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Abstract

The steady state operating and heat transfer (
dharécteristic? of a closed loop thermosyphon;systen for>low
grade heat recovery are exanined with three types of working
fluid; liquid phase water, two-phase water, and two-phase
refrigerant R-113 The effects of external operating
parameters such as heat source temperature, cooling water
flow rate,.inltlaf\llqu1d ch%‘ge level, and llqnld-vapor
separator are studied. Forced flow tests with the liquid
phase systeﬁ were carrled out for comparlson purposes.

Results presented include an evaluatlon of system
performance‘and heat exchanger behaviour for each case
tested, As well, evaporator, c vective boiling is discussed

and flow visualization jhotographs of the flow reglmes

encountered 1n the ‘evapgrator tube and condenser shell are

‘presented Heat transfer results for the evaporator tube

# were found to correlate’ well with inverse Graetz parameter

for liqu1d—phase and low quality two—phase water flow.
bverall]results indicate that the refrigerant charged
sYstem‘offers the best performance for the low heat’ source
temperature range tested. It was found to operate most
efficiently when the flow at the evaporator exit was
composed of saturated vapor - without superheating. Problems
encountered which were detrimental to heat recovery were

condenser flooding-and primary looplflow restrictions.



-

N\

%

Acknowledéement‘

. / .
““The author wishes to express his sincere gratitude to
L]

Dr. K.C. Qpeng, projebf supervisor, for his assistance
during‘thé,course of this stﬁdy;land for his enthusiasm
towards this work. ot

Many hours of discussién with fellow graduate student -

Bjorn Ystad and his useful ad®ice have contributed

. immeasurably to this study.

. As always, the technical staff and machinists of the

Department of Mechanlcal Englneerlng headed by Tom Vlllet

and Al Muir Prov1ded work of excah,&ﬂg

allty durlng the
e

Ty |

constructlon off the experimental appara€u$ Special . 6

~go to Terry Nord for his assistance with electronic

*Einstrumen{étion.
X

Firancial aid from the Natural Sciences and Engineering .

‘Research Council of Canada under a strategic grant is

' greatly appreciated.

-~

vi



. Table of Contents

Chaplter Page

1. Introduction .....veo e esees e e N
1.1 Background e s 8 8 0 0 5 8 6 o8 s s » .-aacv--oo-'tonac-‘-.o..o.-‘

1.2 The Thermosyphon Principle and Applications ......3

1.3 Scope of the Study R A T S 7
Closed Loop Slnglejphase Wate?‘Thermosyphon and
Forced Flow TeStsS ..eeevievonanes R 9
2.1 Introduction ...eceeeeesnn C e e .....:..,...;...9
2.2 Ekperimental ApparatuS ...seeensaconn et ...1@
2.3 1t rumentation ............;.;..' ........ e eee e .. 15
2.4 Experimental Précedure ...... Ceee e e e een 17
2.5 Data Analysis ..; ......... e ee et et 20
2.6»Thérmosyphon Flow Results and Discussion ........ 27
2.6.1 Overall System Characteristics ....‘ ........ 27
2.6.2 Lower Heat Exchanéer Ceeeea e ceeans 38
.2.6.3 Upper Heat Exchanger ..........ccecncuecess 45
2.7 Forced Flow Results and Discussion .......... ....53
2.8 Conclusion ces s as e e eocs e s e es e e 60

Closed Loop Two-Phase Water Thermosyphon Tests PR 1)
3.1 Introduction e et errae e e s 65

3.2 Experimental Apparatus and Instrumentation ......66

3.3 Experimental ProcedUre ......ceeceseonosanenascnes 68
3.4 Data Analysis .....o0e. et eesseranns I 3
3.5 Results and Discussion ....;..,...........;......72
3.5.1 Overall System Charaéteristics-........:,..72
3.5.2 Upper and Lower Heat Exchangers ceeereees..80
3.5.3 Evaporator Convective Boiling ............ .83

- vii



i g

3.6 CONClUSION +ovvvvevenaronenns e se s e a e et 89

4, Closed Loop Two-Phase Refrxgerant R—113
Thermosyphon Tests e ...........,.......;91

4.1 TNtroduCtion .veeeieossesanson R ...;...;91

4.2 Experiméntal Apparatus and Instrumentation ......92

4’3 Experimental Procedure ..... X

- 4.4 Data Analysis .......... S e e e e .96
4.5 Results and Discussion .....ececeevean et e 98
4,51 Overéll System Characteristics ............ S8

. 4/5.2 System Efficiency ......c...vnnns R &
.5.3 Evaporator Convective Boiling ...... :.....115

4.5.4 Primary Loop Flow and Pressure
. - Instabilities ..... e tressas e 118

4.5.5 Convective Boiling Pressure Drop .........129

4.5.6 Flow Visualization .....cecevenne et e e e 138

4.6 Conclusion .......... L......,........;.....f?n..144

5.y Concluding Rgmarks .....ccceeiececenne et 155

References ............;..@:..,...«..;. ...... ;... ..... ..;159

Appendix I L.i.iieieaieann ..;......;..; ........ R %

Appendix II ..;,....;.., ........... e ir e ceee e S

Appeﬂdix ITT veeiiennosonas ;...........................;.173
v

viii



y
List of Tables
c\
\ r

Table } - ’ * Page

L -
2.1 Heat Exchanger DAMENSIOMS & vveevnennons P B

} s . .

4.1 Properties of Refrigerant R-113 Cee et ceees92

4,2 Kandlikar Correlation Coefficipnts .,..,........;...99

4.3 Heat Recovery with Different Working :
Fluids e 8 ® ¢ & 8 0 & 0 0 3 ¢ 3 '."..’..."l.'.‘.".l....‘l..‘.T11

®
.

1x

—



”~ . \ 1. -

List of Figures

\ Page
Schematic diagram of experiéental
apparatus ..........00.. R R R R e 11
Print of lower heat exchanger .
cross-section ......... cee e A v w14
Data acquisition flow chart ........... P -
Relationship between heat extragtion and )
heat input ......... et b er e e e e e 29
Effect of system temperature difference
on overall heat recovery ......... Gt e es e s et 29
Effect of system temperature difference
on total thermosyphon mass flow rate ............. + .32
Ef fect of average input heat flux on
total thermosyphon mass flow rate .........cc00un.n .32
Total thermosyphon mass flux at lower:
heat exchanger inlet ............. e et ar et 33
Ef fect of working fluid Reynolds number
at lower heat .exchanger inlet on system
effectiveness ....vii ettt e e 35
Comparison of system heat recovery ang
effectiveness ....eieeeecens e it eic e 35
System thermodynamic efficiency vs.
working fluid Reynolds number ................ e 37
Effect of input heat flux on ‘
thermodynamic effiCienCy vt iiieriiiiennevennnnens 37
Arithmetic mean overall heat transfer
coefficient for lower heat exchanger ............... 39
Logarithmic mean overall heat transfer _
coefficient for lower heat exchanger ..... e 39

\ 1

Dean number effect on arithmetic mean
overall heat transfer coefficient ........ peeeeene 41
Dean number effect on logarithmic mean
overall heat transfer coefficient .....c.c.. ... ceea 4

[N



Figure
-

2.22

‘Nusselt number in the upp

Effect of thermosyphon flow rate on heat
exchanger effectiveness ...... & cceoevn.

