + (94 + pl)H13} _ ‘ . . U (2'23)

where g is the gravitational acceleration and H is the
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',height difference between temperature measuring points as
shown in Fig. 2.3.

The heat exchanger effectiveness, ‘e, is defined [20] as

e = _C €O tci) (2.24)

and is valid for single phase fluid flow. Since the heat
rate capacity of the cold fluid stream, C., equals the
minimum heat capacity rate, Cmin, in this study, Eq. (2.24)

can be written as

e = teo = tei ‘ (2.25)
thi " e

where t,,, tc; and t., are the bulk temperatures of the
entering hot fluid, the entering cbld fluid and the exiting N
cold fluid respectivly. |
" The efficienéy, n, is in this study based on the second

law of thermodynamics and defined as

o ='5g£ ' .u 2.26
. ‘n Ao , - (2.26)

where A ., is the évailabiiity [21,22] of the cold fluid
. across the héat exchanger and A, 1is the max imum obtainable
availability for the hot fluid stréam in the hea® exchanger

for the particular system operating condition. The

expression for the system efficiency in Eq. (2.27a) below is
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valid for thermosyphon systems and is derived from

Eq. (2.26) according to [23].

ci (2.27a)

Q
where T, is the temperature of the reference environment.
The system efficiency for forced flow systems are calculated

using Eg. (2.27b).

.
co
(m cp)cf[T,co - Tei = To ]n(i"J]
n = = (2.27b P4
hi L.
(m cp)hf[Tm. Tho = Tg I1 T)] " '
0

i.ﬁ Resﬁlts and Discussion for SinglesPhase Theersyphon
| System
in-this section the overall system, evaporato;'and
condenser performances are discussed individually in

separate shbsections.. A summary of the operating

characteristics of the thermosyphon is shown in Table 2.4.

2.6.1 Overall system performance
:, The total heat rate recovered by the system, Q., as a
: v 5 ,
function of the temperature difference between the heat

source and the heat sink is show- in Fig. 2.4. An apparent
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TABLE 2.4:
FOR NATURAL FLUID CIRCULATION
VARIABLES - EVAPORATOR CONDENSER'
Air volume flow rate [m*/s] - 0.27-0.721
Air temperature [°ecy A - 75-96
Liquid mass flow rate [g/si 3.1-6.6 40
Inlet minus outlet water temp. [K] \ 4-11
Maximum outlet water temp. [°C] ‘ 25.
Heat supply (air) [W] o 1050-2500
Heat recovery [W] 700-1810
Wall heat flux [W/m?] ‘ | 560-13602 2260-6000
Heat transfer ¢oefficient [W/(m?K) ] + 28-120* 28-65
Overall heat transfer coefficieﬁt ‘ :
AT o [W/(m?K)] 24-55 160-273
Overall heatotransfer coefficient .
AT , [W/(m?K)] 18-38 86-183
Nusselt number 0.3-1.5%°2
Reynolds number - 19-381
200-425° 3500
Dean number -f200.
Graetz number - 0.5-1.0

Efficiency:

Effectiveness:

Notes:

LS w L 2] » -

2-6.5%°¢

6-14%° -

Cooling water
Working fluid
Based on AMTD

‘W.fl. flow (1 evap.tube)

Total w.fl. flow
Overall system

47
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linear relationship is seen between Q. and (T,,- T.,). The
heat recovery is increased with higher air flow rate (or
higher air velocity) thrbugh the evaporator. The increased
air velocity‘causes more air disturbance which improves the
heat transfer coefficient (discussed later) between the air
and the wall of the evap;rator panel.

The system efficiency is obtained by regarding the
primary loop, including evaporator and condenser, as the
system heat exchanger. Hence, the heating air is the hot and
the cooling water is the cold fluid stream used in
Eq. (2.27). The inlet cooling water temperature is chosen as
“the reference since it is the lowest temperature in the
global system’. The system efficiency results are shown in
Figure 2.6 and tabulated in Table 2.5. Figure 2.6 is a graph
of system efficiency versus average wall heat flux for the
wbrking fluid side of the evaporator. The system efficiency
increased with higher wall heat flux. However,'the low
efficiencies (2 - 6.5%) indicate the need for improved
system design. Since the heat exchangers are designed for
heat transfer by boiling or condensatlon, the liguid-phase
fluid ceuld cause lower system eff1c1ency than a two-phase
thermosyphon system, |

The system effectiveness is calculated, Eqg. (é.25)l by
regarding the working fluid loop as.one heat ekchanger. The

heat source represents the hot fluid and the heat™ sink

represents the cold fluid flowing through this assumed heat

'The thermosyphon system and the immediate surroundings.
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TABLE 2.5: OVERALL SYSTEM EFFICIENCY AND EFFECTIVENESS

AIR VOLUME  AIR VEL.. HEATING AIR  SYSTEM SYSTEM
FLOW RATE THRU EVAP. TEMPERATURE EFFICIENCY EFFECTIVENESS

[m*/s] [m/s], (°c] (%] | [%]

78.5 2.3 6.3

85.6 4.4 10.3

0.27 1.8 89.6 4.9 1.2

94.7 5.9 12.8

96.3 6.1 13.2

77.6 2.4 7.3

0.44 3.0 83.5 3.9 10.6

| 84.7 4.3 11.4

88.4 5.9 13.6

76.0 1.8 6.9

- . 78.8 2.6 8.9

0.57 . 3.8 81.9 3.4 10.9

83.8 3.9 12.0

84.3 4.5 12.7

76.1 1.7 7.3

0.72 . 4.8 78.2 2.5 9.1

81.1 3.3 1.1

82.2 4.1 12.6

ex;hanger. System effectiveness, e,, is shown as a function
of Reynolds number, Re,, in Eig. 2.7. This Reynolds number
is based on inside diameter of the main evaporator header
shown in Fig. 2.2b, and the thermodynamic properties are
based on the recorded inlet working fluid temperature, t;.
Apparently, the effectiveness is dependent on working fluid
Reynolds number and appears to be unaffected by different
heat source floﬁ rate (0.27 - 0.72 m®/s). However, table 2.5
shows system efficiency and system effectiveness for

different air temperatures, velocites and flow rates, and
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the the system effectiveness improves with increased air
volume flow rate (from 6.3 to 9.1% as the air flow rate,
witﬁ air at approximately 78°C, is increaéed from 0.27 to
0.72 m*/s). But the table shows that the system !
effectiveness is more dependent on the heating air
temperature than the heating air flow rate.

Total working fluid mass flux (based on total mass flow
rate and inside cross sectional area of the main evaporator
header) 1is linearly‘related to the density pressure
difference of the working fluid in primary loop, AP;i as
shown in Fig. 2.7. The figure shows clearly that the mass
flux increased with incregsing air flow rate. According to
experimental observations, increasing density pressure
difference corresponded to increased ailr temperature.

~_ However, variations of density pressure difference

N

- Eq. 2.23, are caused only by working fluid densityjchanges,
which are solely a function of working flu}d _ o erature,
Hence, the results in Fig. 2.é obviate that t. mass flux
(therefore mass flow rate) must .be dependent on another , ;iﬁ
variable a¢ well as the forces caused by density pressure
difference. As mentioned earlier, the bouyancy forces do
have a contribution to the working fluid driving forces
during thermosyphonic flow. It could be the effect of the
local bouyancy .-forces which caused the increased mass flux

shown for the higher air flow rates in Fig. 2.8.
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2.6.2 Evaporator results

The heat loss from the evaporatér to the surroundings
increased with increasing heating air temperature and air
flow rate. This is shown in both Figs. 2.9 and 2.10. The
heat rate released by the heating air in the evaporator is
shown higher than the heat #ates recovered by the working
fluid in the evaporator for corresponding data points’in
Fig. 2.9. The heat rate lost byAthe air to the surroundings
across the evaporator is shown as a function of both air
volume flow rate and air temperature in Fig. 2.10.
| The evaporator efficiency is shown as a function of the
average working fluid wall heat flux in Fig. 2.11. The
higher efficiencies obtained with iower air flow rates are
mainly caused by ;he lower heat losses from tﬁe air to4the
surroundings, as discussed above. The efficiency calculation
is based on thg surrounding air temperature, T,, as datum,
The relatively high efficiénpies (18 to 35%) compared with
the overall system efficiency (1.7 to 6.1%) suggest that the
energy losses around the rest of the working fluid loop are
responsible inypart for the low overall fystem efficiencies
(shown in Fig. 2.6). These¥id$§es, tabuiated in Table 2.6,,w
may be caused by flow obstfd;tions (i.e. installed measuring
instruments or inefficient system design) and heat losses
across thé connecting tubes and condenser to,the
surroundings. Heat loss across the tube insulation varies

from 21 to 74 W, while the heat loss across the condenser is

in the range of 0 to 65 W as seen in Table 2.6. The sum of
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TABLE 2.6: HEAT TRANSFER RATES FO?.W.FL. AND COOLING WATER

IN

COND. AND HEAT LOSS ACROSS TUBE AND CQND. INSULATION

AIR VOL.

FLOW
RATE

[m°/s]

0.27

0.72

AIR
TEMP.

[°cl

78.
85.
89.
94.
96.

77.
83,
84.
88.

B~ 0O

76.
.78.
81.
83.
84,

W O\ 0O

76.
78.
81.
82.

w~Jonon,;m

N =N —

HEAT
RELEASED ABSORBED LSS
BY W.FL.,. BY ACROSS
WATER g COND.
. M r -
[w] (W] [wl-
754, 689. 65.
1248. 1240. . 8.
1443, 1430. 13,
1761, 1739. . 22.
1810. 1810. 0.
844 . 785. 59,
1259, " 1232. - 27.
1359, 1354, 5.
1721. 1721 0.
745. 701. 44,
1001. - 962. 39.
1230. 1224, 6.
1389, 1389. 0.
1505. - - 1478. 27. .
811. 754, 57.
999, 965. 34,
1261. 1240. 21,
1464, 1451,

HEAT -

HEAT

13.

HEAT

48

.

TOTAL .

LOSS  HEAT

ACROSS LOSS
CONNECT. EXCL.
TUBES EVAP.
(W] (w]
'26. 91.
50. 58.

43, 56.
50. 72.
74, 74.
21, 80.
.° 36. 63.
35. 40.
25. 25.
21, . 65.

- 28. 67,
v 50. 5-6.
56, 56.
38. 65.
22, 79.
26, 60.
34. 55.

- 35. 48.
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these two heatulosseé, 25 - 91 W, normally between 5 - 15%
of the heat lost from the air to the surround{ngs in'the
evaporator. However, for the léwer heat reéovery rates, this
heat loss gets as high as. 45%;pfbthe heat lost by the air
across the evaporator. This indicates that the heat loss
around the primary loop excluding the evéporator is another
factor yhich affécts the overail system efficiency.'Even

though the évaporator efficiency results, n,, (18 - 35%) are

several times larger than the values obtained for the

overall system efficiency, 7., (1,% - 6.1%),‘¢vaporafor
efficiencies less than 35% indicat;s the obvious need for an
' improved evaporator design for single phase water a§~a
' working fluid. |

| ~ The wall~tempera£ure distributions along evaporatér
tube no. 4 of evaporator panelé 1 and 3 (acquired from the
same‘data'sets ére shown in Table 2.7..The locations of‘the
temperaturé measuring points»giong ﬁhe tube are indicated on
the schematic diagram shown in Fig. 2%2b;—§6me differences
are seen between the twé.wall teméerdture distributioas in

Table 2.7. The temperature differences cobld be caused by an

" uneven working fluid flow distribution through the

evaporator tubes. According to isothermal flow distribution .
tests which were done with the evaporator without the upper

main header, the flow was very unevenly distributed between ,

-

the four ,panels. The results from these tests are showr in
Appendix III. However, care must be taken when makingrahy

assumption about the working f%g}@ flow distrib%}ion through

3 T
s By '
aﬁw s e
AT N
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the evaporator basdd on these isothermal flow distribution
tests. These tests were done to an open system, while the

eﬁ%efimental system was a closed system. Moreover, the
9 ) 2

. LJ .
evaporator had no upper header during these flow

distribution tests and‘yhi% might chahge the distribution_
through the evaporator sign;fibantly._Hence, it haé to be
implied that the assumed uniform flow rate and avérage heat
tréqsfer distribution across the 32 evaporator tﬁbes
(discussed in Section 2.5) are not étrictly correctl
Nevertheless, they are the best assumptiones which can be

made with this particular apparatus and are used for the

éapa_analyses.

Heat transfer calculations based on the evaporatqr wali'
temperétuge are using the wall temperatures recorded for
tube no. 4 ég%yvaporator panel 3. The tube wall temperature
disﬁribut%@hk%or this evaporator tube is shown for air flow
rates 0.27 and 0;72-m3/s in'Figs. 2.12 and 2.13
reépgctively.
| H’The tube wall temperature is higher for lower air

températures when the distance from the lerr evaporator

header is less than approximatély 900 mm. Above this

o*
W

distance the thbe wall temperatures are highest for the ‘
highest air temperature as seen in Figs. 2.12 and 2.13. This
is a result of the lowersair temperatures creating smaller

driving forces in the primary loop. Lower working fluid

"drivihg force makes the working fluid travel slower through

v

Eheiévéporator tubes. Hence, the tube wall temperatures are 3@
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TABLE 2.7: EVAP. TUBE WALL TEMPJ'DISTRIBUTION FOR
TUBE No.4 ON EVAPORATOR PANELS 1 AND 3

I

!

DISTANCE FROM EVAP.TUBE EVAP.TUBE
THERMOCOUPLE TO WALL TEMP, = -  WALL TEMP.
LOWER EVAP.HEADER B

, PANEL No. 1 , PANEL No.3

fmm] (°c] [°C]

0 31.7 31.8

196 52.6 - 52.1

392 63.8 62.5

588 69.7 69.0

784 72.9 72.8

380 ' 74.8 74.7

1176 . 75.8 75.9

1372 , 76.5 76.6

1568 - 76.9 77 .1

1764 77.4 77.5

higher for iqwer air temperatures in the lower section of
fhe evaporator, as there is more time for the air to heat
thé working fluid ahd‘evéporator wall. Atvhigher air flow
rates, the evéporator tube wall temperature approacﬁes the
air temperature a shorter distance from the lower eQaporator
header as seen when-Figs. 2.12 and 2.13 . are compared. This
is due to the improved air side heat transfer coefficient at’
higher air flow rafég, this is discussed later in this
subsection.’ |

The overall heat transfer coeffibie}t fdf,tﬁevx

o

evaporator based on the arithmetic mean temperature

) :
difference is plotted versus the average wall heat flux for
3the*working‘fluid side of the evaporator in Fig. 2.14. The

overall hea% transfer coefficient for the evapof@tor basedv.

5

- b
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-on tﬁe iogafithmic mean temperature difference is plotted
versus the same wall hegt flux in Fig. 2.15. The overall
heat transfer coefficient based on the logarithmic mean
temperature difference givés the higher results of thektwo
heat transfer coefficients. 1"5 is because the arithmetic
temperature difference is larger than the logarithmic mean
temperature difference, which is according to the heat
transfer theory [24). The overall heat transfer coefficienﬁs“
’are seen to be strictly dependent on the wall ‘heat flux

: %
which 'is'as expected according to Eq. (2.6).

Thé7combined convecééon and radiatiod heat transfer
coefficient is seen to Bekhighly dependent upon the heat
source flow rate in Fig. 2.16. This is expected, because
higher air flow rate (air veloéity) through the evaporator
" would cause more aiqgflow disturbance, hence the heat
transfer coefficient‘kould increase. For the three highest
air flow rates, the heat transfer coefficient are highestk
when the wall heat flux is lowest as shown in Fig. 2.16.
This is because the mean evaporator wall temperature, T,
was relatively constant (66.4 - 69.2°C) over the operating
range of the‘tests, while the mean air temperature changed
significantly (73 - 85°C). The difference between these two
temperatures was used to calculate the heat transfer
coefficient, Egs.,h (2.9) and (2.10b). The operating values of
the average wall temperature, the average heating air
temperature and the difference between these two

temperatures are tabulated in Table 2.8. Regardless of the
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increasing wall heat flux, the heat transfer coefficient
decreased, as seen in Fig. 2.16, because of the relatively
higher increasing temperature difference, AT,. However, the

differences between the heat transfer coefficient values for

‘the same air flow rate are small (maximum 1.0 W/(m®K) ).
' This air side heat transfer coefficient is calculated based

~on the outside heat transfer area of the evaporator while

the overali heat transfer coefficient is calculated based on
the almostfsix times smaller inside surface area. This

causes the ‘air side combined convection and radiation heat

3

transfer coefficient to be smaller than the overall heat

transfe:‘COéfficient for the evaporator; The radiation heat

.
5
i

transfer codfficient shows small, but obvious, increasing

values as the th¢>differepte between the average air and the

- average wall temperature %Ccreésés in Fig. 2.17. These

increasing heaf g;absfer c éfficiénts are as expected
according to Eq. (2.12); The relatively small temperature
differences, from 5.6 to 22.5°C as shown in Table 2.8,
caused the minimal diffefence between thé lowest, 5.5 W/m?K,
and the highest radiatidn heat transfer coefficient,

5.7 W/m?K, ’ | .

The ‘heat transfer coefficient for the working fluid
side of the evaporator, h,,‘is shown versus 'the average wall
heat flux for the working fluid side of the evaporator, Gy,
in Fig. 2.18. It is apparent for a gtven wall heat flux the
heat transfer coeffiéiént decreased with increasing afr flow

rate. This isﬁmainly caused by the fact that the heat loss
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from the heating air to the surroundings increases with
increasing air flow rate. This is discussed with-Fig. 2,10
earlier in this section.