Average Nusselt number vs. Dean number in
lower heat exchanger coil .............))

Cémparison of Nusselt number with coiled

tube Correlation .....ceeeeeessnes S

Inverse Graetz number effect on average
Nusselt number for thermosyphon flow in
the lower heat exchanger .............. .

Correlation of Nusselt number with

modified inverse Graetz parameter ..........

Reynolds number vs Rayleigh number for

flow regime determination ........... ceeae

Arithmetic mean oveérall heat transfer
coefficient for the upper heat exchanger

Logarithmic mean heat transfer
coefficient for the upper heat exchanger

Dean numbe’ effect on arithmetic mean
overall heat transfer coefficient .......

Dean number effect on logarithmic medn
overall heat transfer coefficient ...... .

Effect of Dean number on tube side
er heat

s s 0 0 L S S A

exchanger «...ceoeveeve

Effect of inverse Graetz parameter on
Nusselt number for tube side flow .......

Fin side heat transfer coefficient vs.
thermosyphon mass flow rate for upper

. heat exchanger .......... et e .

Upper heat exchanger effectiveness vs.
thermosyphon mass flow rate .............

Reynolds number vs. Rayleigh number for
flow regime COMPACiSON .t eveovsvorenenosse

: ’ \ .
Ratio of curved to straight tube pressure
drop for upper heat exchanger coil ......

xi

Y 1



2.39

2.40

Relat1onsh1p between heat ‘recovery and ‘
heat 1nput for forced flow condltlons Ceedienaaseens 56

Effect of system temperature dlfference

on overall heat FECOVEIY: «ovreends .l..........&... 56
Effect of fofced flow Reynolds number on '
system effectiveness .......r.. e heitecieienaeaesse.D8
Effect of input heat flux on o
thermodynamic efficiency .........,1....;..w..... .58
System thermodynamlc eff1c1ency vSs. ~
forced flow Reynolds NUMDET . vveesosasosoneosnasases 59
Arlthmetlc mean overall heat transfer

~coefficient for lower heat exchanger w1th

" forced flow conditions ......eienereiienaneaan e...59
Effect of forced flow Dean number on
Nusselt number for inner coiled ‘tube B I R
Lower heat exchanger.Nusselt number 'vs.
modified inverse Graetz parameter for }
forced flOw LR I A A 4 ""."""""",""""""’ ...... 61
Arlthmetlc mean heat transfer coefficient :
for upper heat exchanger_............ ...... P Y

Fin side heat transfer coefficient vs ,
forced primary loop mass flow rate S Y

Effect of cooling water flow rate on Q.
vs. Ty-Te with 70% charge level and
downcomer closed

oaoooco-o-o.ocno"'

o.-’ooo‘n.no‘oc.oniouo75’A

: Effect. of charge 1evel on Q2 vs. T, T¢

’w1tb\¥§x30 ml/s and downcomer clOSed ...... e e .75
" Effect of. downcomer on Q, vs. T,-Tc with
220% charge level and V¢ =70 ml/s ..;......1,;; ...... .76

~ Evaporator tube inlet mass flux vs. wall

heat flux with 20% charde level and open- X

downcomer .v_o:,-o'o-O-ooob---'co.nooo~o-ooco".-...o'ooo76

X b

Effect of charge level on G, vs. g, with

Ve=10 .ml/s and closed downcomer S P A

i . o

: : Xx1i”




Figure i - Page

3.6

3.7

3.8

'Eﬁfect of downcomer on G, vs. @y .with 20%
charge level and V¢ =70 ML/S wuveneesnocnnnnneennasnsl

Evaporator exit vapor quality vs. heat

flux with 70% charge level and closed

downcomer .........”.:..L....,....;.................78
Heat recovered vs. condenser shell side

vapor quality with 70% charge level and .

closed downcomer ...... A

System efficiency vs. input heat flux
with 70% charge level and open dOWNCOMEL .......... .79,

Effect of charge level on n vs. g, with
Ve=10 ml/s and closed downcomer e tereeesiennesnesnsasl9

)

, Exampleé of fluctuéting phenomena for 20%

charge level, T,=75°C, Vc=30 ml/s, and /
downcomer ‘open .............................,.......81/

Effect of charge«féyel on U, vs. q; with Fd
closed downcomer and V¢ =10 ml/s ........ e sreane 482

Effect of downcomer on U, vsS. Qi with 20%
charge level and and V=30 ml/s ......cuen.n.

Effect of cooling water flow rat® on U,
vs. %, with 70% charge level and open
dOWnCOmer Il..lac‘..'l0..IOI....CO'I.!..-l'.‘l'oot....084

Effect of charge level on U; vs. X: with
closed downcomer and V=70 ml/s .....eoovhienennsn...84

Effeét Of-downcomer on U, vs.‘xz with Zd%

" charge level and Vc=70 ml/s ......... AN - 1

Y
Comparison J&f experimental eVaporatqf
heat transfer coefficient .with single

/

s

phase component correlation: ....../fcecoeeveeeeees ..85
; N ‘

Comparison of experimental evaporator

heat transfer coefficient with Shah

correlation f.................44.......,. ..... eees.s87
Comparison of experimental evaporator

heat transfer coefficient with

Shrock-Grossman COrrelation veeeeeeesesesesassnseeesd]

\\_ Xiii
\ ;



Figure

3.20

§
t

L}

N
)
L8

Page

Two- phase water\Nu, vs. Z, with all data

,and comparison wlth single phase results ....f......88

L

Effect of coollng water flow rate on
condenser shell side heat transfer
coefficient vs. quality with 70% charge
level and closed downcomer ..............;.,........88

Heat recovery vs. system temperature ‘
difference with 20% charge level ...........ccveens 100

Heat recovery vs. system temperature
dlfference with Vo=75 ml/s Ceeseeseae e teeeesesess 100

Total working fluid mass flux at
evaporator inlet for 100% charge level ceersaeeee.. 102

Effect of evaporator exit quallty on

total heat recovery for 100% charge level ..... ce.. 102
Evaporator exit quallty vs. wall heat

flux with 65% charge level ....4,.,35.....,.;..[..;103
Evaporator exit quality vs. wall!HeEt'7' ” ‘
flux with Vc~55 ml/s ..... v...,:g;;;g,....; ..... ce.. 103

Effect of coollng water flow: rate on
vapor superheating at evaporator ex1t .

with 20% charge level ...... e e e 105
Effect of charge level on Qabbé P
superheatlng at evaporator ex1t w1th
VC _55 ml/S ,' P R S S S R R o . .,,.,b‘v' »‘n.’n e cn u ‘. s ess e s 105