The relationship between the same heat transfer
Coefficient,\h#, and the average working fluid mass flux for
one ev%Porator tube, G,, is shown in Fig. 2.19. As the
heating air flow rate increased, the same heat transfer
coefficient resulted in increased mass flux.

The evaporator and the condenser wall heat fluxes
caused the temperature differences around.the working fluid
loop. These temperature differences created the natural
working fluid circulation due to the action of the bépyancy
and gravitational forces on the working fluid. The average
working fluid mass flux based on the inside cross sectionél
area of one evaporator tube is plotted-as a function of the
average evaporator working fluid wall heat flux in
Fig. 2.19. It is clearly seen how the mass flux is
functionally dependant on the wall heat flux.

| Nusselt number for the wquing fluid in the evaporator
is plotted versué the evaporator tube Reynolds number, Re,,
in Fig. 2.20. The Reynolds number is based on the mass flow
rate through one evaporator tube. Nusselt number results
observed in the figure are sd?prisingly low. This 1is
believed to be caused by the wquing fluid flc¢  being
hnevenly aiStributed to tﬁe 32 evaporator tubes, as ‘
mentionej/(h Appendix III and in the discussion referring to

Table 2.7. Hence, the heat transfered from the air to the

!
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‘¥ABLE 2.8: AVERAGE RECORDED AIR AND EVAP. TUBE WALL TEMPS,

AND THE DIFFERENCE BETWEEN THESE TWO TEMPS.

78.
85.
- 89,
94.

HB6.

" 77.
83.
84.

76.
78.
81.
83.
84.

76.
78.
81.
82.

w oo > J OO w 3o,

N — N —

. 6.

81
85.
89,
90.

75.
80.
81.
84.

73.
76.
79.
81.
81,

73.
75.
78.
79.

0

.8

2

~I RN O [Vo N e AW e W an)

o U1~

. L] . . L]
oo @

LWV oo

NN —

N —

ﬂ%.

~J
e o e o o
NONnOoOg

12,.8
13\7
17.0

5.9

8.3
10.5
120

[@RVe JLN NS}
~NwNo

%workﬁng fluid is incorrectly assumed to be averaged across

the evaporator.

. vhich can be made under‘the cirumstances,

)
kL

Nevertheless,

this is the best assumption

as mentioned

'eazlle? The low worklng fluid flow rates (Re;=19 - 38)

!',Jg 3'

.xyfcould be another factor causing the low Nusselt number

?fesults

Experlmental observations have shown that Nusselt

number has a lower 11m1t of 4.36 when the heatlng source

d

,t*wall heat flux is constant,

and 3.66 when the heat transfer

surface has cohstant wall temperature - [25].

Tconducted ﬁor this work,

.

The expefiments

were conducted with neither
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constant wall heat flux nor constant wall temperature:-

condition. However, McAdams [26] has showed .

r

¥ . Nu=26z - | (2.2
as a limiting empiricab value applicible:to forced flow and
natural convect1on through vertlcal c1rcular tubes The
experlmental values are comparable to this 11m1t as shown
in Fig. 2,21, where Nusselt number is plotted versus the

inverse Graetz number. Graetz number,\s based on one

4

,evaporator tube and its inside drameter. The ‘relatively high

/~:

o
23

" . L .
inverse Graetz number®27], seen in Fig. 2.21, is due to the

extremely low Reynolds numbers (19 - 38) observed: in

F

’ Flg 2.20,. and the’ large L/d ratio shown in Table 2, 1.

v_n D | /

2. 6 3 Condenser results T S * .

The heat losses from the worklng flu1d to the

’

surroundln?s apross the condenser did never exceeded 65 W as

shown in Table 2.6. Cooling water heat recovery rates larger

[%d

_than 1 0 kW showed less than 2% of the heat rate recovered

by the coollng water was lost across the condenser whlle

the heat loss*1ncreased to 9.5% of heat recovery whe\ thls

'r:recovery rate was less than 1.0 kW. It is uncertain why the

o

- heat lo%ges were hlgher’144 - 65y W) for heat recovery rates

Y
%4

yf below o\gw than the heat losses (0 =-.39 w) resulted from “f

\') ® “ .

:fheat recovery rates above +0 kW. However, the low worklng

oo

flUId flow rates encountered w1th these 5ecovery rates could -

.oe

be éne reason. The slower travelllng flu1d allows more’ t ime

]

K

%
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for heat loss from‘the,working fihid to thefsurroundings. As
well, the low)flutdh:elocities might not allowéoompfete
working fluid mixing-after ‘the wire meshes, hence, the
measured‘temperature would not be indicative of the true
bulk temperature /

The relatlonshlp between the working fluid heat

recovery rate in the evaporator and the coollng water heat

@ﬁrecovery rate in the condenser is shown in Fig. 2.22. The

é}':v

‘water heat recovery rate).

llnear relatlonshlp indicates ba51cally constant heat loss
L]

from the thermosyphon loop to the surroundings.” This heat

loss, shown‘in Table 2.6, was always between 25 and 91 W

(1.5 - 13% of the cooling water heat recerry'rate), and

normally, it was between 40 and 80 W (3 - 10% of the cooling

L . A ind

The overall heat transfer coefficient for the condenser

is based “on thetarithmetic, mean temperature difference and

inside..surface area of the condenSerdcoil. This overall heat

+

transfer coefficient is plotted uersus the wall heat flux

‘ %

: for the cooling water' side of the condenser in Fig. 2723.

The apparent fuctional relatlonshlp between*the overall heat

'3§§gtr$hSEerbcoefficient -and the wall heat flux is as expected

a
Tk
®

according- to the definiti f ‘the. overall heat transfer

: &
coeff1c1ent based on the arléhyetlc temperature dlfferénce,
'Eqs. (2.6) and (2.8). . s

2R Doe o v
The overall heat transfe coeﬁf1c1ent of the condenser

based on the arlthmeﬂlc temperature dlfference and the

- working fluid masg~tlow rate through the condenser are Shown

. | 'xﬂfl > {

‘
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as axes for the graph in Fig. 2.24.
The estihated outside heat transfer'coeffioient of .the
condensdt coil, Eg. (2.18),~ is shown versus the worklng

fluid mass flow rate through the condenser in Fig. 2.25. The

\:"-

results for‘the overall and the outside heat transfer
»coefficieﬁts of the condenser show a similar relationship
with the working fluid mass flow rate through the condenser,
as seen in Figs. 2.24 and 2.25. This is logical when knowing
that the calculated inside heat transfer coefficient of theﬂ
coil is high relative‘to the overall heat transfer.
coefficient, as shown in Table 2.9 which tabulates the

¢ Q

overall, the inside and  the outside heat transfer

»

coefficients for the condenser. The 1E?lde, cooling water

s}de, heat‘transfer coefficient for the condenser is much

_;tjﬁnfanaorder of magnltude hlgher than the overall heat

transfer coeff1c1en€Wof the condenser The resistance t@@
&

heat transfer through uhi condenser tube wall is assumed @
¥ > #‘ o

negllglble (as dlscussed in Sectjon 2@?) Therefore, the low.

. /

overall heat transfer coeff1c1ent ﬁhlch yere: caLculated from‘

5~

. the test data has to be caused by low values for the ou?%lde

heat transfer coefficient of the condenser c01l. The.outs1de

Y Y i ':*;

heat transfer coefficient€76r the coil is seen to be of.
similar magnltUde as the The ovegall‘heat transfer

,coeff1c1ent when the results in Figs.,2.24 and 2.25 are

L A i . . . P R g -
compared. The‘overall heat transfer coefficient ls based on -

X
the inside surface area whlch is three tlmes smaller than

the out51de surface area; hence, the overall heat transfer

] - . . RN .
R L . v A
- - R K s .

! ’ ] ,/[
r 4 . - -
4 . ' . . , , r . T
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TABLE 2.9: OVERALL, INSIDE -AND OUTSIbE HEAT TRANSFER
] COEFFICIENTS FOR/TgE CONDENSER :
A} \
Va \'.v'_ tai Uc . e 'hc A . .hZ |
[m?>/s] [°C] [W/(m?K) ] [(W/(m?K) ] (W/(m?K) ]
78.5 7. 2310 .0 29,
85..6 138. . 2260 T 47,
0.27 - 89.6 153, 2310~ . 524
94,7 173, 2230 ., . 60.
96.3 183. 2270 63,
) 77.6 99, 2310 33,
0.44 .  83.5 142, 2280 '__48 s
, 84.7 154. 2270 xg53,‘ﬁu
88.4 182. 2220 3.
76.0 9. 2290 Co3.
78.8 120. 2300 40.
0.57 , B1.9 147, - 2270 50.
‘ 3.8 " 162. 2270 564
4.3 168. 2260 - 58.
: 761 100, S\ L2290 . 33,
. 0.72 78.2 122. 2280 41,
\ 81.1 - 149, X" 5280 51,
g . 82.2 167. [ 4 2240 58.
3 . LY
; .
o

coefficient isﬁ&arger than the outside hea%t' tra,%r

coefficient. ~ o

. o .

2.7 Results and Discussions for Forced Circulation Flow

The experiments were conducted using the same ffeating
v = « . ..j

air._flow rates (0.27 - 0.72 m*®/s) as ysed for the
) ‘ ‘ « ,

thermosyphon. tests discussed@&n the previous Section 2.6.

However, to limit the numberbofbdisplayed figures and to’
av01d overcrowded flgures, malnly the results obtalned with

x@'

- air flow rate 0. 44 m?/s are shown 1n thls section. Short

v -
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comments‘are occasionally made where different heat source
- flow rates alter the results significantly. Only air volume
flowprate, 0.44 m*/s, is being analysed during two-phase

thermosyphon tests, which is the reasgh for discussing the
, : ; a .

particular flow rate in this section.

A summary of the operatlng characterlstlcs for the

forced working fluid c1rculatlon tests are shown 1n

Table 2.10. ‘ , “;w»{~

2.7.1 Overall systbm‘performance

FY

The 1nlet coollng water temperature, t.i, 15 kept

nearly censtant (13 +O 5°C) for all these tests. Therefore,

;ﬂ@
] the dﬁfference between the 1nlet air temperature, t.;, and

the 1nlet coollng water temperature, tc.,ﬁseen in Fig. 2. 26
. .‘f%,. g K d
is ba51cally caused by ‘the increafe-of. alr temperature
o
which is 1ncreased‘from 40 to 70°C in in€rements of 10°C. .

¢

This temperature difference is plotted as abcissa in the ~
figure where the heat rate recovered by the cooling water is

the ordinate. Increased air temperature increased as
! \ b g

expected she heat recovery rate>since more energy was
rgtransfered with the air at hiurer temp€ratures. An increase

“of the air flow ﬁate from 0.27 <o 0.72 m*/s 1ncrea< - the
- .’h -
ﬁheat~recovery rate more than 00% for all four air
Wtem eratures. This is caused by more_air disturbance throu
D! : Y e-lr. igp

. S . .
the evaporator, hence an incréased heat transfer coefficient

© ¥rom the air to orat heat transfer surface, as

discussed in Sed

e

*6 for Flg 2.16.



68

TABLE 2.10: SUMMARY OF OPERATING CHARACTERISTICS
FOR FORCED FLUID CIRCULATION

VARIABLES EVAPORATOR CONDENSER'
Air volume flow rate [m?®/s] 0.27-0.72
Air temperature [°C] 40-70
Liquid mass flow rate [g/s] 4.5-20.0 40
Inlet minus outlet water temp. [K] . 2-14
Maximum outlet water temp. [°C] 2?.2
Heat agpglz:(air) (wl 500—26@0
Heat fécove}yb[w] ’ ’ . . 400-2400
wall heat flux [W/m?] . ™~ 240-17007? 1300-7;&0
Heatv %f@% @oeff1c1ent [(w/(m*K)] 40-500° ‘t36—18b
e §# t ~ MW o :
Overall beat transfer co&ff1c1ent : ‘
[w/im*«)] ’ 24-63° 110-440

Nusselt a :g% 0.5-6.0%°3
emeldimgber BT e
tok h“g e L ) B
Dean number = e o 1200
wgréetz number 0.4-2.7 47
fencg 2-11%¢
“gétlved€§§ 8 25%¢
Sy Notes: Y
SN ! Coollng water : -
* Working fluid ' . \
* Based on AMTD .
¢+ W.fl. flow (1 evap.tubé) - >/
5 ‘ .

Total w.fl. flow
Overall system

.
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The system efficiency is plotted versus total working
fluid Reynolds number, Re,, in Figure 2.27. The efficiency
increases more than three times as Reynolds number 1s

increased from approximately 300 to approximateiy 1400,

_ However, a maximum system efficiency of 11% is not

satisfactory, and the need for different woking fluid or

system design is confirmed also for forced fluid circulation

. tests. Higher air temperatures, improved the system

efficiency as seen in Fig. 2.27. For the same working fluid

£ You raees 3 to 6.5 g/s the system effieiency has decreased

(2 - 5%) for the forced flow conditions compated with the
thermosyphon fesuits k2 - 6%) shown in Fig. 2.5 for_the same
working fluid flow rate range. This is not surprising since {*V

the heating temperatures are lower for the forced

k”c1rculatlon tests The"system effectiveness is plotted

SO

by

versus the same Reynolds number in Fig. 2.28, and'the

heatlng air temperature does not have any apparent’ effect on

‘ﬁthe system effeqtlveness.

rh

THe effect1venss (8’ 14%) values are the same, as - s
experlenced WIth the natural c1rculat10n tests (8 - 14 5%
shgwa in Flg. 2.6) for the same worklng flu1d flow range,
Reygolds number between 250 and 450, .Hence, it is obvious

that the forced CichTSEQQn system does not perform any more

'effectlvely than the natural flow. c1rculat10n It 1is purely

the ablllty to obtaln hJ%her working flu1d f ow rates w1th
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Fig. 2.27
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2.7.2 Evaporator results ’
The evaporator efficiency is plottea versus the worh;ngl-‘

fluid Reynolds number in Fig. 2.29. Reynolds number is based

on the assumed working fluid flow rate through one “ ," t‘.

evaporator plate, the-inside evaporator tube diameter and o

-

N
the assumed working fluid temperature at the tube enterance.

The decreasing efficiency observed for contant air

temperature as Reynolds number is increased, is a result of" |

R

the controlled air temperatute. For a particular air
temperature, the system recovers a certain optimum heat'rate
before the system efficiency begins to decrease. The
Reynolds numbera which resulted in this optimum heat
transfer is 40 for t.;=50°C and apprpximately 60 for both
ta;=60°C and tai=7d°c. The optimum Reynolds number cannot be

determined from Fig. 2.29, since this value appares to be

>

below the lowest Reynoids nuber value of 23.
Figs. 2.30 - 2.33 show the wall temperature

distribution along evapOrator tube no. 4 of panel 3 for air

flow rate 0.44 m’/s. Fig. 2 30 shows th® wall temperature

distributions as a function of all four working fluid flow

-

rates and t.;=40°C. The same parameters are studied in

4

Fig. 2.31, but for t,,=60°C. The wall temggrature approaches

the heat source temperature at a distance farther away frOm

thecevaporator header the higher the work;mg fluid mass flow
rate. For the highest working fluid flow rate (20 g/s)ﬂ ;, ‘.,
there arglseveral'degrees difference betweeh the highest'

wall temperature and the heating air temperature.ﬁ

b}
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Fig., 2.32 sho?s the’same Qall temperapure,distributi§n 
as a function df'the Heating air témpératures at cqﬁstant
(4:5 g/s) w&rking_éyuia flow rate. Similar cqnditions are
revealed in Fig. 2.33, butlgpg‘highér workingfflhid'flow
rate (yo;d‘g/s). Itfi%'ﬁéqh from these two frgu:es that the
max imum waff temperature ié re .ed a shortéf distance from
the lower evaporator header the ®ower the heating air
temperaﬁ@;g. : | . |
AVerége wall heat flux for the working fluid side of
the evaporator versus working fluid mass flux} G,, for one
evaporator tube 1g plotted in Fig. 2.34. Incréased working
fluid mass flow and increased heating air temperature both
resulted in increased wall heat flux as shown }n the figure.
Hence, the heat transfer is contfolied by heating'soﬁrqé

temperature and working fluid mass flow rate when the
L3

-

heating source flow rate 1sgconstant.
The heat transfervcbefficient for the working fluid

side of the evaporator is plotted versus working fluid mass
flux for the inlet of one evaporator tube in Figs. 2.35 and
2.36. Fig. 2.35 shows results from the tests performed with
air flow rate 0.44 m’/s, while the data in Pdg. 2.36 |
résulted from tests conducted with 0.72lm°/s as the air
volume flow rate. Different isotherms résulted in minimal-
changes,'normally less than 5%, of the heat transfer
.coefficienfﬁrgéﬁlts. Ht@ﬁ;f wgrk’ fguid flow réthsv
increa;ed the heat transfer‘hore han an order of maénitudg;'

as the working fluid flowﬁyate;wa increased from 4.5 to

; A
k;_\_ﬂ] ; E : . . )vﬁ .
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20 g/s. It is seen from these two figures that -the heat

transfer coeffitientvfor the working fluid side of the

| \ ‘ _

_evaporatbx,éeéreasqd wiﬁhlrﬁefgasing aingolume flow rate.

Thig is the s;me result which is obtained from Fig. 2.19,

vand it is believed to %f.the result of incfeased heat loss

from the air to the surroﬁndings across tﬁe evapotator.fThe
heat ,loss increased with increasing air flov rates as shown
;in Figs..2.9 and 2.10. )

Nusselt number versus Reynolds numbel,‘Re,, is plotted
in Fig. 2.37. The results approximéted the thermosyphon
results, Fig. 2.20, over.the same Reynoldé number range. The
small discrepancies are believed to be caused by the
different heating air temperatureé used for the two systems’
(40 - 70°C for forced flow ané 75 - 96°C for'thermosyphonié'
flow). |

Nusselt number ver%us inverse Graetz numbe} is plotted
'in Fig. 2.38. Prandtl number’is one of the independent
variables used to calcdlate{Graetz number, Eqs. (2.20) and
(2.21), and it dec}éased with ‘increased yofking}fiuid (and
“air) femperafure, behce Graetz number inc;eased as well. It

is this effect which is seen in Fig. 2.38 where inver'se.

Graetz number is shown to increase as the air temperature

-

increased.

2.7.3 Condenser results',;v

The overall heat tranQiér coefficient and cooling water

wall heat flux "are showﬁ in Fié] 2.39. This heat transfer

A
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coeff1c1ent shows only small changes, less than 5% of the
heat transfer coeff1c1ent values as the air temperature is
increased 'from 40 to 60°C. Th)s is caused by the 1ncrea51ng
temperature difference between average working flu1d and
aVera e eooling water throu%n‘the condenser, shown 1in

N 1. The increasing cooling water heat recovery rate,

or wall hQeat flug,.isvnet sufficggnt_to increase the overall’

heat transfer coefficient over this temperat!;e‘range
(40 - 60°C). ﬁbwever, as the temperature is altered from 60

to 70°C, the heat rate transferred to the cooling water is
t

high enough to inérease'the heat transfer coefficient. It 1is

only the highest air temperature (70°C) which;transfers

enough heat to increaSe‘the heat transfer\ ficient. For a

certaln wall heat flux the overall hea% transfer coefficient

L was lower than what was experlenced fog the thermosyphon
X }'ﬂ |
\\’ :

flow result shown in Fig. 2.23. This is due to the lower

heating‘temperatures used during the forced flow tests. It
is noticeable however, that the results shown in Fig. 2.38
for the highest air temperature ané the two lowest working
fluia flow rates (4.5 and 6.5 g/s) are nearly the‘same as
the thermosyphon results. The overall Heat—transfer
coefficient is fundamentally dependent on the working fluid
flow rate, Egs.(2.1). and (2.6). It is this dependencydwhich
results in the improved heat transfer coefficient with
increasing‘working fluid mass flow rate, shown in Fig. 2.38.
Fig. 2.40 shows the estimated working fluid heat

. ¥
transfer cpefficient for the condenser versus the working
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i

TABLE 2.11: WORK&NG FLUID AND COOLING WATER TEMPS., HEAT
g RECOVERY RATE AND OVERALL HEAT .TRANSFER.
COEFFICIENT FOR THE CONDENSER

t., AT

m, toai ty  ta e Q. U,
[g/s] [°c] [°cl [°cl [°c]l [°c] [°cl] (w] [W/(m?K) ]
40 36,1 13.2 11.9 14.3 11.6 404’, 1
4.5 50 45.5 13,6 12.0 15.0 . 18.1 536. 1
60 53.8 14.3 12.3 16.4 19.7 665, 111
70 61.7 15,5 13.4 18.6 22.6 869. 1
49 35.9 14.0 11.9 15.4 11.3 582. 169.
6.5 50 - 45.6 14.9 12.1, 16.9 15.8 803. 167.
6Q 54,2 15.8 12.5 18.5 19.56 991, 167.
&0 62.2 16.9 13.4 20.9 22.4 1242, ‘ 183.
40 34.4 15.9 12.2 17,1 10.5 818. 257.
10.0 50 43.%5 17,0 12.2 18.9 14.7 1121, 252 .-
60 51.9 18.3 12.8 21.2 18.1 1391, 252.
70 59.3 19.3 13.4 23.7 20.7 1716. 272.
40 343 18.7 12.5 18.7 9.4 1044, 367,
20.0 50 ~-38.3 20.5 12.3 2t.2 12.6 1480. 384.
* 60 45.4 22.6 13.1 24,2 15.3 1840. 395.
70 51{.0 23.8 13.5 27.2 17.0 2262. 437,

" AT=0.5(ts+t4)-0.5(tc *+teo )

_ﬁluid'maés flow rate. For the same working fluid flow réte
changes (4.5 to 6.5 g/s), the results for the outside heat
t;énsfer coefficient of the condenser coil show only small
differences coﬁpared to data resultéd from the thermosyphon

analyses, Fig. 2.25.

2.8 Concluding Remarks
The purposes of these single phase tests were to obtain
a general understanding of the system behaviour and to

acquire characteristic system operating parameters which
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will be apﬁiicable to the two-phase working fluid test
~analyses. ’ '

The thermosyphon tests were conducted with four heating

- air flow rates (0,27 --0.72 m*/s) and the air temperatures
weré in the range.of 75 - 96°C. The cooling water operating_
parémeter; were not changed: the flow rate was 40 g/s and
the condenser entrance temperature~was 13°C. Working fluid
pressure was 110 kPa abs. when the tests commenced.

The thermosyphonic flgw test r;sults shgwed system heat

- recovery rates in the range 650 - 1800 W, condenser cooling
water exit temperétunes ffom 18 to 25.5°C and working fluid
flow ratés between 3.4 and 6.6 g/s. -

Y The same air volume flow rates (0.27 - 0.72 m®/s) were
u;ed for the forced circulation tests, while the.heat source
temperatures were varied between 40 and 70°C. Four working
fluid flow rates (4.5 - 20.0 g/s) were used with the same
condenser cooling water inlet.ope:ating conaitions as the
thermosyphon tests.

The forced circulation tests resulted-in-cooling water
heat recovery rates between 350 - 2400 W, while the cooling
water exit temperature‘ranged between 14.5 - 28.7°C.

The system efficiencies were 2 - 6.5% for the

thermosyphqn tests and 2 - 11% for the forced flow tests.

The maximuf evapoga;or efficiency, (35%) for both +#

the;mosyphbniC'and forced flow, indicated that the major

cause for the low system efficiencies was the evaporator

design.
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The total heat Less to the surroundings across the
working fluid loop, evapomator excluded was generally
between 40 and 80 W and never ‘as much as 100 W. This heat"
loss[yas normally less than 4% of the heat recove;y rate by
the coolingmwater. Hence, the heat lossesvécross the
condenser can be neglected in latéﬁ analyses, since it was
less than 2% of the heat recovery. This will be done for the
two-phase working fluid analyses. (

The heat loss from the air to the surroundings across.
the evaporator, 250 - 970 W, will be used as the standard
heat loss for two-phase flow for the particular air flow
rate.

The natural and forced circulation tests show similar
results for the same working fluid flow rates, and the
results from both experimental methods indicate the

necessity for system modification for use with single phase

water as a working fluid.
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3. A Closed-Loop Two-Phase Thermosyphon System Using Water
under Partial Vacuum as Working Fluid
Summary ’

The steady state operation charactéristics were studied
for a two-phase closed-loop thermosyphon system which used
water under partial vacuum as the working fluid.

The tests were conducted with gir as the heating fluid.
The air flow rate was constant, 0.44 m?/s and the
temperature entering the evaporator was controlled ranging
from 55 to 78°C. The results are discussed for the highest
primary loop vacuum (21 kPa abs. pressure) and four
different working fluid charge levels, as well as the effect
of open and closed liguid-vapour separator. The cooling
water conditions were not changed. The mass flow rate was
40 g/s and the temperature gntering the condenser was
approximately 15°C,.

The system efficiency ranged from 6 to 11%. The heat
rate recovered by the cooling water varied from 900 to
2300 W and the cooling water exiting from the condenser was
in the range 20 - 30°C.

The experimental results are compared with both single
phase thermosyphon results and empirical equations developed

for heat transfer with two-phase fluid flow.

85
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3.1 Introduction

A two-phase clBsed—loop thermosyphon 1is udied with
water under partial vacuum as the working fluid. 1£°
‘reasonable system performance is obtained, further research
with such a system would be in order, as water has numerous}’.
advapntages as working flu{d (mentioned in Chapter 2). The
resul;s from these tests are compareBl with the single phase
test results discussed with water as the working fluid in

¢

Chapeter 2.
| % A two-phase heat recovery system is assumed to have
superiority over a single phase system, especially during
low grade heat transfer. Because of the latent heat transfer
process occuring for a two-phase system, more heat can be
transported between the heat source and the working fluid
before the difference between !te two temperatures of the
fluidsxuj;fhes. Generally, the differences between the hgat

sink and Weat source are between 15 - 60°C for low grade

heat recovery. )

If the wall heat flux from the heat source "is large, it
1s advantageous for the system performance to use a working
fluid with high latent heat capacity, like water. Because
" large heat rates can be transferred from the the heat sour e
to the working fluid without superheating the latter fluid.

| The experiments were conducted varying the following
system parameters; air temperature (55 - 78°C), absolute

working fluid pressure (21 - 47 kPa), working fluid liquid

level (41 - 100% of the distance between the lower



87
evaporator header and the horizontal centre line of the
cohdehser)qand dowhcomer‘line of the'liqoid—vapour'separaﬁpf
(open - elosedY. Othervsystem‘operating pa;ameters suph as,
heating air flow ratel(df44’m’/s), oooling water flow rate
(40 g/s) and cooling water temperature (approx1mately 15°C)

were not changed for .any of the tests.

| - \:_..J o - | : : vk f

. < ':A :

3.2 Experimental Apparatus, Instnumentat1on and Calibration
4 Only minor modifications were made to the prlmary loop

H described in Chapter 2, Sectlon 2 2. The rotameter was

”replaced by a turbine flow meter and ahother turbine flow
meter was 1nstalled in the downcomer line from the

, " )

11qo1d~Yapoqr separator. Thé water expan51on tank was
replaeed by a:storage tank, which acted as a reservoir for
thevworkipg.fluid'as‘the quuid'level in the.primary loop'
was,aﬁtered.‘A‘schematie diagram of the two—phaSe
'thehmosyphon systeﬁjisashown in Fig., .1

Except tor the two turbine flow'qeters no.iastruhents

vere attached to or detaehed fromlghe,thermosyphon-syStem.
Thesertwo flow meters were conneCted,to the HP~3497A;data
aaQthsition/control unit andﬂrecorded=in-the same manner as ..
the»EOoling water”tﬁrhine flow deter,

| all liquid flow meters,“pressure transducers and

. '

sheathed thermocouples were recalibrated according to the
:calibration procedures explained in Eection 2.3. The new

calibration curves ‘showed minimal dev1at10ns, less than

. 0. 3%ﬂ from the old callbratlon curves. However, the new
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calibration’s were employed during the data execution.

.}ﬁ | | | ’ I

/3.3 Experimental Procedure

The primary loop was tested for both pressure and
vacuum leaks. It was pressurized withvdry alr'(BOO kPa) and
evacuated with a vacuum pump (12 kPa absolute pressure,

26.5 inHg vacuum) during the leak tests. Each test perlod

" lasting 48 hours was'conducted-u51ng the same procedure as,

explained in Section 2.4. If leaks were 1nd1cated by the
prlmary loop pressure transducer durlng a vacuum test, the
system was pressurized and Snoop was used to find the faults.
When no slgnificant pressure change (less than 7.0 Pa) was
detected the system'was assumed .leak free.

The worklng flu1d loop was charged with the treated
water u51ng the. same procedure described in Sectlon 2 4
When all the air was removed from the work1ng flu1d the
de51red llqu1d level was charged into the prlmary loop Thls
was done by sucklng exce551ve worklng fluid 1nto the storagev4
tank whose absolute pressure was lower than that of the‘
primary loop. The primary loop was charged with addlt;onal"
gorking fluid as the fluid was drawn back to the loopkfron
theistorage tank. Durlng this charging process the pressure
1n the storage tank was hlgher than the pressure in the
worklng flu1d loop. |

A venturl ylth a statlc pressure tap was used to create
"partial vacuum in the. work1ng flu1d loop. A wvacuum hose

connected the static pressure tap to the air purglng valve
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on the condenser shell, and the desired vacﬁums (21, 26, 35
and 47 kPa abs. pressuré) were created. Tests wéfe conducted
with 6 initial chargé levels (100, 96, 83, 76, 59, and 41%
of the distance between the lower evaporator header and the
horizontal centre line of the condenseér)'®. The initial
‘charge levels are referred to as such, since the heating of
the working fluid Caused the levels to increase somewhat’
duriné tﬁe tests. The schematic diagram in Fig. 3.2
indicates the different initial charge levels.'Thé,working
fluid was egposed fo:the same vacuum for all -6~-charge levels
before the vacuum was altered. Sets of experiments with
charge levels 1 to 4 %Sre performed with %he{liduid }
downpomer from the liqﬁid4vapour separator alternately open
‘and closed. The line was always open during tests done with
the two lowest liquid levels. |

Experiments were conducted with 4 different heating air
temperatures per charge level and initial working fluid
vacuum. The tests were always done with the maximum
obtainable air temperature for a pafticular vacuum. Because
of low working fluid flow rates for lower heating ai;
temperatures, the experiments were done with temperatures 3
to 7°C below the previous air temperature depending:on

charge level and system vacuum. Tests with closed downcomer

were done for the two highest air temperatures only.

—— e = — o ————

'°These initial liquid levels of the working fluid will for
convenience be referred to as charge level (Ch.L.) 1, 2, 3,
4, 5 or 6 in this chapter and in Chapter 4.
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.

The experimental operating temperatures for the four highest
charge levels, 21 kPa absolute working fluid pressure and
open separator downcomer are shown in Table 3.1. For cnafge
levels 5 and 6 only the maximum heating air temperature and
m#x imum "obtainable vacuum k21 kPa) were used as operating
air temperathre and working fluid vacuum. This was done in
an attempt to reach superheated vapour.

Hewlett Packard chart recorders were used to record the
working fluid flbn rates and the system pressure |
continuously during each experiment. The experimentaf
testing precedure was eimilar to the single phase tests.

The fluid properties for boiiing flow are known to have
.inherent,instabilities [28]. Because of these instabilities,
the system was assumed steady when the working fluid vacuum
and flow rates flnctuated around tpe same mean Qalue for at
least 30 minutes and the air temperature ehanged less than

0.1°C over the same'period. When stFady state was reached,

- i

two recording sets were done 5 minutes}apart. The data were

stored on tape and printed as explained in Section 2.3.

3.4 Basic Equations for Data Analysis

Def1n1t10n of system variables .

Many variables encountered in the”heat transfer theory
have the same definition.for single and two—pnase flow
analyses. Those variables whose derivation. is not changed

from the single phase theory discussed in Section 2.5 will

will not be repeated, while new or modified definitions are
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TABLE 3,1: OPERATING WORKING FLUID CHARGE LEVELS AND
o AIR TEMPERATURES

E

WORKING FLUID HEATING AIR
CHARGE LEVEL TEMPERATURE o

55.4

1, 100 60.7
: 68.8
76.6

. 64.3

2 , 96 67.2
70.8

~75.5

60.

3, 83 65.
S ' 69.

' 74.

W — O

69.

4 , 76 71.
’ 74.

76.3

oy O

Notes: Abs. pressure in primary loop is 21 kPa
Downcomer is open from separator

5

~

~ IS
~

mentioned here.
The heat rate recovered by the working fluid in the

evaporator, Q,, is obtained using (ﬂ
0 =0, - O BEENCRY
'"where, Q.,, is the heat rate lost by the air to the

surroundings across the evaporator and is assumed to be the

same as for single phase flow tests. These heat losses are

>
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determinqg by comparing similar heating air conditions for
the two systems'(the heat losses for .,air temperatures above
80, below 70 and between 70 and 80°C were 550, 500 and 450 W
respectively); In Chapter 2 the heat loss from the wdrking
fluid to the»sur;oundings'across the condenser is found to
be less than 4% of the heat rate released’by the workiﬁg
fluid and is neglected in this analysis. Hence, the heat
rate réleased by'the working fluid, Q., is assumed to egqual
the heat rate recovered by the cooling wate§‘ Q., through
the ‘condenser, }

When Q; is known the vapour qualify of the working

fluid exiting the‘evaporator, x; '', can be determined from
Xy = [gl.-'c (t_..- t,)]/i | £3.2a)
1 m pl* “sat ~14°7 'fg )

where is, is the latent heat of vaporization of the working
fluid at the particular temperature. The vapour quality of

the working fluid entering the condenser, x,, is‘defined as .

Q u ,
2 : .
s - Cp1(tsat - t4)]/1fg | (3.2b)r

Xy = [
These equations are only valid when the working fluid exits
the evaporator or enters the condenser in the saturated’
vapouf—liquid state. The working fluid exit temperature, t.,
is the same as the saturation'temperature, t,;;,
. corresponding to the exit pressure recorded with the

''*The ratio of vapour mass flow rate to total mass flow rate .
of the of the working fluid
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pressure gauge in the vapour line between the evaporator and
the condenser, shown in Fig. 3.1. If t, ;é higher than the
saturation 'temperature superheating occures and the
following equation applies
. St) o+ i, -t 3.3
Q = m1[Cp1(tsat tl) * ‘tq ¥ va(tZ tsat)] , (3.3)
where c,, is the specific heat of the liquid and c,, is the
specific heat of the vapour.
All thermodynaﬁitfp operties for air, éooling water and

- liquid working fluid afe calculated using the average

temperature of the #luid entering and exiting the heat
exchanger. The exceRtion is Reynolds number which 1is
calculated using the & ggfing fluid conditions. If
supefheated vapour is encountered, the thermodynamic
properties of the liquid are calculated using the average
temperature of the liquid’fluid and the saturated fluid. The
saturation témperature is obtained by assuming the recorded
' gauge pressure in the vapour line is the saturation (
'vpgéssure.'The Bhermodynamic properties of the vapour are
calculated baséd on the saturation temperature and recorded
vapour pressure. |

Heat transfer correlation

Different two-phase heat transfer correlatibns employ
Dittus-Boelter equation [29,30] to estimate a single phase

heat transfer coefficient, which is used to predict a.