Evaporator exit quallty vs. (T Ts) for »
Ve=55 ml/S veverernnnn .......;,..... e e 107

Effect of (Tw=Ts ) on wall heat flux with' y
V=55 M1/S titereionrenannenassotstosscusnsassascns 107

Condenser shell side ' quality vs.
evaporator exit quality for 100% charge
level ......... e s e eesanes ceese e ceameoessss 108

COndenser'shell side QUality'VSg

‘evaporator exit quality for V¢=55 ml/s ..... W iee.. 108
Effect of cooling water flow rate on Q: T
vs. x, for 100% charge. level i ireiieriecanennons ... 110

s xiv



Figure 5 _ o " Page

4,14 -Efféct of charge level on Q:z VS X with
: VC=55 ml/s ..-c.coacooo-o-.coconoov.ou-o. ------- .....110v

4.15 Effect of cooling watér flew rate and o
input heat flux on efficiﬁnqy for 20% .
charge level PR O PP B

' 4.16 Effect of charge level ,and input heat

~ flux on efficiency with Vc=75 ML/S e evevenoonnnses 12

4.17 Effect of cooling water flow rate and
flow quality on efficiepéy for 65% charge
level oaov..o..-\.0..01"1/.".'..00';-t.couo'-lo-loulon...|1<14

4.18 Effect of charge level and flow quality ,
on efficiency with V¢=75 ml/s ...... et 114

4.19 Operating region of-thermosyphon for
isobaric conditionNs t.eieeeerecrcsete oo 116

4.20 Ratio of experimental to single phase
turbulent evaporator tube heat- transfer
coefficient vs. inverse Martinelll
parameter ...:....................;................117

4.21 Ratio of experimental to single phase
"~ turbulent evaporator heat transfer
coefficient vs. Boiling number ......c.eeveveeesoe.s 117

4,22 Comparison of experﬁmental evaporator
heat transfer coefficient with Shah ) .
correlation .......................................119

. 4.23 Comparison of experimentél evaporator
heat transfer coeffigient with
Shrock-Grossman correlation .....ccievsecsscoscacss 119

4.24 Comparison of experimental evaporator
heat transfer coefficient with Kandlikar
, COrrelation .vieeseeessoasneeens .............,....120

4.25 Primary loop flow and pressure
oscillations for 65% charge level, 65°C ,
heat source temperature, and Vc=25 ml/s e e eeeiens122

4.26 Frequency spectrum of primary loop flow
and pressure oscillations for 65% charge
level, 65°C heat source temperature, and

Ve 225 M1/ wevomevnennnsennnnneens 123

Xv



Q.
Figure

4.27

4.28

Frequency of downcomer flow fluctuations ,
for 100% charge level ........;....................126

/ .
Frequdncy of condensate flow fluctuations

_.for 65% charge level ..............,...............126.

4.29

4.33

4.35

Frequency of system pressuré fluctuations
for 20% charge level ......cenven Ceee e R

Variance of system pressure sighal for
65% charge level ....ccveoeen F PR

Variance of system presstre signal with
evaporator exit guality, all data ..c.ceeeneecenenes 128

Two-phase friction pressure drop through
evaporator vs. heat flux for 100% charge
level ..ceoensancscncs cenees e eseeessane e eeeeses133

Two-phase friction pressure drop through
evaporator vs. heat flux: for Ve=55 ml/S «ovvvnnnnns 133

Effect of evaporator exit quality on
two-phase frictional pressure drop for
65% charge level ...coceeceecees J PP B 1}

Effect of evaporator exit quality on
two-phase frictional pressure drop for

'VC=55 ml/S emee v e 00 00 0 0 e s 0 s 00 ® s e 0 e s e e o.-.'..-.135

4.36

4.40

Two-phase pressure drop vs. inverse
Martinelli parameter for 100% charge
level c.ieeeeeecaes e s e i e een e 137

" Ratio of measured evaporator pressure

drop to homogeneous model prediction vs.
x, for 65% charge level .....coveeceiimnenrorns ceee.s 137

Ratio of measured evaporator pressure:

drop to homcgeneous model prediction vs.

inverse Martinelli parameter for 100%

charge level T R R R ....138

Transient boiling flow at the evaporator
exit for 20% charge level, 85°C heat
source, and Vc=75 ml/s ............................146

Effect of chargevlevel and temperature on
evaporator flow regimes with V=25 ml/s ...... ee... 148



/ R § :
Effect of cooling water flow rate on
evaporator exit flow with 20% charge p
level and 85°C heat SOULCE ..vevseracoscccens cveeeed 149

Pulsing flow at evaporator exit with 55°C

heat source and Ve=75 ml/s .....veun ........;ﬁ,aw%;LSO o

condenser flooding for 20% charge level -
and 85°C heat SOUICE .‘..iceerieienrenonns .

Condenser flooding for 100% charge level

and 85°C heat SOUICE ..cieervessscscresssocnacnsess 152

Flooded condenser for 65% charge levelx
85°C heat source, and Vc=75 ml/s ...ieuieenrooeennns 153

Vapor injection into fully flooded

condenser for 100% charge and 85°C heat :
SOUFCE ¢ vt enescsessssssssssoscssssssssssssaocssssns . 154

xvii



Nomenclature

inside surface area of heat exchanger coils, m?
Boiling number, qu/Gh,g

Convection nymber !

specific haat of l@quid at constant pressure, J/kg K
specific heat of vapor at constant pressure,‘J(kg K
inside diameter, m |
curved tube fr1ct1on factor

stralght smooth tube frlctlon factor, 64 /Re

Froude number, G*/p2gd

frequency of oscillation of condensate flow, c/s

frequency of oscillation of downcomer flow, c/s
frequency of oscillation of system pressure, c/s
homogeneous model two-phase friction factor

mass flux, kg/m’s

total worklng flu1d mass flux at evaporator entrance,
kg/m*s :

Grashof number, GB(AT)d?/v?

gravitational constant, 9.81.m/s?

average heat transfer coefficieﬁt, W/m?°C

experrmentally determlned heat transfeﬂfcoefficient,
W/m“C - ™~

-

latent heat of vaporization, J/kg

- fin side heat transfer coeff1c1ent of condenser,

W/m?°C

heat transfer coefficiént predicted by a correlation,
W/m?°C '

modified Dittus-Boelter turbulent liguid phase heat
transfer correlation, W/m2°C

xviii



hy

Nu

. Pe

" Pr

AP

ap,

Q1

Ra

Re

two-phase heat transfer coefficient, W/m2°C
Dean number, Refr/R)°% S5

thermai condﬁctivity of liquid, W/m°C

tube length, m

mass flow rate of coolimg water, kg/s

mass flow rate of heating water, kg/s

mass flow rate of working fluid'through lower heat
exchanger, kg/s

mass flow rate of working fluid through uppd% heat
exchanger, kg/s '

Nusselt number, hd/k

Peclet number, RePr

Prandtl number, Cp u;/k;

measured convective boiling frictional pressure. drop
homogeneous model prediction for ;bnvective boiling
friction pressure drop

rate of‘heat release by heating fluid, W

rate of heat gain by cooliﬁg water, W

average wall heat flux, Q/A, W/m?

average wall heat flux based on latent heat only,
W/m?2 ,

radius of curvature of coiled tube, m

Rayleigh number, GrPr(d/l1)

Reynolds number, Gd/us

radius of tube, m ' '

hydraulic radius, m

- raw variance of oscillating voltage signals, Volts®

temperature,- °C

fluid bulk temperature, °C

xix

oy



T, saturation temperature of working fluid, °C

Tw " wall temperature, °C
AT characteristic temperature difference, °C
U overall heat transfer coefficient based on arithmetic

mean temperature difference, W/m?°C

Uim overall heat transfer coefficient based on
logarithmic mean temperature difference, W/m?°C

Ve cooling water volumetric flow rate, ml/s

Ve variance of Eystem pressure oscillations, kPa®’
Xy Martinelli parameter

Xy  vapor mass quality at evaporator exit

X, conaenser shell side vapor mass quality

Z inverse Graetz number in curved tube, (KPr d4/1)'
z axial distance, m

¢ coeffici?nt of thermal expansion, 1/°K

€ heat exchanger effectiveness

7 ‘ second law thermodynamic effiéiency

I absolute viscosity, kg/ms

a homogeneous absolute viscosity, kg/ms

v‘ kinematic viscosity{ymz/s

p‘. density, kg/m’ , .

) hoﬁogeneoUs density, kg/m?’ )

Subscrigté

1,2 at evaporator and condenser, respectively -
c vcooling stream

£ . liquid

g vapof

h heating stream

XX



inlet
outlet
single phase

_two-phase

xxi

N



1. Introduction

1.1 Background

Concern with the efficient use of available energy
resources has increased considerably since'the energy crisis
“of the 1970's, which was sparked by the Arab oil émbargo of
19;3. When it was realized that man's incredibl: “sumption
of fossil fuels was rapidly depleting that resource, more
emphasis was placed on nuclear fission reactors for the
production of power,

Fossil and nuclear fuels are used to'produce energy
primarily in the form of high temperature heat, which in
turn may be used as a heat source directly, to drive a
mechanical device, or generate electricity. The high
temperature application classifies them as high grade energy
sources, where ‘the driving force for heat transfer is large. .
High grade energy is easily utilized, and until recently has
been the most profitable for its users. However, both
nuclear and conventional energy sources are now suffering
serious economic and environmental drawbacks. For this
reason, attention has been drawn to ways of'making processes
more efficient, and to energy sources previously considered
to yield insufficiently to merit serious investigation.
Alternatives include yind, biogas, solar, and geothermal
energy sources.

Before 1975, there was little extensive scieﬁfific

research on alternatagevenergy sources, but since then,



literally volumes have been produced [1}4 on the subject.
Such novel ideas as generating electricity from the !
temperature stratification in the oceans have been proposed,
and mathematical models deQéloped to predict

pérforhaﬁée [{2]. In experimental systems, gross production
of more than 100 kilowatts has been achieved with
temperature differences of only 22°C [3]. Geothermal
deposits of hot water and solid media have long been used
for space heating in France and Hungary, and a feasibility
study of the use of Canada's large geothermal résource was
conducted at Regina by Vandenberghe éﬁd-vigrasse [a].
Consistent hot water production in the region of 60°C was
encountered. -

Such energy sources are available mainly in the low
temperature region - around 100°C. For éhis reason théy are
terméd low grade energy sources, as it is difficult to
transport heat over a small temperature difference.}lncluded
iﬁi%hi§ definition is perhaps the most popular "new" energy
sourcei that of solar radiation. A recent application of
solar ;nergy is for domestic heating through the use of flat
plate solar collectors. Ln this type of system, a working
fluid is heated in the solar collector, and then girculated
to heat én energy storage facility in the home for later
use.

This work is concerned with the basic problem of

transporting such low grade energy over a distance with a

" numbers in sguare brackets denote references at the end of
the thesis
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small temperature difference between the heat source and
sink. This might be encountered in several of the above
example;, such as the geothermal well whére)hot water is
pumped to the surface, or the flat plate solar collector
system, where the working fluid 'is circulated between a low
témperature heat source and a heat sink. The enérgy required
in pumping a working fluid in this typé of situation takes “
away from the net ‘useable heat which may have been
recévered, Therefore it is desirable in low grade energy
applications to have a method of transporting heat over a
distance withou? additional energy input.
1.2 The Thermosyphon Principle and Applications

several devices are available which utilize capillary
action, or body forces due to gravity or rotation o
circulate working fluids between a heat source and Hggt
sink, thué transporting energy. These are not new, and two
which use the body force of gravity are closed tube
thermosyphons, and closed loop thermosyphons, boﬁh of which
may be operated with a singie of two-phase working fluid.
Although the work contained herein deals with the operating 2
characteristics of a closed loop tjpe system, it is useful
to first discuss the principles of heat transport for a
closed tube thermosyphon to prSvide a basis for comparison.

In its simplest form, the single phasg closed tube

thermosyphon is a tube sealed at both ends,ofilled with some

working fluid. When the lower end is heated, and the upper



end cooled, colder, higher density fluid is located above
warmer, lower density fluid in the gravity field. The
temperature and densitxvstratification causes buoyancy
effects where the hot fluid rises and the cold fluia falls,
thus transporting energy from the heat source to the heat
sink. When the falling cold {luid encounters the rising warm
fluid a complicated mixing zone is formed. The different
modes of flbw as well as the hydrodynamic coupling region
between the heated and cooled zones are well discussed by .
Bayley and Lock [5].

The closed loop thermosyphon utilizes separate tubes to
éonvey the rising hot fluid and the falling cold fluid, so
that there is no interaction, and flow is in one direction
only. Once natural circulation begins, the working fluid
velocity increases until the overall .buoyancypforce 1is
balanced by viscous friction in the loop.