, -
two-phase heat transfer coefficient. The priginal

Dittus-Boelter eguation often quoted [30,31] defines the

s
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single phase heat fransfer coefficient h, as

[

k
h = 0.023 Re0-8pr0.4 1 - (3.4)
S d

where Reynolds number is calculated for one(evaporator tube.
To incorporaté the effects of different vapour exit

qualities, Eqg. (3.4) has been modified when used with recent

two-phase heat transfer correlations (for example in ;pe;,

|

method employed by Kandlikar [32]”. This modified _ ‘%

hy, = 0.023 [Re(l - x)]0.8pr0.4

\

where the Reynolds nuhber term, Re(1-x), represents the part
of the working fluid entering one evaporator tube and exits
"the evaporator as liquid.

Nusselt numbers, Eg. (2.19), which are galqulated using
the heat transfer coefficients h,, Eq. (3.4), and h,,

Eq. (3.5), are referred to as Nu, and Nu, respectively.
Boiling number, Bo, as well as Lockhart-Martinelli
paramerter, X,,, are commenly associated with two-éhase heat

transfer correlations [30~33]. These two parameters are

0

defined as
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X
Ao = 1 (3.6)
G 1fg
and

' 0.9 0.5 0.1 | |

Ky = (=) (W) (D (3.7)

X P H ‘

where the subscript 1 indicates the liqui? component and Vv
indicates the vapour component of the flu?ﬁ.

Shah modified the Lockhart-Martinelli parameter in his
CHART correlation [34] by de&eloping the Convection number,

Co, defined as

‘ 0.8 0 0.5
- (Y

X p1

. Co = ( (3.8)
Due to the succéssful resulﬁs Shah obtained with this
dimensionless number, Kandlikar used the Convection number
in the convection term of his empirical two-phase heat
transfer correlatian [32].

The experimental results in this work are compared with
the computed results from the following four empirical

equations

Nu _
tP - 7390, (Bo + 1.5 x 1070 x,, %73

&
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\.
Nut 1/2
P = 230. Bo (3.10)
Nu] !
D2 N4
hep = DL (C0) "y + D3 (Bo) hyF gy (3.11)
h, = 3.5N (k‘) x"i/’2 (3.12)
gp T 70 MM Mt y

where Egs. (3.9), (3.10), (3}115 and (3.12) wére propﬁed by
Schrock—Grossm;n [31], Shah [33], Kandlikar [32] and gef.
[30] respectively. The constants D1, D2, D3, D4 and F
suggesﬁed by Kandlikar in Eg. (3.11) are dependent on flow
orientation and fluid. Thesé values corresponding to boiling
water with vertical flow directioﬁ‘and with a Convection

number smaller than 0.65 are found in Table 3.2.

TABLE 3.2: CONSTANTS USED IN THE KANDLIKAR CORRELATION
FOR VERTICAL WATER FLOW
. D1 D2 D3 D5 F
1.091 -0.948 887.46 0.726 1.0

Nofgl The contants are valid for Co<0.6%
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Emperical heag transfer coefficient equations similar to

Rl ’
Eq. (3.12)are proposed in [35].
I

t
&

Ll

o

3.5 Resulfs and Discussion

~ A summary of the operating characteristics; for the
tesfs are shown in Table 3.3. The system performance was
lower as the initial vacuum in the primary loop wés
decreased. Since .low performance 1s encogntered even for the
highest working fluid vacuum (2! kPa abs. pressure), only
test fesults with this vacuum level are discussed in this
chapter. The effect of open and closed downcomer from: the
liquid—vap§ur separator is shown in the'graphg discussed 1in
this section,

The two lowest ligquid charge levels, 5 and 6, are
excluded from this discussion as the condensate'? flow rates
were too low kleés than 3 g/s) to be Tegistered by the flow
~meter,

Only the second of the two recording sets are used for
the system analyses. This is done because the wofking fluid
flow fluctuated rapidly over a wide range (as will be
discussed later in this section). This caused a wide scatter
of the recorded déta for the same stable condition, and it
is believed that a dispiay of  two data points for the same
stable conditibn in the graphs, will make the graphs more

difficult to read.

'? The return line from the condenser to the evaporator will
be referred to as the condensate downcomer and the condensed
working fluid flowing through this tube is the condensate
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TABLE 3.3: SUMMARY OF THE OPERATING CHARACTERISTICS
FOR 2-PHASE WATER TESTS

VARIABLES

Air volume flow rate [m?®/s]

Air temperature [°C]

Liguid mass flow rate [g/s]

Outlet minus inlet water temp.

Maximum outlet water temp. [°C]

Heat supply (air) [W]

Heat recovery [W]

Wall heat flux [W/m?]

Heat transfer coefficient [W/(m?K)]

Overall heat transfer coefficient
(W/(m?K) ]

Vapour quality [%]

Nusselt number

Reynolds number

Reynolds number

Dean number

Graetz number

Boiling number

Lockhart-Martinelli parameter

be xp/hs

/h

[K]

e xp

h

haxp/htp (S.G.)
hexo/h., (Shah)
he xp/h,, (Kandl.)
hexo/hy, ([30])

System efficiency: 6-11%*¢

Notes:

) Cooling water
Working fluid
Based on AMTD. .
w.fl. flow (1 evap.tube)
Total w.fl. flow
Overall system

L R e

o,

EVAPORATOR CBNDBNSER'

0.44
55-78
6.3-21.2

1300-3000

700-1800°
60-300°

32-60°
0.2-25
0.8-3.4%°
19-115+
200-1300°

0.4-2.8
0.000003-0.0003
0.025-2.5
0.6-3.0
0.65-4.0
0.15-1.0
0.33-1.6
0.05%0.45
0.09-0.3

i

40
6.0-13.4
30.8

900-2300
3000-7500
100-350

300-750
2-25

3500
1200
47

The overall s*gtem performance, the évaporator and the

condenser results are discussed in separate subsections.

The heat rates recovered by the cooling water are

]

higher for two-phase than for single phase thermosyphon.

This is easily seen when Figs. v.3 and 2.5 are compared.

-
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.

‘These figures display the relationship between Qc and t,;
minus t.;. The heat recovery rates are higher for the
twor phase system even though the heating air is lower for
this thermosyphon. This indicates increased system
efficiency: (Eq. 2.27), this is confirmed when Figs. 3.4 and a
2.6 are compared

Any apparent differences betvgén the open and closed
downcomer test results are not obv1ous 1n elther Fig. 3.3,

3.4 or 3.5. The =ystem eff1c1ency versus the average wall

a

. (g:?j ,

heat flux from the evaporator wall to the working fluid is
®

‘dlsplayed in Flg 3.4, and the system eff1c1ency versus
Reynolds number based on the working fluid conditions at the
entrance of’one evaporator tube is shown in Fig. 3.5. Even
‘though the tworphase thermosyphon is more efficient than the
single phase system as seen'from Figs. 3.4 and 2.6, the
two-phase test,results are still low (maximum 11%).

TYpical recordings'of condensate and downcomer mass
flow rates and‘5ystem pressure are shown in Fig. 3.6. These
system parameters undergo innate fluctuations as discussed .
in Section‘3.4. Therefore, the figu?; indicates the mean
values and the amplitude of the.fluctuat£ons. The recordings
were taken during steady state with charge level 2, initial
21 kPa absolute pressure and 75°C air temperature. When the
charge level decreased the flow fluctuations became more

“unstable as the mean values decrease towards unmeasurable

flow rates.
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3.5.1 Evaporator results

Simulfaneous temperéture distributions along evaporator
tube #4-on panel 1 and 3 are shown in Figs. 3.7 and 3.8. The
two figures COfrespond to the same instantanous recordings.
These recordingﬁlwere taken for charge level 4, the initial
vacuum was 21 kPa and the dowricomer tube was open. The
evaporator tube wall temperature increases as the subcooled
working fluid in the evaporator tubétapproaches saturation
temperature. This temperature 1is reachéd in the upper half
of the evaporator tube. The low quality working fluid flow
is exposed to pressure drops, which causes decreasing‘
saturation and working fluid temperatures, hence, the wall
temperature decreases for the upper part of the evaporator
tube. It is obvious from the two graphs tﬁat the working
fluid flowed through the two evaporatof tubes with a
different flow condition at the same instént. This is
believed to be caused by the system fluctuations during the
boiling flowland by the heat and mass tjfansfer
characteristics being different for each evaporator tube as
discussed in Section 2;6;

’#The‘overall~heat transfer coefficient of the evaporator
relative to the average wall heé%rflux from the evaporator
tube to the working fluid is shown in Fig. 3.9. The overall
heat transfer coefficient is based on the afithmetic ﬁean
difference of the inlet and outlet temperatures of the two
fluids. Both overall heat transfer coefficientvand the yall

heat flux have increased compared to the single phase
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thermosyphon results, Fig. 2.14. The range of the two-phase
daté points for different operating conditions seen in

‘?ig. 3.9 (compatre Ch.L. 1 aﬁd open D.C. towards Ch.L. 2 and
closed p.C.) aré;caused by uheven air temperature difference
between each test condition. These different'system |
operating temperatures were necessary in order tpbobtain
recordable working fluid flow ratés as discussed earlier in
Section 3.4. For some of the conducted tésts yorking fluid
flow rates were not obtainable for Ch.L.'s 3 and 4‘either as
can be seen in some graphs. |

The overall heat transfer coefficient versus mass flux

-, !

of the‘@Qik}ng fluid for one evaporator tube is shown in
Fig., 3.10. A few data points for Ch.L.s 3 and 4 do not
appear in the graph due to low working fluyid flow rates.

" The heat tfansfer coefficienﬁs for.the air side of the
evaporato;, the combined convection and radiation
(Fig. 3.11) and radiation (Fig. 3.&2), agree clésely (2
W/m?K) with those obtained during single phase thermosyphon
tests, Figs. 2.16 and 2.17. The radiation component 1is
somewhat smaller for the two-phase case, which is believed
to be caused by the lower heating gir temperatures.

The heat transfer coefficient for the working fluid
side of the evaporator i$§ plotted versus the mass flux of
-the working fluid for one evaporator tube in'fig. 3.13; The
maximum two-phase heat transfer coefficient is almost three
times higher than the s@ngle phase heat transfer ceefficient

shown in Fig. 2.18. The mass flux and the heat transfer
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coefficient data show a reasonable relationship for some
test'results {e.g. Ch.L. 3, open and closed D.C.), whereaé
for other operating conditions (Ch.L. 1, open D.C.) there is
no apparent relationship. This is believed to be partly
caused by the inherent fluctuations of the working fluid
properties, and that some data were recorded during time
periods when then flbw‘faﬁgs had.large\dgyiations from the
mean flow, |
The strong functional relationship between the ﬁass
flux of the worKing fluid for one evaporator tube and the
average wall heat flux from the evaporator wall to the
working fluid observed for the single phase tests in
Fig. 2.19 is not evident for the two-phase tests shown in
Fig. 3.14. The reasons are believed to be the same as
discussed in the text above.
| The vapour quality exiting the evaporator versus the
aVe;ége wall heat flux from the evaporator tube wall to the
working fluid i§ seen in'Fig. 3.15. The vapour quality never
exceeded 25%, therefore, Eg. (3.2) is applied to calculate
all.these data. One of the reasons for the low vapour
qualities is the limited wall heat flux from the heating air
to the evaporator panels (less than 2000 W/m?). Most of the
energy released by the air in the evapog?tor is used to heat
the subcooled water to saturated liquia; When.the working
fluid is saturated, the high latent heat of vaporization of

the water allows only low vapour gualities to exit the

evaporator. This means that water is an impractical working
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1

fluid for these test conditions. The .low vapour quality
exiting the evaporator explains why many of the obtained
results for the two-phase thermosyphon tests compare

favourably with the single phase test results.

Nusselt number for the working fluid in the evaporator

a function of inverse Graetz number 1in

-

is plotted
o
Fig. 3.16. Graetz number is calculated based the working

8y

fluid flow through one evaporator tube. The twd-phase,test
results abpears to be a continuation of the single'phaSe
results shown in Fig. 2.21. All the Nusselt numbers are
still below 3.66 which is known as the mininum value for
single phase test results conducted with constant wall
temperature. These low results are believed to be partially
caused by uneven flow distribution through the evaporator
tubes. The low working fluid flow rates (Re;=19 - 115), and"d
the assumptions of equal heat and mass distribution for the
working ‘fluid through the evaporator do somewhat explain the
the low Nusselt numbers.
’ ,

3.5.2 The condenser results

The overall heat transfer coefficient for the condenser
versus the average inside wall heat flux and entrance vapour
quality of the working fluid are shown in Figs. 3.17 and
3.18 respectively. The overall heat transfer coefficient is
based on the arithmetic difference of the entrance and exit

temperatures of the two fluids. The wall heat flux results

are basically the same as those obtained for the single
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‘ .
phase tests, while the overall heat transfer coefficient has
doubled in value, as shown in Fig. 2.23. This increase is
caused by the lower temperature difference between thel
'recorded mean working fluig bulkv%emperature and the average
cbgling water temperature through the condenser,

/) Opening the separator downcomer line increased the

//55pour qualities entering the condenser for charge level 3,
whereas the effect of the separétor is nof obvious for ‘the
two highest charge levels 1 and 2, as seen in Fig, 3.18:
These observations are reasonable? since the liquid levels
for both Ch.jys 1 and 2 are above the liquid-vapour
separatoE;/“

The heat transfer coefficient of the fin side of the
condenser coil, h,, for the two—;hase working fiuid 1s

- obtained using the same Egs. (2.13) and (2.18) as employed
during single phase heat transfer analyses. This heat
tran;fer coefficient is shown versus ‘average wall heat flux
Jfrom working fluid to the condensef coil in Fig. 3.19 and
versus vapour qgaﬁﬁty entering the condenser in Fig. 3.20.
The heat tran%fer coefficient is increased compared to tﬁe
single phase &gsults/;n Fig.‘3.25. This 1is caﬁsed by the
overall heat tréh§£er coéfficient whose values has increased

compared to the single phase test results as mentioned

above,
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3.5.3 Heat transfer correlations‘ ,

The heat transfer coefficient results fér the working
fluid side of the evaporator, h,,,'’ ié correlafed with
several empirical single phase and two-phase heat transfer
coefficients.

The ratio of experimental to single phase
Dittus-qulter heat transfer coefficient, h, eg.(3.4),
versus Boiling nﬁmber‘and inverse Lockhart-Martinelli
parameter are shown in Figs. 3.21 and 3.22 respéctively..The
ratio of experimentally obtained heat transfer coefficient
to‘the 1&quid—¢nlyiheatv£ranfer éoefficient based on the
modified Dittus-Boelter equation,h, Eq. (3.5), ;s plotted:
versus Boiling:number in Fig., 3.23 The reasonable‘heat“
transfer coeffid&éht ratios betﬁeen 1.0 and 2.0 for bofh th§§
empiridal:liéuid—only and single phase heat transfer
coéfficient:indicates the low quality of the working fluid
flow through the evaporator. One .reason for the good |
J%gigement between the empirical values<them§elves and fhe ’
r;§§6nable agreement between the empirical valueS'and‘the
experimental values is the low vapour qualities obtained
dufing these tests. Therefore the two-phase 5ystem fesults
approach single phase heat transfer fesUlts:f"

‘Both‘Boiling number and the inversg'Lockharthartinelli
parametefvare écatteréd over a relative narrow range, which
ié believed.ﬁo be caused by the small chéng%s‘of thé vapour

"3When this heat transfét coeffic%!!tAié referred to in this
subsection the experimental value 'is cal¥ed h,,, rather than
h1- =
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qualities. [

The'experimental heat transfer coefficient has lower
values than the heat transfer coefficients obtained from the
;wo-phas; heat transfer correlations as shown in
Figs. 3.24 - 3.27. In these figures the ratio of the
experimental to the empirical heat transfer ratios are
plotted versus Boiling number.

The experimental heat transfer cbeffiéient is within
the sa;e order of magnitude as the heat transfer
coefficients predicted with the empirical Schfock—GrosSman
.and Shah eéuatipns. The Shah cofrelation shows the best
agreement“with the experimental results.

The experimental heat transfer coefficiént is an order
of magnitude lower than the heat transfer coefficients

estimated with Kandlikar and Ref. [30] correlations as shown

in Figs. 3.26 and 3.27.

3.6 Concluding Remafks '

Water subjected to partial vacuum was used as working
fluid in a“two-phase closeé-loop thermosyphon system.—Four
different initial working fluid pressures were investiéated
(21, 26, 35 and 4%;kPa abs. pressure) with the liguid-vapour
separator downcomer in both open and closed position. Each
system condition was examihed~for four different charge
levels, 1 to 4‘(100,.96, 83 and 76% of the distance between

the lower header of the evaporator and the horizontal centre

line of the condenser). Tests were conducted for working
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fluid charge levels, 5 and 6 (59 and 41%). These data were
not investigated, because recordable working fluid flow
rates were not acquired.

Four heating air temperatureé were studied for each
system parameter when the downcomer line was open. Only two
air temperatures were investigated when this line was
closed. The highest obtainéble air temperature was always
studied for each charge level and Qorking fluid vacuum a§
well as with the downcomer open and closed. The experiments
were not always done with the same air temperature
difference between consecutive tests. Problems with the
system performance at lower air temperatures made it
netéssary to vary this temperature interval from 2 - 7°C
dependlng upon the operating conditions.