It is possible to operate such systems with two-phase
working fluids, so that heat transfer to and from the
working fluid is in the form of latent heat. Wit; the closed
tupe thermosyphon, the liquid is vaporized in the lower end,
rises to the upper cool end, and rejects heat to the sink
through condensation. The condensate flow returns to the "
heated portion down the wall of the tube. The closed tube
twoiphase thermosyphon has received some attention in the
area of low grade energy transport. It has been proposed for
guch novel uses as constructing ice dams [6], and for |

solidifying permafrost foundations [7,8]. An extensive body
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of ‘literature exists for tnfprmation on the heat-t%ansfer
and operating4characteristics of singie and two-phase ayosed
tube thermosyphon§. B

In the closed 105? two—phase-thermosyphon, the
yaporized-working fiuio trayels up the hjser line, 'is
condenseﬁ at the heat sinha and liquid returns to'the

S, evaporator sectlon through a condensate llne,‘w1th no

“Lgx_lnteractlon between ‘the streams. Addltlonally, flow in the
riser 11ne may be passed through a liquid- vapor'separator
1wh*re the llqu1d component of the rising flow is separated
off and returned to-the evaporator section through a

LP

yf downcomen line. ThlS enables,the condensataon sectlon of the
rloop to recelve h1gher vapor guallty flow to 1mprove the
;condensatlon eff1c1ency | _
‘?The closed loop two- phase thegaosypHOn has recently
p found low‘grade aPpllcatlon in phase-change refrigerant
’ charged solar coiiector systems. Possible commercially
available arrangements of such solar heatlng ‘systems-are
dlscussed in [9, 10, 11]. Two extens1ve studles on the '
]operatlng behav1our of these types of systems were done by
.Al Tamlml [12] and Lee [13], and the feasibility of these
arrangements for cold cllmates is discussedyby Kisgnér [147,
an‘d» Cheng [1 5] |

The use of a closed loop thermosyphon need not be

_ 7 | g
restricted to solarlcdlléctor applications, however. Many

®
1ndustr1al processes can be 1mproved through transfer of

waste'heat from exhaust gases to incoming combustlon

-

\' . ) ' [
Y . .



.streams Considerable amounts' of ventilation air are
rrequ1red 1n factorles, hospitals, sw1mm1ng pools andq§1r

- tight homes, and it would be desirable to preheat incoming
fresh air with the hot exhapst, espec1ally in winter. This
is not difficult if the two fluid streams, are close enough

- to be passed through a single heat exchanger In some
situations,’ phy51Eal limitations or contamlnatlon problems

| might cause the streams-to be separated by some distance. To
solve the problem in a conven%lonal way, one might use two N
heat exchangers coupled w1t% a pumpd‘kworklng fluid to
achieve heat transf;r This is very versatile and can meet
‘most physical requ1rements but 1nvolves the 1nstallat10n of
‘vpumps and controls.

If the.heat source stream is not located above the heat
sink stream in the gravity field, a closed loop two—phase
thermosyphon deviceunight be used to implement heat
transfer. There are sereral advantages to such an
'arrangenent The thermosfphon is @ very simple device which
requ1res no pumps or controls, and is thus malntenance free, '
making - 1t economically desirable.’ Heat transfer is one way
only - if the upper end of -the system becomes warmer: than
the lower, the working fluid‘will not flow land only ninor
heat transfer by COnductlon can occur. The heat source and
heat sink are separated by a vertical and horizontal
distance if desired, thus reroutlng of ducts or pipes to

.

achleve energy transport is not requlred The two- phase

systems offer an additional advantage over single phase
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thermosyphons;or forcé&fflcdﬁarrangéhents }p that the heat
transfer coefficients associateé with the boiling and.
condensation processes are very high, thus making the ‘total
system more efficient.

Some work has been done to determiné the'operatind
charactériStics'of closed,lobp'two-phasé therm05yphohs in a
low grade energy situation, such as by Cheng, et .al [16],
with refrigerant R-113 as the wofking fluid..A gas to gas
system vas chstfucted'énd tested by Mcpoﬁald,,et>al (177,

also using R-113 as the independent working fluid. However,

. there i§ a lack of complete information on the behaviour of

closed ldOp two-phase therhosyphons for low-grade energy-

- applications, and this provides the incentive for the .

3

pfesént study.

1.3 Scope df ;he Study

An experimental system was constructed to investigate
the operating and heat transfer characteristics of a closed
loop two‘phase'thermosyphdn fqr‘heat*transfer ffpm a low
grade liquid heat source (<100°C) to a liquid he;p sink. The
tests are conducted primarily fof steady state opdrating
conditions, with the short term time averaged temperatures
and flow rates in ﬁhe systeﬁ constant over long time
intervals,

The first series of tests deals with testing‘of the
apparatus with liqdid‘bhaée water as the working fluid

(Chapter 2) to provide baseline data for two-phase tests.
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Extensivé i;f0rmation on the behaviour of the compact heat
exchangers used in the system is provided at this point fof
future reference. .

Chapter 3 deals with the operation of £he system with
two-phase'wéter_as,the working fluid. This is achieved by
maintaining\a%bé:tial vacuum in the pfimary loo§ tb lower
the;saturationvtemperature 6f the water. A study of the
Subcodled and low quaiity nucleate boiling heat transfer in
the evaporator tube is also carried out.

Chapter 4 of this thesis is concerned with_a high flow
guality refrigerant R-113.syste@. Flow visualization studies
are also performed on the flow from the evaporator, and in
the condenser:shell to provide better'physical insight inteo
the operating characteristics of the system.

Each chapter is basically an indepéndént piece of work,
but comparisons ﬁﬁ%g‘the other types'of sjstems is maae”~-
throughout. Repetition betwe;ﬁ each section is avoided, and
only changes in'experimental apparatus,.procedure, or data
ahalysis froﬁ that given in Chapter 2 will Be mentioned in
subsequent chapters. The'uitimate goal of this work‘is to
provide experimental data for a Qiée’r?nge of external
operating parameters in the low temperature regime, and to
clarify the basic mechanisms of heat transport for the three
different closed loop\thermosyphbn systems tested. The data
‘is presented primarily in g¥aphical form, and an attémpt to
provide insight into %ﬁ@ processes involved will be made in

the accompanying text.



2. Closed Loop Single-Phase Water Thermosyphon and Forced

Flow Tests

2.1 Introduction

The steady state operating and heat transfer
characteristics of a'closed loop liquid—phase.therhosyphon
with water as the working fluid were studied to provide
reference data_for later study of two-phase systems. The
simulated low grade heat source is liquid‘water at
temperatures ranging between 55 and 95 degrees Centigrade,
which'ciassifies is it as iow grade. The heat sink
_temperature isvapproximately constant at 13-17°C, for a
maximum system temperature difference of about 80 deggees.

The effects ¢f various external operating parameters on
the flow'and heat transfer’characteriséics of the
thermosyphon are studied to determine optimum operation for
efficiént small temperature difference and low grade energy
recbvery. The results are also compared to the operatibn of
the primary loop in forced ‘flow, which is the conventional
method of transportingkenergy.between a separated heat
source and sink. A small centrifugal pump was insfalled‘in
the primary loop fér this series'of tests. In addiﬁion to
tﬂé performance of the overall system, the characterist}cs
of the individual heat exchangers used are described.
“  The ptimary loop flpw rates aqd temperatures will be

constant in time provided that thermal conditions at the

S SO :
heat source and heat sink are also constant and this



10

4

characterises the steady state condition. With some
geometrieé, steady state for the liquid ph;;?\qigggd loop
thermosyphon cannot be achieved because of .large
oscillations in flow raté:and pressure [1%]. Over the range
of operating parameters used for this syﬂ'em, such drastic .
behavﬁour was not encountered. |

The single phase thérmosyphon tested here may be
classified as a long loop [19]. This means that local
buoyancf forces in a flow cross-section are negligible
coﬁpared tg“the overall buoyancY~effect which drives the
natu;al circulation process. In this situation, the heat
exchangefsﬁfeel the loép flow rate as if it were forced, *
quite unlike the natural convection encountered in a closed

tube thermosyphon.