Due to low worklng fluid flow rates, some data fromA
working fluid charge lévels 3 and 4 had to be discarded.

The system performance for the two-phase thermosyphon
tests was comparable with the single phase thermosyphon
results. The lower two-phase results were often seen to
overlap the higher single phase test results. However, these
two-phase water test results canhot be be given too much
emphasis;.because the large working flpid property
fluctuations encountered céused somewhat arbitrary data
recordings over the relative short fecording interval (less
than 1 minute). It migﬁf have been better to record the data
over Walf an hour period and used the average recording for

the analyses.
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The heat recovery rates.of the system varied between
90&»and 2300 W, the ovgrall system efficiency was in the
range of 6 - 11%, while the exiting cooling water
temperature varied from 17 - 28°C. The saturation’

temperature'of the working fiuid was between 40 and 75°C

depending upon the partial vacuum of the working fluid and

. !

the air temperature.
The low system efficiéncy is believed to be cau§ed by
inefficient system design or that water is an impractical
working fluid for this application or a combination of both.
‘The inherent fluctuation of the working fluid flow
‘rates and the pressure in the primary loop caused by flow
boiiing was continuously monitored on chart recorders as
shown in Fig..3.6. At higher working fluid charge levels and:
_ higher heat soﬁrce temperafures, the fluctuations decreased
'ﬁp magnitude simﬁltaneously as the mean values increased.
Both working fluid downcomer and condensate mean flow
rate§ decreased towards zero as the liquid charge levél was
.loweréd (3 - 6) and fﬁeﬁair temperature was decreased more
than 2 = 6°C below maximum temperature for the particular
systemxparameters,.whiie)the peak—to—p;ak amplituae of the
fluctuation became more unb;ediétable until the flow rates
became neglig&ble.iThisicauééd some of the scattered~data,
since the recorded values occ%sionally varied COnsiderably
gi:m the meaﬁ,‘lt also explaihé‘why the rgsUlts for some

arameters did not élways follow the expected relationship.
¢
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".The experimental heat transfer coefficient agreed
favourably with that predicted by the original and the
modified Dittus-Boelter equaé}ons, as their ratio was mostly
between 1.0 and 2.0. However, the experimental heat transfer
coefficient values wére from 4 to 50 times smaller than the
predicted values obtained with four different correlation
methods. This is believed to be caused by the low working
fluid vapour qualities obtained during the experiments.
Hence, the working fluid conditions were closer to single
phase flow than two-phase flow.

It muét be concluded from these tests that water was an
impractical working fluid for this two-phase gigsed-loop
thermosyphon system, particularly because of operating
limitations of the system. The advantageous high latent heat
of vapourization, which water has, was nop utilized, |
particularly because of the‘low wall heat flux from the air

to the evaporator wall.
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4. A Closed-Loop Two-Phase Thermosyphon System Using Freon
R-11 as Working Fluid
Summary !

Freon R-11 is used as the working fluid in a:
closed-loop two-phase thermosyphon. The absolute working
fluid pressure-is 122 kPa. Six working fluid liquid levels
100, 96, 83, 76, 59 and 41% (1 to 6)'* are studied and the
liquid-separator downcomer tube is always open. The
thermbsyphon loop recovers heat from hot air whose volume
flgy rate is 0.44 m®/s and temperature ranges from 40 to
68°C. This héat {s transported to cooling wéter with flow
rate 40 g/s and initial temperature 12 - 13°C.

The heat rates recovered by the cooling water ranged
from 800 to 2800 W and the temperatures of the cooling water
exiting the the condenser véried befween 17 and 31°C. The
vapour gualities exlting the evaporator ranges from 20 to
100% and superhéated vapour was obtained for three test
runé. The system efficiency, 9 -®7%, showed improvements
compared with the efficiency for thé two phase waéer test,
6 - 11%. Reasonable correlations were found whén the
experimentally obtained heat transfer coefficient was
compared with the empirical heat transfer coefficients

- [30,32].

"4Defined as a fraction of the vertical distance between the
lower evaporator header and the horizontal centre line of
the condenser

126



127

4.1 Introduction

The final part of this study is to investigate the
performance of the system using Freon R-11 as the working
fluid of the primary loop. Even though the specific heat and
latent heat of vapbrization of R-11 are almost five and
thirteen times lower than that of water respectively, the
refrigerant still has high latent heat of vaporization
(relative to most refrigerants [36]) and low boiling point
(23.7°C at std. atm. pressure). The low boiling point and
the relatively :low latent heat of vaporization are both
édvantageous when heat recovery from low temperature heat
sources (below 100°C) is desired and the wall heat flux is

low.

The tests were conducted with various heating air

I

temperatures and wall heat flux. Other operating parameters
like air flow rate, cbolfng water flow rates and cooling
water temperature are not changed for these tests. The
downcomer of the liquid-vapour separator was always open for °
all the tests performed. .
The experimentally obtained heat transfer results are

correlated with empirical methods.

4l2 Experimental Apparatus, Instrumentation and Calibration
The system and the inétruments‘used are the same as

shown in Fig. 3.1-i% Section 3.2. The only exception is a

refrigerant filter-drier installed in parallel with the

condensate line of the primary loop.

Hos,
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All the turbine flow meters, pressure transducers and
sheathed thermocouples were calibrated according to the
procedure in Section 2.3. Thé differences between the old

and the new calibrations were small, iess than 0.5%. .
However, the new calibrations were usea.during the

experiments.

< . . P

~

4.3 Experimental Procedure
The system was leak tested under pressure (300 kPa) for
48 hours and partial vacuum (27 inHg) for 48 hours,, before
it was charged with Freon R-11. The leak-testing procedure
is explained in Section 3.3, When no leaks were detécted the
system was charged complétely via the storage tank. All the
air was evacuated from the working fluid loop. Then the
desired liquid level was obtained according to the procedure
explained in Section. 3.3. J

" Six charée levels 10 T3, 83, 76, 59 and 41% -

(generally referred to as W Ievelé 1, 2, 3, 4, 5 and 6
as shown 1in Fig. 3.2 in the previous chépter) were studied
with the downcomer open. At each charge,level, the system
was tested with four air temperatures (40, 50, 60 énd 68°C),
where 68°C was the:hiéhest obtainable air temperature. The
initial pressure in the primary loop (122 kPa), the air
volume flow rate (0.44 m?’/s), thelcooling water mass flow
rate (40 g/s) and the temperature of the cooling water at

the condenser inlet (12-13°C) were constant for all

experiments.
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After each charge level change, the system was allowed

: & . =S ’
a 24 hour stablizinghperiod~before a. ney set of tests were

s ' . ®
commenced. The testing and data recording procedures. are

Sy

“explained in Sectiji§ 2.4 and 3.3.

,vi
4.4 Basic Equations for Data Analysis

‘_.%he méthods and equations!employéd for this system
analysis are the same as used for t&o—phase water tests in
Chapter 3. The ohiy new Qariable infroduced in‘this.chapter
is the wofking fluid, Freon R-11. The-thermodynamic |

properties of R-11 aré»calculated using empiricalrequations,
- S . \ , o
developed by Fujii, Nozu and Honda [37]; 1istings of Fortran

a » .

routines are given in Appendix IV. )
‘The équationé employed in the:calédlatibns‘andAgata-

ahaiyses in this chapter are the_éame’a§ uséd in Chapteré 2

and 3. Therefore, thés; prgviousiy definedxequatéoné'will ne

referred to rather than redefining the equations in this

section. ) . - ‘ : .

The fluig and flow dependeht~coﬁstants used in the
two—phasg correlation proposed_by Kandli}ér; Eg. 3;11,iare‘
shown in Table 4.1 . | o , ;

| . s

4.5 Results and Discussion:‘ o

Two data sets were recorded when the system had reached.

steady state. The results from these two readings gompared -

wéli,,as seen in the graphs, where data.poinps from both g
:ead}ﬁgs aféiplotted. S | _ :%“ .
. B «
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TABLE 4.1: CONSTANTS USED IN THE KANDLIKAR CORREQQFLQN
FOR VERTICAL FREON R-11 FLOW
D1 D2 D3 - D5 'F
1.091 -0.948 887.46 0.726 1.35

Note: The constants are valié for Co<0.65 - .

The overall system, evaporator and condenser results
and the the heat transfer correlations are discussed in
different subsections. h

4.5.1 Tﬁe overall system results
, A _summary of phé opérating Charactééistics is shown in
Table 4.2.
For the.majority of the tests thg_differeﬁce between .
the~hi§hest»working fluigd temperatureiand the ahbient .
’teﬁperatﬁre ranged between 7 and 10°C, and for no experimént

. did this temperature differendewexceed 18°C._For the single

3 g

phase‘water‘teéts similar ﬁe@peratﬂre differenées ranged
from 40mt$ 60°C. The heat'rétés‘lost across‘thekconnecting‘_
tubes and anjcondenser‘insulaEiQn'variedvbetgeen 25 and

91 W, as shown in Table 2.6. Since'the'temperature
vdifferencés are much lowér for the two-phase experiments
»afscdssedkin thié Chépter, it ié aséuhed thét ;hese heat
losses can be negleéted.

The heat rate recovered by* the working fluid in the_ -7

evaporator versus the heat rate recovered by the cooling -

vater is shown in Fig. 4.1. The heat rates lost by the 'R-11

to the surroundings can be. found in this fighre. The losses
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- TABLE 4.2: SUMMARY OF THE OPERATI&G CHARACTERISTICS
FOR FREON R-11 TESTS

}Y
VARIABLES EVAPORATOR CONDENSER'
Air volume flow rate [m®/s] = 0.44
- Air temperature [°C] 40-68
Liquid mass flow rate [g/s] ‘12-65 40
Outlet minus inlet water temp. [kl 6-16
Maximum outlet water temp. [°C]. . 30:1
Heat supply (air) [W] 1200-3400 - _
Heat recovery ([W] ’ 900-2850
Wall heat flux [W/m?] 600-2200°* 2800-9000
Heat. transfer coefficient [g/(m’K)] 150-1600* 140-550
Overall heat transfer coefficient _ .
, ' [W/(m’K ] : 48-87°%° . 370-1000
Vapour quality [%] 8.5-100 20-100
- Nusselt number , ~ 14-150%°
‘Reynolds number » 19-115+
Reynolds numbper 200-1300° 3500
Dean number - o o - 1200
Graetz number . . . 1.5-2.5 S 47
Boiling number - 0.00008-0.001
Lockhart- Martlnelll parameter v 0.8
he xp /N, | .y 2-50
h,xp/h| : LT Y-
he xo/hey (Randl.) S 0.6-4.5
exp/htp ([30]) ' 0.45-3.
Eff1c1ency,, 8.5-17%*"
Notes:

Cooling water

Working fluid

Based o AMTD. »
Ww.fl. flow (1 evap tube)
Total w.fl. flow
-Overall system

N T S TR L

: &
are small, normally less ‘than 5%, whlch ver1f1es that the

‘_’used assumptlon is reasonable

" The heat rate. ;ecovered by the coolxng water 1s shown
agalnst the extreme temperature dlfference of the system 1n
Flg' 4.2, The heg@ recovery rate dncreases w1th increasing

|8 o 4

air temperatur as one would expect Smaller temperature

v ‘//
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differences causes higher heat recovery rates (max. 2800 W)
compared with the two-phase water results (max. 2300 W)
shown in Fig. 3.3. y

| Flow v15uallzatlon studies werefperformed for a similar
condenser used in a closed- loop two-phase thermosyphon
system employing Freon R-113 as the working fluid [38,39].
This investigation showed.that the liquid level of the
worklng fluid in the condenser increased as the heat source
temperature increased. Tests conducted with a charge level
as low &s 20% and a heat source temperature of 85°C had
condensate- in the condenser coverlnq half the heat transfer
area of the condenser c01l. It was observed that when the
condensericoil was mainly covered wtth liqdid, most of the
refrigerent vapour condensed in the liquid before reaching
the‘condenser. Furthermore,'the.study showed that-the higher
the initial charge level was, the lower heat@ng source
Vtemperature was needed to cover the condenser coil with
condensate For the hlghest charge level (identical to
Ch.L. 1 in the present study) the condenser c01l was almost
covered with working fluid, for the lowest heatlng source
temperature (45°C). The llqu1d Goverlng the*5urface area of
the condenser coil 1ncreases the resistance to heat transfeff
from the worklng fluld to the copper coil compared to a
liquld—vapour film, coverlng the coil. In ‘the present study
the condensate is belleved to collect in the condenser in a

51m11ar manner, hence, belng one cause for the low system

performance encountered.
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The system efficiency, Eq. (2.27), versus the average
wall heat flux for the worklng fluid side of the evqporator
is shown in Fig. 4.3. The system eff1c1ency has 1ncreased
, compered with the water results shown in Figs. 2.6 and 3.4.
‘Hewever, a maximum system»efficiency of 17% indicates that
either -the system design has to be improved or that Freon
R-11 is not suftable as working fluid for this system.

.The system efficiency increases‘wlth increasing slr
temperature for charge level:1 (from 9 te_TS%) as seen‘lnl
Fig. 4.3.”For charge levels 2,'3-and 4;the efficiency
" changes lirtle (from 13 to 17%) over theloperatingfrange of
the air temperature (40 - 68°C), while the efficiencies
decrease as maximum air tenperature is approached for the
two lowest charge levels. The‘probable cause for these -
results w1ll ‘be dlSCUSSed later in this section.

Representatlve fluctuations of the work1ng~flu1d flow

rates, temperature and pressure caused by the flow boiling

are shown in Fig. 4;4. The results are recorded with a chart,

‘recorder at steady state eondlrions for an air'temperaturef
of‘68°C and'for charge‘leveluZ The mean.mass flow rates are
15. O g/s for the condensate and 47.6 g/s for the downcomer
flow. These results are hlgher than the recorded mass flow
rates for two—phase waterh(9.0.g/s for the condensate and’
8.3 g/s for the downcomer) shdwn-invFig.:3;6.'The
fluctuat1ons recorded for the R- 11 tests have much lower

peak-to- peak amplltudes (condensate flow—1 1 g/s and

separator downcomer flow=4.5 g/s) than what are recorded for
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the ﬁwo—phase water tests (condensate flow=4.6 g/s andi
seéarator downcomer floQ=16.3 g/s) for the same working
fluid charge level. This is indicative of the improved
system performance caused by the change of working fluid

from water to R-11.

4.5.2 The«evaporator results

The wall temperature distribution for evaporator tube
#4 of panel 3 (this evaporator tube is indicated in
Fig; 2.2b) is shown in Figs. 4.5, 4.6 and 4.7, wheré
temperature distributions for charge.level 1 (Fig. 4.5),
charge level 3 (Fig. 4.6) and charge level 6 (Fig. 4.7) are
shown. Results from the two data sets for the éteady system
are shown in the figures? and only small deviations are
obéerved.

The sensible heating and Subcooled boiling of the
working fluid can be observed in the figures és the‘wall
témperature_is seen increasing for the lower part of the
evaporator tube. When saturated boiling occurs, the wall
temperaturé becomes constant. Highe; heating air temperature
inéreases the vapour pressure pf“the Freon and causes ﬂ?éggr
‘saturation temperatures. Tests done with the two highest air
'temperatures and charge level 6 caéged the tgmperature of
the upper part of the tube wall td increase. as shown in
Fig. 4.7. This occurs when the waking fluid reaches dry-out
and éuperheaﬁing [40].mThis occurred for the two meﬁtioned

system conditions and for the highest air temperature with
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chargé level 5. The onset of boiling is seen to occur lower
in the evaporator tubes with higher air temperatures and
lower charge levels,
~ The overall heat transfer coefficient of the

evaporafdr}-based on the arithmetic mean difference of the -
entrance and exit fluild temperatures ié shown in Fig, 4.8,v
plotted against the average wall heat flux for the working
fluid -side of the evaporator. The maximum overall heat
transfer coefficient is more than 15% higher than the water
test results as shown by comparison of Fig. 4.8 with
Fig. 3.9. The similar dependency of the overall heat
transfer coefficient on wall heat flux for both the
refrigerant and water tests is expected, given-the
definition of the overall heat transfer coefficient,
Egs. (2.6) and (2.8) o

The combined convection and radiation heat transfer
coefficient for the air side, of the evaporatof is plotted
versus the average air side wall heat flux in Fig. 4.9. Heat
£ransfer coefficient results between 11 and 15 W/(m? K) are
almost the same as the results shown in Figs. 2.16
(10.5 - 19 W/m? K) and 3.11 (11 - 18 W/m'z K). This is as
éxpected since the wall heat fluxes and the air temperatureé
are within #25°C. |

The radiation heat transfer COefficiént, calculated
using (Eg. 2.12), is plotted againstvthe difference between

the mean air temperature and the mean wall temperature for:

" the evaporator in Fig. 4.10. The radiation heat transfer
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coefficieAts (4.0 to 4.5 W/m? K) are similar to the results
-shown for two-phase water tests (4.5 to 5.2 w/m‘2 K). in |
Fig. 3.12 and for single phase thermosyphon tests shown in
Fig, 2.17 (5.5 to 6.0 W/m* K). The differences are likely a
result of the highér operating air temperatures: 55 - 78°C
was used for the two-phase thermosyphon tests and 75 to 96°C
was used for the single phase €ﬁermosyphon tests.

The working fluid mass flux per evaporator_ tube versu§
the average wall heat flux for the working fluid side of.the
~evaporator is shown in Fig. 4.11, The mass flux is
approximately constant ‘(£2%) for the two highest charge
. levels for any wall heat flux. The only exception is the
loweét wall heat flux (640 W/m?K) for charge level one for
which the mass flux is 15% lower than other mass flux
results for thié charge level. For charge levelsv3 and 4,
the mass flux falls slightly ( 10% and 25% respectively) for
the highest heat fﬁux (2100 W/m?K); while for charge levels
5 and 6, there is a dramatic déqrease in mass flux with
increasing wall heat flux (from 30 kg/m?s at 850 W/m?® to
.8 kg/m*s at 2100 w/mé for charge level 6). The decrgase in

mass flux with increasing wall heat flux may be due to
'

.

higher vapour qualities produce? §? the evaporator. That thz.
vapour quality increased with increasing wall heat flux 1is
seen in Fig. 4.12, and the increase is most pronounced for
the two lowest charge levels (Ch. L. 5 and 6). The data
points which show basically the same vapour gualities in

Fig. 4.12, show close to the same mass fluxes in Fig. 4.11.
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The 100% vapour quality results shown for charge level 6 1n
Fig 4.12 correspond w1th the 1ncrea51ng wall temperatures

shown in Fig. 4.7. ThlS indicatres that superheated vapour:

N

exited the evaporator for. these test conditions.
S 4

The decrea51ng mass flux at hlgher ‘qualities 1is: bellved

eto be caused by the the 11m1ted avallable wall heat flux -

from the heatlng air. Because.of the almosdgﬁﬁ
© heat flux and therefore constanb heat ratdf hsferred to
the working fluid, it is seen from Eq. (3 2a) that. the mass
flow rate and mass flux has to decrease with,increas;nd ?
vapour quality. . |

| It is known from the literature [41] that the heat
transfer coeff1c1ent for b0111ng 1ncreases w1th 1ncrea51ng.
'work;ng fluid vapour quaﬂQty untll dry-out occurs; from
dry- out untll the vapour us superheated the heat transfer‘
li_coe;}icient decreases. These phenomena are also seen in
Fig4 13, which shows heat transfer coeff1c1ent of the
'work1ng fluid based on the arithmetic mean temperature.
dlfference plotted versus the evaporator exit quallty

Nusselt number versus inverse Graetz number for the

working fluid per euaporator tube is‘shown in Fig. 4.14.
N@§selt number 1s more than an order of magnltude higher.
than the results from the water tests in Chapters 2 and 3.
Nusselt number 1ncreases untll dry- out 1s reached or}ithen
it levels off and decreases as shown for charge | %evels 5 and

6. These resuits are 51m11ar to the heat transfer

‘coefficient results shown in Fig. 4.13.,Thls is as expected
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since/Nusselt,number‘is.theldlmensionlesslheat'transfer
coefficient for:the working fluid side of the euaporator.
'Due to the narrow mean temperatureirange of'the’working
'fluid‘(20 - 27°C),hPrandtl'number4is almost constant (less
‘than 5% variation). The L/d-ratio is constant’ for the.
evaporator‘ hence, Graetz number‘ E .'(2.21), for the llqu1d
is malnly a function of Reynolds number Therefore,v
correspondlng to ‘the mass flux in F1g 4.11, the inverse.
Graetz number is approx1mately constant for llqu1d charge j;
levels 1-to 3 while 1t 1ncreases as the worklng flUld level

P

decreases w1th 1ncrea51ng air temperature for charge levels
o
“4'to 6.
- The vapour quality-at the condenser entrance versus

exit vapour quality for the'evaporator is'shown,in

"Fig. 4,15. Thls figure shows the effect of the lquld vapour;

separator whose downcomer 1's. open, The lower the chargem

‘level, the more llqu1d is separated for the llqu1d vapour
flow entering the separator Even at 100% charge level, the;
;;‘vapour qual1ty doubled after the work1ng fluid passed

. throughﬁthe separator (e.g. from 8.5 to 20%)

[

4.5.3 The condenser results

The heat rate recovered by the cooling water=versus the.

Freon vapour quality at the condenSer entrance is shown’in

Fig 4,16, The results in this flgure show "that 1ncrea51ng0.

gvgvapour quallty did not- increase the heat recoverY rate #"/(

51gn1f1cantly unless the air temperature was 1ncreased

e
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The overall heat transfer coefficient for the condenser
is plotted against'the wall heat flux for the cooling water
side of the condenser in Fig. 4.17, and»the estimated'heat
transfer coefficient for the»fin side of the condenser'coil
(Egs. (2.13) and (2.18)) versus the wall heat flux for,the
“fin side is plotted in Fig. 4.18. Both heat transfer |
coefficients increased with increasing.wall heat flux, the
’only.erceptions_vere the tests done-withvthe highest air
temperatnre and charge levels 5 andv6, for which the tests.
resulted in decreasing heat transfer coefficients. The
decrea51ng heat transfer coeff1c1ent results calculated for
these tests are belleved to be a result of superheated
vapour .

The heat»transfer'coefficients:are:iover for charge
level 1 than for the other charge levels for-the same
heating air temperature; As discnssed in Subsection 4.5.1
more condensate covered the condenser coil for tests done
with the hlghest charge level. ThlS could have caused a
reduction in the heat transfer coeff1c1ent similar to that

shown in Figs. 4.17 and 4.18.

4. 5'4 Heat transfer correlation

The heat transfer coeff1c1ent for: the work1ng flu1d in
~ the evaporator, h,, will in this sectlon be referred to as ~
hexp. The ratio of this var1able to the emplrucal heat |

transfer coefficients calculated using the single phase

Dittus-Boelter eguation, h, Eg. (3.4), is plotted versus

]
o
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Boiling number,vK (3.6), in Fig. 4.19. The ratio between
the experlmental heat transfer coeff1c1ent and emp1r1cal |
liguid-only heat transfer coeff1c1ent h, Eq. (3.5), versus
B0111ng number is shown in Fig. 4.20,

The major difference bet‘.}n the two Dittus-Boelter
definitions is seen for higher Boiling number, i.e. higher
uapour generation in the evaporator; as indicated by the
comparison of Figs.‘4.19 and 4.20. The liquid-only heat-
transfer coefficient, h,, goes to zero asothe vapour quality
4approaches 100% accordlng to Eq (3 5). Therefore,'the ratio
- of experlﬁental to emplrlcal héat transfer coefficient
approaches 1n£1n1ty as séen in Fig. 4,éQZ The single phase
Dittus-Boelter heat transfer coefficient, h,é'is indirectly
dependent on the vapour quality. Indirectly, because it is
dependent on Reynolds”number, Re, as seenlin_Eq;‘(3.4).
Reynolds number is depéndent on the mass flux, G, |
. Eq. (2.16), and the mass flux decreased as the vapour
guality increased as shown in Fig. 4.11., Hence, the heat
transfer coefficient calculated from the single phase
‘D1ttus Boelter equatlon w1ll also decrease as the vapour
quallty increases. The heat transfer coeff1c1ent calculated
from the,experihental data is dependent on the mass flow
rate (mass flux)las well , Egs. (2.9), (2.2) and (2.1).
However, the experlmental heat transfer coefficient appears
to decrease more than the empirical heat transfer
coeff1c1ent as the vapour quality approaches 100%, according

v

to Flg 4.19. This figure shows that the heat transfer
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coefficient ratio (experimental to single phase
Dittus-Boelter predicﬁion) decreases as the working fluid
approaches superheated vapour. When these test results are
compared with the two-phase water resuits in Section 3.5,
Figs. 3.21 and 3.23, the same heat transfer coefficient

ratios -are 2 to 10 times higher for the Freon tests.

The Boiling number ranged from 0.00008 to 0.001 for the

: ‘Freon tests. The lowest values obtained from these tests are

in the saﬁe r%nge as theﬂtwo?pﬁase water results,,shown in
Fig. 3.27. 1 |

.IThe samevheat t:anefer ré;ios, h,.,/h, and h..,/hy, are
plotted verSus,Lockhaft—Martiﬁelii parameter, Eg. (3.7), as
well, The;empi%icél single phaee heae tranefer coefficient
is used in‘Figf’4.21, and the;liéuid—only Dittus—Boelter

equation is used to calculate the heat transfer ratio shown

in Fig. %622‘ Loeﬁggrt—Martinelli pé%ameter goes to zero as

_the vapour qualit apbroaches 100%, EQ. (3.7). Therefore,

“the inverse Lockhart-Martinelll parameter approaches

iefinity as. the vapour quality becomes 100%. The ratio of
the experimental to the Dittue—Boelter single-phase
prediction iﬁcreased as long as the vapoﬁr gualities exiting
were less than‘60%, but appeared to reaeh a“maximum value as
superheated vapour was epproached,‘as,shown for charge
leeels 5 and 6‘in‘Fig. 4.19. The heat transfer coefficient

ratio levels out as the inverse Lockhart-Martinelli

‘parameter approaches infinity in Fig. 4.21. N
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The ratio of the expérimental heat transfer coefficient to
the liguid-only prediction is not seen to reach any maximum
value in Fig. 4.22 as the inverse Lockhart-Martinelli
parameter approaches infinity.

The experimental heat transfer coefficient does not
correlate well with the two-phase heat transfer coefficients
preéicted by the Schrock-Grossman method, Eg. 3.9, and the
Shah method, Eq. 3.10. The experimental value were close to
two magnitudes higher than the predicted empirical values.
Hence, these two correlation methods did not give
represenfative predictions for the tested obératiﬁg
conditions. | .

The ratio of the experimental heat transfer coeffigient
to the empirical result from the Kandlikar coefficient is
plotted versus Boiling number in the graph shown in
Fig. 4.23. The expefimental heat transfer coefficient was 1
to .5 times higher than the two-phase heat transfer
coefficient calculated with the Kandlikar eguation,

Eg. (3.11).

The two-phase heat transfer coefficient calculted with

BEq. (3.12), Ref. [12], is plotted versus Boiling number in

Fig. 4.24, The experimental results were normally 1 to

3'time§ higher than the empirical results from Eq. (3.12).

/
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.1 4.6 Concluding Remarks

e

vm?Q closed two-phase thermosyphoh loop with Freon R—l] as

g@ to a cold water heat sink.
Experiments were performed with four air'Eemperatures

v.(40, 50, 60 and 68°C). and S1x worklag fluid charge levels,
k3 ,

100, -96, 83, 76, 59 and "'41% of the vertical distance between
~evaporator inlet and the horizontal centre line through the
condenser. The air volume flow rate (0.44 m*/s), cooling

water mass flow rate (40 g/s), cooling water inlet

F

temperature (12 - 13°C), initial working fluid vapour
pééssurg (122 kPa abs. pressure) and the downcomer from the
~liqufd—vapour separator (open) were system operating,
parameters which were not changed for any of the
experiments.

The,hd&t recovery of the cooling water varied from 800

5

to 2800?w,‘whiﬂe;the condenser cooling water exit
ﬂ'temperature was”between 17 and 31°C,

' The total system efficiency was 9 to 17% and- the vapour

‘{quaﬁltles'ex1t1ng the evaporator ranged between 8.5 and .100%
, IR

: w1th superheatlng occurrlng for “the hlghest air temperature

for charge*level 5 and 6. The effect bf the liquid-vapour

a

S
tor was clearly seen as, depending upon liquid charge

o

sepaga

.’bevel" It lncreased the.vapour qualltyvfrOm an evaporator
’ a W \ -—» ' B . ‘
exlt quallty of 15% to a condenser entrance quality of 100%
¥ m,ﬂx , .

(a1r temp~—40 C for Ch.L. 5).

e R zt L

i
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The system performance was mérginaily improved compared
to:two-phase thermosjphon:pefformance with water as the
WOfking fluidl Ne ertheless;.the systemxperfOrmance wascgqt
Qétisfactpry{ The low 5ys£em efficlency énd heat recovery
£ates are caused by the(§§stemvdesign. A modified system

design, like improved connecting tube and" evaporator design

would most likely increasé the system performance.



|
‘5. Conclusions
The purpose of this Study is to explore the possibility .

I using a two—phase clOsed-loop thermosyphon to transfer

heat from a low grade ‘heat source (air) to a heat sink

-

water). The temperature . dlfference between the heat éource
and the heat sink was{gormélly between 30 and 75fC for the
tests conducted. Both single phase and two-phase
thermosyphon tests vere performed with water'as the working
flu1d while only two—phase'tests-wereteonducted with Freon’
R-11 as’ the worklng fluid. |

‘The primary loop had a bu1lt on site evaporator a

llquld vapour separator and a commerc1ally made conﬁbnserﬁﬁs@t*
*r

the main components. The evaporator con51sted of 4 sS{ar %&. @ fa

colrector panels mounted in parallel 0. 07 m apart The
’ * -
heatlng air stream flowed parallel to the collector panels

L
and in counter flow w1th the work1ng flU’d

3

'{%he‘stbdies were conducted in four parts, namely.:

1. single phase thermosyphon using‘watervas the working
EA A ., T .
fluzd r““_;-f : L { o
ﬁ-gf‘h}‘ . ﬁr‘s’ﬁ:& 3 &I’ B . . N g »

2. forced c1rculat10n glth water as the worklng flu1d

3. tw0fpha5e-thermosyphon with water, as thejworklng

fluid. oo Ly

-

4. two= phase thermosyphon w1th Freon R-11 as; the

worklng #luid. - -
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'Since each of the three main chapters (2-4) are written

‘ with,their owh conclpding remarks,'only the'most;lmportant
overall experimental oozervations'are,discdssed'inthis,’
chapter i v

",%A;:ginglelphase'water tests Werelconducted to acquire
a general understanding'of theﬁsystem performance;u '

‘Thermosyphon and forced flow tests showed that the °

1ﬁkrformance of the system was hlghly dependent .on the mass Mh

flow rate of- the working fluld ngher air volume flow rates
1mproved the: heat transfer from heat source to’ hedt sink.

The thermosyphon tests resulted 1n low system eff1c1encyx
f(max. 6%) and low heat recovery rates (max 1850 W). The
~natura1 and forced clrculation'tests,showed s1m11ar results
ﬂfor_the‘same working fluid flow rate range.

\Many tube reductions,Jbends'and,inefficientlyodesigned
manlfolds (evaporator headers), as well aslflow meters and
wire meshes caused significant pressureé%rops 1n the prlmary
loop. The result1ng low working. flu1d flow rates caused by -
the restr1ct1ons 1nh1b1ted system performance and = g?
contrlbuted to ‘poor eff1c1ency
9§§ The ‘test results 1nd1cated clearly a need for a
different worklng flUld or

Y

condition, e.g. two-phase flow

ferent- system operatlng

\

ather than 51nglevphase.

, . During the two-phase therm syphonsteSts with'water as

& .- . - VoL
the working fluid, the primary foop.was.exposed to partial
vacuum, hente loweringrthe boiling point of the water. These

im{tests*revealed that'%§i~limited energy supply of the heating
Wy v T y \ : .
¢

(',v ; x\l S

L]
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source and the poor evaporator de51gn resulted in low wall

.heat flux. Due to large worklng fluld fluctuatlon over the
relatlve short data collection collection tlme (45 seconds),
the results are belleved to be somewhat mlsleadlng or

s

further work with two- phase water under simila¥ conditions,
whlch is not recommended, the data should be - awerage over. a
lonoer collection peride (e.g. 30 minutes). The heat
recowery rates (max. 2300 W) and'the_system.efflciency

(max 11%) improved somewhat compared. to the single phase
thermosyphon tests, However,‘the limited wallfheat fluX'and
‘rthe high latent heat ot.vaporizatlon and specific heat of
vwater'causéd low”evaporator‘exit gualities (max. 25%).

Hence, the b0111ng occured in the subcooled reglon through

‘most of the evaporator ThlS caused the heat transfer

v
..‘

vresults to correspond better w1th theoretlcal 51ngle phase

'flow results rather th&ﬁ°

~"th two-phase emp1r1cal
L : & . .
S .
,pred1ctlons. :
" The effect of the id-vapour” separator on the héat
.be determined from the
two-phase water test results. -
| e L e | B
Best system performance btained with Freon as the

worklng fluid. The latent heat of vaporlzatlon 1s twelve
* . l o
*.
t1mes less and the specyflc heat 1s almos 'ive times less

than that of water. This resulted in- much hlgher‘vapour
quallty flow in the evaporator and superheated vapour--was ,

o~

produced for some test. cond1tlons
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The working fluid property fluctuations vere less for
these R-11 tests than for thé two-phase water tests. The
- data are ba&ievednto be reasgnable, which iStverified'hy the

‘results,fbom the two pecordings per steady state. These two =

b
i

results are almost identical as seen in most of.the'graphs
in Chapter 4. However, for future work, it could be
advantageous'to sample thevdata over a 30 minutes beriod as
well as a 45 second period ‘

' The maximum heat rate recovered b) the coollng water
(2800 W) was 20% higher than that of twofphase water’ tests,
Maximum system efficiency for the.Freon tests was 17%.

The experlmental heat transfer coeff1c1ent results were
hlgher than those: predlcted by two- phaﬁcorrelatlon '
equatpons used [30 32] but were still w1th1n the same order
'of mutucfe g h .

i VA . , _

The experlments éﬁ0wed that a closed loop thermosyphon
was able to’ transport*hegf;from a low grade heat source to aa
cold 11qu1d sink, even when’ihe temperaﬁbreudlfference |

'between the source and the s1nk was4£s low "as. 30° &, ThlS
1nd1cates the p0551b111ty of UtlllZlng such a systg% forf“
'practlcal appllcatlons;gHowever, the poor de51gn of the

system tested made it Qiffic t-to ohtaémAencouraging
results. Using the kn%w&eddéyzainedbih;this work, a more
eff1c1ent system could be constructed for further
1nvestﬁgatlon in low grade heat recovery research. This

includes better evaporator design and reduction of flow

restrictions in the primary loop.