2.2 E#perime;tal Apparatus

The test thermosyphon consists of three separate loops,
diagrammed in Fig. 2.1. The actual closed loop thermosyphon
or primary-loop is composed of two heat exchangeré, coupled
'on the wor%ing‘fluid sides by a netwprkubfvcopper ;ubing and
fittings. Two secondary loops are’reQUired for‘heating and
cooling, énd_the forced circulation of these fluids allows
for cdntrol'an?'measurement of such paramétersuas heat input
and extraction. To allow for the inclusion of valves,
flowmeters, and sight glasses, the copper tubing size in‘the
primary loop varies from 1.27 cm (0.5 in) to 1.91 cm

(0.75 in). The larger size is used wherever possible to
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reduce friction losses. The heat exchangers are separated by
a vertical distance of 2.36 m (93 in.), measured from the
inlet pipe of the lower heat exchanger to the horizontal
axis of the upper heat exchanger The horlzontalvseparat;on
of the two units is approximately 2.3 meters.

The heating loop, which suppl1es the lower heat
exchanger, consists of an 1nsu1ated electrically heated hot
water tank (389 1 capacity) wlrh a pump, rotameter, and
by-pass for flow rate control. The heating elements and -tank
tenperature are regulated bysa PID temperature and power
controller, with a maximum input of 3.7 kilowatts. Heat
Vinput to the primary loop is calculated from the flow rate
and temperature change in the heating water as it passes
through the lower heat exchanger.

The cooling loop consists of a cold water tank
(1110 1 cap.), pump,‘turbine flow meter, and by-pass setnp.
The tank temperature ‘is kept fairly constant by_continuonsly
circulating cold tap water. The heat transported and
recovered by the system is’calculatedffrom the flow rate and
temperature change of the cooling water as it passes thrOUgh
_the ypper heat exchanger. Both the hot water and cold water
loocs are connected to the heat exchangers in the primary
loop with rubber hoses and copper tubing.

The lower heat exchanger is a Packless Industries model
CDAX-500 coiled double pipe unit with a three lobe twist

(1/3 turn per inch) on the inner copper tube. A cross

section of the tubes is shown in Fig. 2.2 and the outer
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round pipe is steel. The upper heat exchanger is a Solar
Research model 5835 shell‘and copper coil unit with
continuous low integral fins (root radius~0.5 in., fin
height-1/16 in., and 16 fins per inch). The pHysical
dimensioﬁs of both heat exchangers are given in Table 1.
Both the upper and lower units ‘are operated in counterflow,
with the working fluid flowing in the inner pipe in the
lower heat exéhanger, and in the shell side of the upper.

The distilled water in the wérking fluid loop was
treated with Zeotec 5900? corrosion inhibitor at a
concéntration oﬁ 0.5% vol/vol of water. This provides a pH
range of 8.5-10, andlelectrical conductivity range of
1000-2000 mmhosecm, which preventgd corrosion and scaling
during the éou;se df the tests. Large sight glasses
constructed bg Pyrex tubing with teflon seals and Swagelok
fittings alld@ed visual inspection of the fluid level and
‘claritf.

An expansion tank was used to keep the system pressure
at about 10 psi over the course of the singlelphaée tests.,
This was to prevent any dissolved gases frém coming out of
solution and forming gas pockets which would inhibit thé
syphoning effect in the tubes. The accumulator (liguid-vapor
separator) was not required for the liguid-phase tests and
this section was closed to the flow. A centrifugal pump
(14.9 watts, 3000 fpm) was inStalled in theAworking fluid

loop for sfudy of the system under forced flow conditions.

inhibitors
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Table 2.1 Heat Exchanger Dimensions

Type pPack tess Inaustries CDAX 500 Solar Research 5835 B
Double Pipe helilcal cot! Shall and Cotl
with 3 lobe inner apiral Wwith continous low iMtegral fin
Applicatton Lowar Heat Exchanger heating Uppar Heat Fxchanger conling
_ Inner Tube 1.0 {(m) 0.02494 (equiv.) 0 0127
Effactive Laength (m) 5 310 . 7 620
/d ratio 212 600
Coil Radius of Curv. (m) 0. 1743 O 053
r/R ratto 0 072 o] !éO
Numbar of Coils 4 /2 ‘ pal
[nner Heat Transfer 0. 526 0.304

Area (sq. m)

Outer Area of 0.572 0.952
Inner Coitl (sq. m)

External Oimensions pipe: 4 06 cm 0.0 shall: 15.24 cm O D
3.68 cm | D. 14 61 cm 1.0

2.3 Instrumentation

The geometry of the heat exchangers and piping promotes
good mixing ofithe fluids in the primary and secondary
loops, but additicna wire meshes were installed upstream of
the thermocouplés to ensure bulk temperature measurement.
The 1.6 mm outside diameter sheathed iron-constantan
thermocouples were located at the inlets and outlets of the
primary and secondary loops for both heat exchangers, and in
the dqwncomé;¢1ine. These were initially calibrated with
ASTM merfury in glass thermometers with divisions of 0.1°C
in a controliethemperature bath. The thermoéouples were
later recalibréted before installation with an HP-2807A
quartz thermometer with an accuracy of 0.1°C, and were fbund
not to wander appreciably. The maximum error using a linear

correlation between voltage and temperature 1is estimated to

be +0.3°C.
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pressure drops for the working, heating, and cooling
fluids in both heat exchangers were measured with Validyne
differential pressure transducers. The selection of
diaphragm sensitivity was based on preliminary tests, and
calibration was done with eithef inclined mercury or U-tube
water manoheters. The maximum error for the 5, B,Vand 10 psi
transducers (system pressure, cooling fluid, heé?ing fluid)
was +0.1 psi, and the error for the 0.5 psi transducers
(working fluid, both heat exchangers) was *0.005 psi(1% of
range).

A sensitive rotameter was used to measure the working

.

fluid flow rate (range 2.8-36.6 ml/s) with an estimated
error of +0.2 ml/s. A higher capacity rotameter (0-0.386 1/s
range) was used to measure the heating fluid flow rate, and
although it proved to be inaccurate; it was an acceptable
guide for setting the heating fluid flow réte. The heat
transferred in"the lower heat exchanger is then calculated
based on the more accurate working fluid flow rate, which is
possible only for the single phase tests. The cooling water
flow rate was monitored by a turbine flow meter
(range 5-80 ml/s) with a maximum error of 10.3 ml/s over the
range. The power supplies and signal conditioners of the
flow meters and pressure transducers were set to give +10
volts full scale ouput.