.
e . -~ . .
S : [N
. ., . -y, . , . .
. . N .
. 4 . .
-’
.
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"In partlcular, Freon appeared to be well su1ted as

wofking fiuid, due to the Low latent heat of vapor;zatlon

‘

and low specific heat capacity. This allows the wor%ing

fluid to reach the saturated lqu1d state in the enterlngu
part of the evaporator tubes and to atta;n hlgher worklng
fluid vapoUr gualities exiting,the evaporator. Hence, the
heat tranefer cqefficients and heat transfer between heat
source and heag sink improve as'ldng as dry out and

superheat are avoided.
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10 REM RECOVERY OF WASTE HEAT USING 2-PHASE THERMOSYPHON

WITH FREON R-11 AS THE WORKING FLUID.

20 REM AUTHOR:BJORN YSTAD, M.Sc. STUDENT, U.A. 1982-85 PO
30 REM DECEMBER 11 - 1984 o
40 ' :

50 OPTION BASE 0 o

60 PRINTER IS 704, 132 ' S

70 PRINT CHR$(27)&"[4w" } .

80 ON KEY# 1,"START" GOTO 760 ' ' . B

90 ON KEY# 2," GO " GQTO 1080

100 ON KEY# 3,"TCHECK" GOTO 2800

110 ON KEY# 4,"TEMP " GOTO 3920 :

120 DIM C1$[10] [95],D$[10]

124 DIM S$[300]\§%%B§90] S2$[400],53$[400],54%[4001],

$5$[400),56%$[400],S7 L4oo] 58$[400] s9$[400]

130 SHORT A1(2 ) ( A3( ),A4(9),A5(35),B(96), '
1(20),B2(10) ( ),F(%O) (10) 90(10) $(74) ;
134 SHORT T(7 ) 0(96)

140 ON ERROR GOTO 1110 \

150 R$=CHR$ (13) \\

160 C¢="," ‘ i

170 REM ~

80 REM DATA ROUTINE E;é

190 REM THERMOCOUPLE DATA T TO TC#63 + TC#78

200 REM T.C.Equation : A1()xvolt+B1()=Temp

210 REM A1(0) - A1(16) :

220 DATA 18641,192,18863.738,18800.354,18918.651,
18958:755,18636.461,18935.017

230 DATA 18983.,361,19355.458,19552,46,18946.779,
18644.492,1.013,19591.142

240 DATA -19609.725,18485.543,19034.819

250 REM B1(0) -~ B1(16)

260 DATA 30.495,30.087,30. 076 30.089,30.091,
30.469,30.065,30.073

270 DATA 29.859,29.932, 30 061 30.459,1.96,28.899,
28.88,27.969,27.509

280 REM PRESSURE TRANSD. A2()*volt+B2() =psi(1, 4),1nH20(5 6) .
290 DATA .1,.111,1.009,.504,.077,.081 . '
300 DATA -.003,-.007,-.03,-. 037 002,— 004

310 REM FL.METER A3()*record.+B3()£g/seC' ' :
320 DATA 6.715,-.174,6.464,~.236,11.18,2.334,11.837,2.231
330 REM DENSITY OF AIR [kg/m3] A4(1)-A4(7)

<[0,20,40, 60 80,100, 127 deg c ) . '

A

-

340 DATA 29,1 21, 12,1.06,.99,.94,.88 ‘

350 REM DENSITY R11[kg/m3] A(1)-A(35) (2,7,19,17,22,27,
29,31,....,75,77,82,87,92 97]

360 DATA 1529.5, 1518. 2, 1506. 8,1495, 3 1483.6,1471.8,

1467, 1462.2, 1457 4,1452 6, 14477 « ) :

370 DATA 1442. 8,1437.9, 1433 1428,1423,1417.9,1412.,9,
1407.8,1402.6, 1397. 5, 1392 3,1387 : - : ’
380 DATA 1381.8,1376. 5,1371.1,1365.7,1360.3,4;54.8, '
1349.3, 134?’8,1329 7,1315,3,1300.5,1285.,5 .

390 REM N ‘

400 FOR I=0 TO 16 -

T



410 READ A1(I) )
420 NEXT I
& 430 FOR I=0 TO 16
- 440 READ B1(1)
EQ 450" NEXT. I
460 FOR I=1 TO 6
, +470. READ A2(I)
480 NEXT 1~ ‘

. 490 FOR I=1 TO 6 o
*  50Q READ B2(I) 7 - .
510 NEXT 1~

% ‘520 'FOR.I=1 TO 4

"+ 530" READ A3(1)
540 READ B3(I)
550 NEXT I- ‘
560 FOR I=1 TO 7
570 READ A4(I)
580 NEXT 1
590 FOR I=1 TO 35
600 READ A5(1)

610 NEXT I

620 REM

630 REM STARTING

640 A1 B1=0 WwWi=0 P(10)=0
650 CLBAR,  DISP USING 660

660 IMAG ”“INPUT DATE; SEC.SINCE MIDNIGHT BAROM.PRESSURE;
SYSTEM PRESSURE;LAST TAPE STORAGE #"
670 INPUZ D$,TO,P1,B0,J9
680 SETTIME TO, 0 ‘
690 REM INITIALIZING THE ACQUISITION VECTOR ARRAY
700 FOR 1=0 TO 96
w 710 B(I)sD. -BO(I)=0
720 NEXT T'r 4
730 CLEAR-'KEY LABEL DISP USING 740
740 IMAGE’"FOR INITIAL RECORDINGS; HIT KI1"
750 GOTO 750
760 CLEAR, DISP USING 270
770 IMAGE " DATA ACQUISITION IN pRosﬁEss " // ,
" BG. NOT ENTER -ANY KEY NOW REM" . :
780 SO0=0' S1=63 N=2 Ni=1 A1=0 F1=0 A0=0
790 T1=IP(TIME/3600) REM ‘Hours . % :
800 T2=I1P(TIME/60-T1%*60) REM Minutes
810 GOSUB 3530
/ 820 S0=64 S1=96 N=24 Nl=] : ,
830 GOSUB 3530 s ‘ J
840 BO(70)=B0(95)
850 FOR I=0 TO' 73 oA
860 B(1)=BO(I) - e
“ 870 NEXT I N ‘ 3
- 880 FORtI=1 TO 6 o
890 PO(I)=B(63+I)*A2(1)+B2(I) REM INITIAL PRESg. REC.
900 NEXT 1 o o
- 910 P0(3)=0 B = )
7920 GOTO 1600 - ‘
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930 REM

940 CLEAR KEY LABEL:G DISP USING 950

950 IMAGE "START UP THE SYSTEM",/, "COOLING H20 ON", /.,
"FAN ON",/,"HEATER 'ON"
.960.CLEAR DISP USING 970

970 IMAGE " INPUT THE FAN SPEED"

980 INPUT F1 . o - ,

990 DISP USING 1000 :

1000 IMAGE "IF YOU WANT TO. COMPARB TEMP,
MEASUREMENTS' ~ HIT K3 "« °

1010 BEEP. 50,300  WAIT 5000 : i
1020 DISP USIﬂG 1030 ‘ i
1030 IMAGE ///,"WHEN YOU ARE FI HED, HIT K2"
1040 GOTO 1040 - b

1050 DISP USING 1060

1060 IMAGE”"FOR CRITICAL TEMP.RECORDING

HIT K4 ELSE HIT K2"

1070 GOTO 1070
1080 CLEAR DISP USING 1090 '
1090 IMAGE "INPUT IF:",/,"NO FAN; 1",/,"15 MIN.RUN;
2",/,"ROTAMETER ; 3",/,"TURBINE METER; 4"

1100 INPUT 20 .

1110 CLEAR DISP USING 1120 .

*1120 IMAGE "DO YOU WANT A COMMENT TO EACH
RECORDING; HIT [ 1 ] ELSE [ 0 1"

1130 INPUT Z1

1140 CLEAR DISP USING 1150

M

1150 IMAGE "DO YOU WANT TO STORE ONTO TAPE; - NESAE
HIT [ 1 ) ELSE [ 0 ]" ' @
1160 INPUT 22 ' |

1170 REM .

1180 Al=A1+1 -

1190 REM ELECTRONIC (AND MANGAL DATA RECORDING

1200 W1=0

1210 IF Z0=3 THEN 1220 ELSE 1260

1220 CLEAR DISP USING 1230

1230 IMAGE "INPUT:WORKING H20"

1240 INPUT W1 '
1250 REM INITIALIZING THE ACQUISITION VECTOR ARRAY
1260 FOR 1=0 TO 74
1270 B(1)=0

1280 NEXT I « :
1290 N1=0 -
*1300 CLEAR DISP USING 770 |

1310 $0=0 S1=63 N=2 NI1=N1+1

1320 FOR 1=0 TO 96 :

1330 BO(I)=0 . . !
1340 NEXT 1 -

1350 T1_IP(TIME/3600) REM Hours ;
1360 T2=IP(TIME/b0- Tu,s&n}ma Mlnutes
137 GOSUB 3530 “

1380 S0=64 S1=67 N=10
1390 GOSUB 3530
1400 $0=71 S1=73 N=10

E N . .
}\_ / / - B s
' T - j
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. 1440 S0=68 S1=69 N=25
. 1450 GOSUB 3530

1414 GOSUB 3530 |
1420 S0-95 S1-95 N=10
1430 GOSUB 3530 .

1460 BO(70)=B0(95)

1470 FOR I1=0 TO 73

1480 B(I)}=B(I) +Bo(1>

1490 NEXT 1 - ,
1500 IF 20=2 THEN 1510 ELSE 1530 '
1510 IF N1=25 THEN 1520 ELSE 1310

1520 BEEP 200,500

1530 BEEP 100,200 -

1540 IF Z1=0 THEN 1%60, ELSE 1550

1550 IF Z0=3 THEN 1560 ELSE 1600 A :
1560 CLEAR DISP USING 1230 ™
1570 INPUT W3 /
1580 W1=(W1+W3) /2

1590 REM »

1600 CLEAR DISP USING 1610
1610 IMAGE "INPUT SOME. CHARACTERISTIC COMMENTS"
1620 INPUT C2% : -
1625 CLEAR DISP USING 1630 .
1630 IMAGE "INPUT SYSTEM REF. PRESSURE”"

.1640 INPUT PO

1650 REM

1660 REM CONVERTING. THE RECORDINGS TO PROBER UNITS
1670 FOR 1=0 TO 73 .

1680 B(1)=B(I)/N],

1690 NEXT I ,

1700 REM TEMP.DATA FROM Volts TO deg.C

1710 FOR I=0 TO 11 .
1720mT(I)=B(I)*A1(I)+B1(I)

1730 NEXT I~

1740 T(12)=B(12)%18290*A1(12)/9 REM THERMOPILE
1750 FOR I=13 TO 61

1760 T(I)= B(I)*A1(15)+B1(15)

1770 NEXT I
1780 T(62)=B(62)*A1(13)+B1(13)
1790 T(63)=B(63)*A1(14)+B1(14)

]800 REM AVERAGE TUBE WALL TEMP. PER COLLECTOR PANEL

1810 T3=T(20)+T(21)+T(22)+T(24)+T(25)+T(26)+
T(28)+T(29)+T(31)+T(32)

1820 T3=P3/10. REM [deg.C] .

1830 T4= T(43)+T(44)+T(45)+T(47)+T(48)+T(49)
T(51)+T(52)+T(54)+T(55)

1840 T4=T4/10 REM [deg.C] . g
1850 REM T4 & T3 ARE FOR PANEL #1 & #3 RESPECTIVELY
1860 -REM- PRESSURE FROM Volts TO Pa .
1870 FOR I=1 TO ¢ : ' ‘
1880 P(I)—(B(63+I)*A2(I)+B2(I) PO(I))*6.89476\ REM [kPa]
1885 IF 1=3 THEN P(I)=(B(63+I)*A2(I)+B2(I)+P0
%6.89476+101.3 REM [kPal
1890 NEXT I

171
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1900 FOR I
1910 P(I)=

1920 NEXT I

=5 TO 6

(63+I)*A2(I)+B2(I)?PO(I)Y*
997.13/999.89 Ragj[ 1nH2O ]

1930 IF A1=0 THEN GOTO 2100
1940 REM FLOW RATES
ROTOMETER [g/sec]

1950 F(1)=

1960 F(2)—(B(70)*A3(2)+B3(2))*FND(T

))/998.48

REM MAIN FL METER [g/s]* CAL .WITH HZO t—16 '3 deg.C

1970 F(

REM DOWCOMER [g/s];

- 1980 F(4

(BLT71)xA3(

REM COOL.WATER {g/s];
1990 IF B(70)<.05 THEN-F(2)=0
2000 IF B(71)<.05 THEN F(3) 0

2010 Vi=1096.5%SQR(ABS(P(6
£0.3048/60 HEM AIR VEL.

2020 B1=1
-T(12)))%0
2030 B1=0
2040 F(5)=
FLOW
2050
RATE
2060
2070

.gg48/60

Vix1,

RATE [m3/sec] p
F(6)=V9*1%x,3048% REM VOLUME FLOW '
[m3/sec] - AIR BAR

P(10)=B(73)%1000

Q1—F(2)*( T(1)+\T(2)+T(3)+T(4)+T (10))/4) %

~ FNB((T(1)+T(2))/2)

2080
2090
2100
2110
2120
2130
2140
" MINUTES

2160 IMAGE

2170 REM TEMPERATURES'

2180 PRINT

2190 IMAGE "WORKING FLUID AND AIR TEMPERATURES [deg.C]

2230 PRINT

Q2=F(2)*(T
Q3=F(4)*(T(6
REM PRINTING

REM HEADING
PRINT USING 2140
REM TEMPERATURES
IMAGE ////"DATE:"

FAN SPEED%
100A
USING 2190

USING 2210

T(6),T(7),T(8)

2210 IMAGE
- 2220 PRINT
T(9),T4,T3
2230 PRINT
2240 PRINT
2250 IMAGE
2260 PRINT

2270 .IMAGE’

2280 PRINT
. 2290 IMAGE'

2300 PRINT
2310- PRINT

8(7D.2D).
USING 221

USING 2210
USING 2250

/, "TEMPERATURES PANEL#1
s T(38),

USING 2270

T(7)-T(8
3)-T(

e

3)+B3(3))*FND(T
CAL.WITH H20 t= 1& 3 deg.C
)—(B(72)*A3(4)+B3(4))*ENC(

045%P1/4x*(

14

) ) *
62)

; D$,T1

6)/FNA(T¢13)-T

))/998.48

))/999. 34"
CAL.WITH H20* t—10 35deg.C

T(12))))

- USING C.L.RECORDING
1.096.5%,5713*SQR(P( 5)/FNA

FNB.((T

", 3D
2150 PRINT USING 2160 .5 C2$

I

’

’

(7)+T(8))/2)
)*ﬂkB (T(62)+T(63)) /2

,T2,F1

104, 2%,

3D, "/ HOURS

T(13)
REM AIR VEL' - USING AIR.BAR

13%. 0254)2 REM VOLUME

",3D’

-T(1), T(2) T(3),T(4),T(10),

T(12)

; TgO),T(s))

,T(13),T(14),

T(11)

T(43),T(56)

10X,7D.2D, 10x,7D;2D 20X, 7D 2D

#USING 2290
30X, 7D.2D

USING 2320

USING 2270 . T(39);T(45);ﬁ(57%

.
14

.
[

T(44)

T(46)

kS
¢

[deg.C]

T(62),T(63),

-~

R /‘\
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2320 IMAGE 35X,7D%2D / . %
,2330 PRINT USING 2290 ; T(47) o
2340 PRINT USING 2270 ; T(40),T(48) T.58)
2350 PRINT USING. 2290 ; T(49) .
2360 PRINT USING 2320 ; T(50)°
2370 PRINT USING 2270 ; 41),T€/]) T(61)
2380 PRINT USING”® 2290 ; T(52)
2390 PRINT USING 2320 ; T(53) h
2400 PRINT USING 2290 ; T(54) | ©

2410 PRINT USING 2270 T(42),T(55),T(60)

. 2420 PRINT USING 2430 K , T o
2430 IMAGE "TEMPERATURES PANEL#3 [deg.C] :" .
2440 PRINT USING 2270 ; T(15),T(20),T(33) .
2450 PRINT USING 2290 ; T(21) : y .
2460 PRINT USING 2270 ; T(16),T(22),T(34)"

2470 PRINT USING 2320 ; T(23)

2480~ PRINT USING 2290 ; T(24) .
2490 PRINT USING 2270 ; T(17),T(25L/r<35) 3
2500 PRINT USING 2290 j; T(26) =
2510 “PRENT USING 2320 ; T(27)

2520 PRINT USING 2270 ; T(18),T(28),T(36)
2530 PRINT USING 2290-; T(29)

2540 PRINT USING 2320 ; T(30)

2550 PRINT USING 2290 ; T(31)

2560 PRINT USING 2270 ; T(19),T(32),T(37)
2570 IF ,A1=0 THEN 2630 '

2580 REM FLOW RATES

2590 PRINT USING 2600

2600 IMAGE) "FLOW RATES:" - ‘

2610 PRINT USING 2620 ; F(1),F(2),F(3),F(4), F(5) F(6)

2620° IMAGE®4(4D.2D," g/sec"),2(4D.3D," m3/Sec dﬁ '

2630 REM PRESSURE DROPS & SYSTEM PRESSURE
2640 PRINT.USIN

2650 IMAGE "PRESSURES (1:EVP -. 2:COND -
3:SYST.PR. '

2660 PRINT ; P(1),P(2), R(3 ,P(4) "

2670 IMAGE "\1: ", 4D.4D, "[kPa] 20, 4D.4D, "[kPa]
3: ",6D.4D,"[R . 4", 6D.4D,"[kPa]"

2680 IF A1=0 THEN 940

2690 PRINT USING 2700 ; P(10),01,02,03

2700 IMAGE "OUTPUT. EL.HEATER & SENSIBLE HEATS ",

5D.D," Watt",3((5D.D)," Watt ")

2710 IF 22=1 THEN.GOSUB 2970 . '

2720 IF Z1=0 THEN 1180 ELSE 2730 f/“\

2730 CLEAR DISP USING 2740 ' ‘ Y , .
2740-IMAGE " DO YOU WANT MORE RECORDINGS _~YES OR NO 2"
2750 INPUT C1$[1,3] 1 |
2760 IF‘C1$[ﬁ,1]="Y" THEN 1050

2770 CLEAR DISP USING 2780

2780 IMAGE " THIS IS IT REM"

2790 END

2800 REM ‘

2810 CLEAR DISP USING 770

2820 BO(13)=0 BO(14)=0 BO(78)=0
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2830 S0=13 Si1=14 N=4 - | :
2840 GOSUB 3530 o el
2850 S0=78 S1=78 N=4 .