All electrical output devices; thermocouples, pressure
transducers, and turbine flow meters, were monitored by an

Hewlett Packard 3497A data acquisition control unit and



Hewlett Packard 85 micro-computer. The flow chart for the
data acquistion process is shown in Fig. %.3. Reference for
the thermocouples was provided by c;rcuitry in the
thermocouple’cards of the acquisition unit. A Digital
Decwriter IV printer provided the hard copy listing of the
experimental results.
2.4 Experimental Procedure

The single—ﬁhase closed loop thermosyphon test schedule
allowed for the manipulation of three external parameters:
heating fluid temperature, heating fluid flow rate, and
cooling fluid flow rate. This in turn varied the heat
transfer coefficients of the heat:exchangers, the input and
extracted heat, and system effectiveness and efficiency.

The“hot water tank temperature was varied from 55-95°C
in increments of 10°C, whdile the flow rates used were 30,40
and 50 ml/s. The cooling water flow rate ranged from 10-60

ml/s in increments of 10 ml/s and the temperature was

I

4

approximately constant at 13-17°C. Other unaltered
parameters were initial working fluia level in the primary
loop (completely filled and air purged), and system pressure
which was essentially constant at the start of all tests at
10 psi gauge. Room air temperature was very sﬁéble at
23.5°C, with an occasional half degree fluctuation.

All equipment, including the power supplies for

pressure transducers and flowmeters, and the data acquistion

unit were powered up at least 24 hours in advance of any
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~tests, and cold tap water ‘was c1rculated in the coollng tank

()
for several hours precedlng a test to ensure 'a steady heat

1}

‘

sink’ temperature. The heatlng water tank temperature was
, preset about four. hours before a test to allow the

electrlcal heaters to br1ng the large mass of the(water in
2

the heating tank to the correct temperature. The water was
.continously agitated with .a stlrrer to protect the heatlng
elements and provide‘a Ehiform tank temperaturer

To start.a test, the cooling water wasjfirst‘circulated
and.set to the-.desired flow rate.\The heatingﬂwater, already
set'at the proper temperature, was'circu1ated‘and adjusted'
to the correct flow rate. Due to the relatlvely short helght
‘vof the lower heat exchanger (”10 in.), 1t,tooh//h

“§ L

'unreasonably Long perlod of time for the water column above

the un1t te become hot enough to begin the natural (
circulation processs For thlS reason, the centrlfugal pump‘
in the primary loop was engaged for about 15 seconds to
allOW the heated worklng fluid to travel ug the riser tube,
and cold fluid to flow down the return llne. The result1ng
den51ty dlfference in the~11nes would allow natural
"c1rculatlon to begin, . and the ‘pump was no longer requlred

The steady state COﬂdlthn was 1dent1f1ed when short
term averaged temperatures and flow-rateS"were constant in
time for all points in the system._The measured parameters
for each test 1ncluded flow rates in the primary and

secondary loops, temperatures at the 1nlets and outlets of

»_the streams passing through both heat exchangers, and
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‘pressure drops across the heat exchangers. The computer
‘ . AV
acquired data was read consecutively 10 times, then

averaged The manually 1nputted rotameter readlngs were

gentered once, just before the automatic data acqu151tlon

process was begun. A sample data acqu151tlon program llstlng
for the micro-computer and control unit is included in

| | . - a
-Appendix I.

’ f»- ‘*s-” ‘ . ' /
2.5 Data Analysis

Operating the thermosyphon in 51ngle phase greatly
reduces the complex1t1es of data analy51s as compared to a
QWO—phase.system. Some very useful correlations for the .
pro.pe ties of liquid water c'omp,iled by ‘Fujii, -Noshg and

Honda={Q0] are used in the computer aided reductlon of the

raw dar f and the FORTRAN llbrary used for property

calculaﬁions may bevfound in Appendix I1. It is assumed that
the slight pressurization ofvthg'working fluid does not
cause significant error inﬂthe‘calbulation of properries, as
" these are primarily temperatore dependent for liquids.

In an experimental syatem of this nature, heat -
jtransport is of primary.interesrr The usefui energy
transferred_by a fluid passing through a heat exchanger is

)

given by
Q = m(ah) L o (2.)

with Ah being the total change in the intensive enthalpy of

the fluid stream. The specific heat at constant pressure is

?

£
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defined as [21]
- R S
: o ¢, =(2h | 2.2
A | o = G (2.2)
}, S .
For liquids the specific heat is closely approximated by
¢, = (th) (2.3
Transposing and substituting Eq.(2.3) into Eg.(2.1) one
obtains
) Q= m Cp(aT) (2.4)

i

for the total heat transferred to or from a liqﬁid“stream.

Thﬁgheat exchangers are well insulated so that heat losses

~to the surroundings are negliglible, thus the heat released

by one stream is equal to that gained by the other in the
heat exchanger. The average wall heat flux in a heat’

exchanger is. ' defined as

o ’ : q = Q/A (2.5>
: A -
with A being the effective heat transfer area of the inner

tube. The heat transferred in a heat exchanger may also be

) v c
written as ?
A o . p

;

0 - UA(AT) | ' | (2..76)
& .

with AT being the'charé%teristic.temperatufe difference and

ks

)
2,
Sals
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U the overall heat tr?nsfer coefficient. It is necessary to
define the overall heat transfer coefficient based on the.>
type of temberature difference used. The simplest form is_

the arithmetic mean temperature difference (AMTD)} which is

given by

a7 = i * Tho _ ci co (2.7)

v

When the total heat transferred is calculated from the cold

stream, and Eq.(2.6) is combined with Eq.(2.4), the overall
AN . . ‘

heat transfer coeffldfext based on an arlithmetic mean

temperature difference becomes

Another cpmmon characteristic temperature difference 1is
known as the logarlthmlc mean temperature difference (LMTD)

'whlch is easily derived [22] and is given by

AFgo (Tho - TC‘(TM - Teo) (2.9)

”“‘v;,g;,lj”[“ho “T T = Teo)]

Substituting in Eq.(2.6) and combining with Eg.(2.4) the
overall heat transfer coefficient based on a logarithmic
mean temperature difference for a counterflow situation can

be calculated rrom
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I - - - , .
" (Tho Tcij (Thi ‘Tco)l -

A
{]H(Tho - T 1)/(Thi - Tca)

o

It is interesting to compare the two definitions of heat
exchanger characteristic temperature difference

mathematically. Equating Eg.(2.7) to Eg~(2.9) and

" rearranging one obtains

'(T - T J
{ | = ho ci’ (2.11)
»(Thi ¥ Tho) B (Tc1‘+ Tc§) (Thi "Tco) .

It cgﬁ be seen frdm'Eq.(2.11) that the equality will be
géﬁisfied‘if (Tho ~Tci ) 1s equal to (Thi-Tco). These
quéntities are the differences between_the terminal
temperatures of the separate streams of the heat exchanger.
Actually, the exponential form of Eq.(2.11) is quite
inSensitivevto differenpes iﬁ these two quantities and if

(Tho ~Tei ) 1s not more than 50% greater than (Th; ~Teo ), then

the AMTD will agree with the LMTD within about 1% [23].