(/psﬂo GOSUB 3530 K t
\ /2870 T(13)=B0 (43 1(15)+B1(15) N 3

2880 T(14)=B0(14)*A1(15)+B}(15) - .

2890 T(64)= B0(78)*A1(16)+B1( 16)

2900 PRINT ESING 2910 ; T(13),T(14), T(64)

2910 IMAGE )/,3(4D.3D, " deg.C ") ‘
2920 DISP USING 2930 :
2930 IMAGE "HIT K2 TO END TEMP. COMPARISON" . P

2940 BEEP 10,1000 @AIT 5000

2950 GOTO 2810

2960 REM

2970 REM SUBROUTINE FOR STORING DATA ONTO TAPE

2980 REM CREATING DATA FILE - \THIS IS DONE ONCE

2990 REM CREATE "R11.D",90,2100

3000 FOR 1=64 TO 67 C

3010 T(I)=P(I-63)

3020 NEXT I .

3030 FOR 1=68 TO 73

3040 T(1)=F(1-67) -

3050 NEXT I

3060 T(74)=P(10)

3070°J9=J9+1

3080 s¢$="" ‘ e : .
3090 S1¢$=""

3100 S2%=""

3110 S3$=""_

3120 S4¢=""

3130 S5¢=""

3140 S6$="""

3150 S7¢=""

3160 S8¢=""

3170 S9¢="""

3180 REM PUTTING ES&ENTIAL DATA INTO ‘THE "S. $() ARRAYS"
3190 S$= VAL$(J9)&C$&D$&C$&VAL$(T1)&C$&VAL$(T2)&C$&C2$&C$&R$
3200 FOR I=0 TO 8 _

3210 11-1 ‘

3220 12=9+I

3230 I3=18+I A .

3240 14=27+1 '

3250 I15=36+I o
3260 16=45+1 | —
3270 17=54+1 ' o

3280 I8=63+1

3290 s1¢= S1$&VAL$(T(I1))&C$

3300 S2$=S2%$&VAL$(T(12))&C$

3310 S3$=S3$&VAL$(T(13))&C$ ' . o 5xfp~

3320 S4$=S4$&VAL$ (T(14))&C$
- 3330 S5$=S5$&VAL$(T(I15))&C$
3340 S6$=S6$&VAL${T{16))&C}$
3350 S7$=S7$&VAL$(T(17))8&C$ .
3360 S8$=S8$&VAL$(T(18))&C$. "



3370
. 3380
3390
3400
3410
3420
3430
3440
3450
3460
3470
3489
3490
3500
3510
13520
3530
3540
3550
3560

- . 3570

3580
3590
3600
3610
3620
3630
3640
3650
3660
3670
3680
3690
3700
3710
3720

3730
3740

3750
3760
3770

IN THE DUCT AT PITOT-STATIC TUBE LOCATION T !

3780

. ' | : 175

NEXT I
S9$=VAL$ (T(72))&C$&VALS$(T(73))&C$&VAL$(T(74))&C$&RS
'S1$=S1$&R$ ~ ' . _

S2$+S2$&R$ ' g _ 4
S$3$=S3$&R$ ~ :
S4$=S4$&R$ p ' X
S5$=S5$&R$ : K\
S6$=S6$&R$ ~
$7$=57$&R$

S8$=5S8$&R$ A
‘ASSIGN# 1 TO "R11,D" _
PRINT# 1,39 ; S$,S1$,524%,53¢,5S4%,55¢%,56%$,57%,58%,59%
ASSIGN# 1 TO % - / 7
C2¢="" J ‘ -

"RETURN e

REM : ,

REM SUBROUTYNE FOR. DATA AQUISITION

.CLEAR 709 ‘

OUTPUT 709 ; "VR5VT4S01" | IR 8
FOR J=1 TO N o : ‘

FOR I=S0 TO S1 , \ . ~
OUTPUT 709 ;"AC"&VALS$(I):"VT3" (
ENTER 709 ; A

REM SUMMING .BO(I) <
BO(T)=BO(I)+A a

NEXT I - o r

NEXT J

FOR I=S0 TO S1

BO(I)=B0O(I)/N

NEXT 1
RETURN a
REM - ‘ 7 :

REM FUNCTION DEFINFTIONS

REM AIR DENSITY FNA

DEF FNA(X)

IF F1=0 THEN P3=0 : :

IF F1=80 THEN P3=-.01 [psig]

IF F1=120 THEN P3=-,022 [psig]

IF F1=160 THEN P3=-.037 [psig]

IF F1=200] THEN P3=-,054 [psig]
P2=P1%70.5269/144+P3 [psial] STATIC PRESS.

.

IF Bl=1 THEN P2=P1%70.5269/144-P3 [psial

STATIC PRESS. IN THE DUCT AT AIR BAR,

3790
3800
3810
3820
3830
3840
3850
3860
3870
3880

C1=0 e

FOR I=1 TO 7

C1=C1+1

IF I<7 THEN Y=20%I-20

IF I=7 THEN Y=127

IF X<=Y THEN 3870

NEXT I : . ..

IF X>Y THEN D1=A4(7)/.4536%({3048° GOTO 3900

IF. C1=1:THEN D1=A4(1)/.4536{%i3%8’ GOTO 3900
C

'IF C1>=2 THEN Di=(A4(C1)-(A4XC1)-n4(CT1-1))/

(%



176
20*(Y X))/.4536%.3048° GOTO 3900 i
3890 IF C1=7 THEN D1=(A4(7)-(A4(7)-24(6) )/27*(Y X))/
.4536%,3048° REM [1b/ft3)
3900 FNA=D1*P2/14.73%520/(460+(X*1,8+32)) REM CORRECTED
. AIR DENSITY [1b/£t3] ‘
. 3910 FN END ‘ o
3920 REM Cod
3930 REM SPECIFIC HEAT OF WATER [J/(g K)]
3940 DEF FNB(X)
3950 FNB=4,179+.000079%(X-10)?2.
3960 FN END .
3970 REM ‘ ,
3980 REM SPEC}FIC DENSITY OF WATER [kg/m3], FNC
3990 DEF FNC(X) -
4000 Y=(1+, 0000087*x‘-95)/1ooo,
4010 FNC=1/Y ’
4020 FN END
“4030° REM" . ‘Q
- 4040 REM DENSITY OF 'R11 [kg/m3], FND } ‘
SQURCE: ASHRAE FUND. 1981 : :
1050 DEF FND(X) \
w4060 N1=2 - < ’

4070 IF X<27 THEN N1=5 .
4080 IF X>=77 THEN N1=5 . :
4090 Y=-3 : e
4100 C1=0 ‘ :

* 4110 FOR I=1 ™0 35
4120 C1=C1+1 '
4130 IF X<27 THEN Y=Y+5 .GOTO 4160
4140 IF X>77 THEN Y=¥+5 GOTO 4160
4150 Y=Y+2
4160 IF Y>X TﬁEN 4180
4170 NEXT I
4180 FND=A5(C1)-(A5(C1)-A5(Ci~1))/N1*(Y-X)
4190 FN END '
4200 REM
4210 CLEAR DISP USING 770
4220 BO(1)=0 BO(3)=0 BO(5)=0
4230 S0=1 S1=5 N=2
4240 GOSUB 3530 :
4250 T(1)=BO(1)*A1(1)+B1(1)
4260 T(3)=B0(3)*A1(3)+B1(3)
4270 T(5)=B0(5)*A1(5)+B1(5) S
4280 PRINT USING 4290 & T(1),T(3),T(5)
4290 IMAGE //,3(4D.3D," deg.C ")

\:74300 GOTO 1050 .

e e e R R

5




Appendix 11T

-,
S

U

~

Fortran Routings for Thermodynamic
Prope';t_iesfof Liquid Water

177



OO0OOOOOO0O0O0O00O00O0O0n

-
3
.

%

THERMODYNAMfE PROPERTIES OF SATURATED WATER AND STEAM

THE'EMPIRICAﬁrEQUATIONS ARE DEVELOPED BY:
T.FUJII, Y.Kﬁ?p AND K.MIHARA ; [14]

ALL THE TEMPERATURESIUSED IN THE EQS. HAVE

UNBTS [deg.C] UNLESS OTHERWISE IS SPECIFIED.

Vo ) 4

sk % ok 3k %k 3k sk ok ok ok % 3k ok 3k ok 3 %ok ok 3k ok ok 3k ok ok ok ok ok 3k %k k ok ok ok kX K K Kk Rk ok k okok X

‘THERMAL CONDUCTIVITY OF WATER, WK [W/(m K)1

FUNCTION WK(T)

“IF (T.LE.O.) T=10.

WK=.6881-4 .E- 6% (135.-T)%%2. 1
RETURN ‘ -

_END

VOLUMETRIC COEFFICIENT OF THERMAL EXPANSION
OF WATER, WBETA [1/K]

FUNCTION WBETA(T

IF (T LE.O.) T=10.

.06427E-3 | Y
A2 8 5053E-6 : Worvaps St
A3=-6.79E-8 i | €& I
B1=A1+2.%A2%T+3. *A3%TH%2, R

B2=1,+A1*xT+A2%T**2, +A3*T*%3,

_WBETA=B1*BZ‘

" RETURN

END

" VISCOSITY OF WATER, WMJU [kg/(m s)]

JFUNCTI'ON WMJU(T)

50
60

/

IF (T.LE.O.) T=10.
A=251./(T+135.)
WMJU=2.4E-5%10.*%%A.
RETURN

END

DYNAMIC VISCOS‘?Y OF SAthATED STEAM
VAPOUR, "WMJUV

FUNCTION WMJUV(T)
WMJUV=(8.02+0.04%T)*1E-6

RETURN [ \

END

SPECIFIC HEAT CAPACITY OF *ATER, WCP [J/(kg'

FUNCTION WCP(T)

IF (T.LE.10.) GOTO 50 ‘
WCP=4179.+(7.9%1,E-5)*(T-10.)*%2.9

GOTO 60 '

WCP=4179, ,

RETURN ' .
END .
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¢

ENSITY OF WATER, WDENS [kg/cu.m].
UNCTION WDENS(T)

IF (T.LE.O0.) T=10,
Y=(1.+(8.7%1.E-6)*Tx*x1,85)%1 ,E-3

WDENS=1./Y

RETURN

END



e

Appendix 111

L3

A

Flow Distribution Tests Through Modified Evaporator

1180
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B 3
After all the two- pﬁése theromsyphon tests were finished,
the upper'gvaporator header was detached from the heat
exchangdr. ™ / v
The inlet of the evpporator and~the cold water storage
tank was connected ‘with
a plastic hose
as shown in the !
schematic dlagram in Fig. Al.
€old water (13°C) was pumped from the water tank through
the evaporator panels.
Plastic hoses attached to the outlet of each evaporator
panel distributed the water to buckets whose tare weight was
found before the tests commenced.
‘Two separate test sets were performed 24 hours appart
and the results are shown in Tables Al and Ae.

"

TABLE A1: FLOW DISTRIBUTION THROUGH EVAP. PANELS

TEST #1

\\ ‘
TOTAL FLOW PANEL #1 PANEL #2 PANEL #3 PANEL #4
lg/s] [ %1 [g{s] (%1 (g/s) [ %1 [g/s) [ %1 [g/s] [ %]
55 100 11.2 20.4 20.4 37.1 13.5 24.5 9.9 18.0
45 100 8.2 18.2 18.9 42.0 10.9 24.2 7.0 15.6
35 100 5.8 16.5 17.0 48.6 7.9 22.6 4.3 12.3
25 100 3.45 13.8 13.8 55.2 5.6 22.4 2.15 8.6
15 100 ~1.30 8.7 38 69.2 3.06 20.4 0.26 1.7

10.

TABLE A1: FLOW DISTRIBUTION THROUGH EVAP. PANELS
TEST #2

TOTAL FLOW PANEL #1 PANEL #2.  PANEL #3  PANEL #4
lg/s] [ %1 [g/s) 0 %1 [g/s) [ %1 Lgssl 0 %1 [g/s) %1

55 100 10.9 19.8 19.6 ' 35.6 14.0 25.5 10.5 19.1
45 100 8.3 18.4 18.0 40.0 11.2 24.9 7.5 16.7%
35 100 6.0 17.1 15.7 44.9 8.5 24.3 4.8 13.7%
25 100 3.6 14.4 13.3 53,2 6.0 24.0 2.1 8.2
15 100 1.32 8.8 10.25 68.3 3.21 21.4 0.22 1.
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Five water flow rates (55, 45, 35, 25 and 15 g/s),
-recorded by a turbine flow meter, were tested per data_ sg(
The results for the two test sets gave good apreement.
However, the flow distribution through the different
evaporator panels for one test showed large deviations.
The lower the total mass flow rate, the less uniform was
the flow rate through the four evaporator panels.

Even though the test conditions are different, !
it is reasonable to asdume that uniform ,
flow distribution through the evaporator did not '
exist for the thermosyphonic tests either, '

%

Ty
»
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Appendix IV

Fortran Routines for'Thermodynamic
Properties of Freon R-11
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THERMODYNAMICAL PROPERTIES OF SATURATED LIQUID
AND. VAPOUR FREON . R 11.

THE EMPIRICAL EQUATIONS ARE DEVELOPED Bij,
T.FUJII, S.NOZU AND H.HONDA, [37] -
P CoLT

" ALL THE TEMPERATURES USED IN THE EQS. HAVE \

UNITS [deg o} UNBESSVOTHERWISE IS SPECIFIED.

1

UALL THE PRESSURES USED IN THE EQS. HAVE _
UNITS [Pa] UNLESS OTHERWISE IS SPECIFIED . "_

f*********************i*******************#*f***

THIS FUNCTION "RDENSV" CALCULATES THE DENSITY OF _

. “OF SATURATED R11-VAPOR, [kg/cu. m].

FUNCTION -RDENSV(P,T)
WM=137.38 , .
R=8314. . ' o e
PC=4377.024 8 ' '
'PRS=P/PC . ) )
TS=T+273.15 A :
2S=1./(1.+,63%(PRS*x%, 726+PRS**2 71)) _ : P
RDENSV= wm*p*1ooo /(R*ZS*TS)" ' '
RETURN S
END,

THIS FUNCTION "RDENSL"" CALCULATES THE DENSITY OF
OF SATURATED - R11-LIQUID, [kg/cu m].
‘FUNCTION RDENSL(T)

=(.652+7.52E- 4*T**1 4 /1000

"RDENSL“1 /Y

- RETURN RN |

END IR el i . -
" i ; . ,

THIS FUNCTION "RLHEAT" CALCULATES THE LATENT HEAT

OF.'VAPORI ZATION FOR R11, [J/kg]

FUNCTION REHEAT(T)

" RLHEAT=(1.898-3.94E 3*T)*100000

RETURN "+ -
END - o

THIS. FUNCTION'"RCPV" CALC. SPECIFIC HEAT Cp,
OF SATURATED R11-VAPOR, {J/(kg K)]
FUNCTION RCPV(P,T) =

PC=4377.024 o

' PRS=P/PC i e -
TS=T+273.15 ‘ R
CP0=(,545+8.13E-4%T)*1000. '

RCPV=(. 76*PRS** 61+4 46*PRS**3 24)*TS+CPO

RETURN
END
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,THIS FUNCTION "RCPL" CALC. SPECIFIC HEAT, Cp,
- OF SATURATED R11- LIQUID [J/(kg K) 1.

FUNCTION RCPL (T)

RCPL=(.867+8. 1E-4%T+1,8E-9%T*%3.6)*1000.

RETURN

END ..

THIS FUNCTION "RMJUV" CALC. DYNAMIC VISCOSITY
OF SATURATED R11-VAPOR, [kg/(m s)].

FUNCTION RMJUVI(T)

RMJUV=(.99+4.E- 3*T+8 E-14%T*%5 4)/100000
RETURN .

END '

THIS FUNCTION "RMJUL" CALC. DYNAMIC. VISCOSITY
OF SATURATED R11-LIQUID, [kg/(m s)1.

FUNCTION RMJUL(T) :

Y=385,/(T+281.) '

RMJUL=2.29E-5% 10, ¥xY

RETURN

END

THIS FUNCTION "RKV" CALC. THERMAL CONDUCTIVITY
OF R11-VAPOR, [W/(m K)].

FUNCTION RKV(T)

RKV=(6.542+4.77E- 2*¢ /1000.

RETURN

END

- THIS FUNCTION "RKL" CALC. THERMAL, CONbUCTIVITY

OF R11-LIQUID, [w/(m K)]J.

"FUNCTION RKL(T)

RKL=,0943-2.75E-4*T
RETURN ‘

END

o=
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