However, this condition is not met for the lower heat

exchanger in single phase thermosyphon tests, so résults

will be shown with both definitions of temperature

diffe:enceu'Fot subsequent tests, only the arithmetic mean

temperature difference is used as the results are in close
agreement with those given by the logarithmic mean

calculation.
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Due to~the gebmefries of the heat exchangeré'and the
coﬁdition of having fluqu flowing in both the heating and
cobliné‘streams of the units, no attempt was made to attach
thermocouples aloﬁg‘the tube walls to accurately determine
the walldtemperafure profiles. For convenience and
simplicity in interpreting the experimental results, the
average Qall temperature of the inner:tubes of both heat ﬂ
exchangers (cold side flow) is taken to be the mean of thef 
 hot side inlet and outlet bulk temperatures to give

T.. + T :
Tw = ( hi 5 ho) : (2.12)
The évérage bulk temperature of a cold stream passing
thrOugh}a heat exchanger is simply the mean oﬁvthé measured

inlet and outlet bulk temperatures which yields

o= i o0 | (2.13)

The average heat transfer coefficient between a flowing

fluid and a Heated wall is defined as

q/aT : - (2.14)

&
——
=

i

‘with

n

—.
'

-—

AT .(2.15)

W b :

The assumption given by Eq.(2.12)‘implies that the
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calculation of the average inner heat transfer coefficients
in the heaﬁ exchangers is the same as that for the overall
heat tfansfer,coefficient. This is rather coarse but
necessary due to physical limitatipns, and it is of interest
to carry out the analysis iﬁ thi's manner when calculating
fhe averagé‘Nusseit number for a heat exchanger inner tube.

The Nusselt number is defined as

Nu = h d/K, (2.16)

It was found that the Nusselt number for the flow in
‘the ‘inner tube of the lowef'heat exchangef correlated well
with.tﬁe dimensionieés parameter inverse Graetz number. The
Graetz number is ofteh used ‘in eqpations which estimate heat
transfer in entry regioﬁ flow and is defined.hére-as

Gz = Re Prd/g - O (2.17)

The dimensionless group (RePr) is often referred to as the
Peclet number, so the inverse Graetz parameter may be

written as

1 (2.18)

. ‘ ezt -pe! ()

RS

Bye substituting the curved tube Dean number for Reynolds

number, the dimensiorless parameter Z is obtained:

Z = (K Pr d/x)'l_ ‘ ) (2.19)



The data was found to fit a simple power equation

correlation in the form

Nu=aZzl ~ (2.20)

7 £ ¥

‘It is also possible to compare the experimentally
determinea Nusseit number for the helically coiled inneé
tube of the lower heat exchanger with a correlation
developed for coils with constant wall temperature‘and

laminar flow [24] 'given by

., | 0.9y B ,1/3 :
Nu.g4q = 3.65 +0.08 [1 + 0.08(r/R) | ] R, PL (2.21)

| | 0.194
with B = 0.05 + 0.2903(r/R)
This correlation may also be used to calculate the tube
side heat éfansfer coefficient of the upper heat»héat
exchanger coil. With this ihfgfmation, ahdrthé cglculated
overall heat transfer coefficient of thé upper unit, it is
possible to estimate the’fiﬁ side coefficient h, by

employing the electrical analogy. The resistance of the thin

copper wall is assumed negligible and this gives

~

h' =[—F_- F ] ) (2.22)

0.952 m?

e

where A is the fin side‘aréa

.and A is the tube side area = 0.304 m?.
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Another method of evaluating heat‘e#changer performance
is to calculate the effectiveness. This is defined as the
ratio of actual heat transfer to maximum poésibie heat
transfer between the streams in the heat exchanger [25]). For

the lower unit, this would simply be

T - T,
e = _CO ci . (2.23)
! Thi = Tei

It is also possible to compute the effectiveness of the
entire primary loop, treating it as one heat exchanger
between the heat source and heat sink fluids. Using the same
concept, the second law thermodynamﬁé efficiency of the

system may be calculated from,an availability analysis [26]

to give

-‘ .

" Relations which are specific to a particular chapter will be

discussed in .the sections in which they occur.
2.6 Thermosyphon Flow Results and Discussion

2.6.1 Overall System Characteristics
During the four month period from September to
December,»}§83, a total of 120 tests were performed to

determine the operating characteristics of the closed loop

9
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single-phase water thermosyphon and its associated heat
exchangers for a given set of external operating parameters.
It was found that the ;ariation of heating fluid flow rate
did not greatly affect the¢ graphically presented results, so
only the data associated with é heating fluid flow rate of

40 ml/s will be presented to avoid repetition. This was

chosen to be reptesentative as it is the average of the

‘three different flow rates used (30, 40, and 50 m}/s).

The overall performance of the system as a whole will
be dealt.with first. Fig. 2.4 .illustrates the relationéhip
between extracted and input energy for the system. The
primary loop is behaving like a heat exchéﬁgér between the
heat source and heat sink, and the only difference between
input and extraction is heat loss. This is minimal 1in this
system due %o the relatively low temperatures involved and
the insulation of the piping and heat exchangers.

Transferring heat with a low temperature driving force
is difficult and the additional problem of mass transport in
the primary loop is encountered for natural girculation
flow. Fig. 2.5 shows the effect of the temperéture
difference between the heat source tank and heat sink tank
on the total heat tran;port by the system. This primarily
reflects the increase in heat source temperature, as fhe
cooling water temperature is essentially constant for the
tests. As is expected, the increase in temperature

difference provides better overall performéhce, as this is.

an increase in the driving force for heat transfer. The
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rélatiOnship between these parameters may be better
envisioned by considering the entire primary natural
circulation loop as one heat exchanger between the heating
and cooling streams, as menéioned qarlier. Examining
Eq.(2.6), one can consider the syséem characteristic
temperature difference to be that plotted on the abscissa of
Fig. 2.5 ecause total heat transferred is plotted on the
ofdinate of~the graph, the slope of the graphed lines
becomes the ‘product of the system overall heat transfer
coefficient and some characteristié heat transfer area (UA).
Note that for the same temperature difference, an increase
in the cooling water floﬁ rate results in better heat
transport and thus.a higher overall heat transfer
coefficient. |

The effect of an increase in cooling water flow rate on
system performance is' twofold. First and most obvious, this
will cause more heat to be extracted at the upper heat
exchanger. Secondly, it lowers the temperat‘re of the
working fluid leaving the upper heat exchanger and increases
its density. The increased density differences between the
downflow and upflow sections of the primary loop causes the
flow rate of the working fluid to rise, thus transporting
mass and heat between the heat source and heat sink at a
faster rate. Similariy, an irncrease in heat source
temperature would also cause higher natural circulation

rates by lowering the fluid density in the riser line.
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. This is substantiated by Fig. 2.6 thch shows the
working fluid mass flow rate plotted against the system
temperature difference. The parameter which influences the
natural circulatioh mass flow rate the most is heat source
temperature, and the secondary effect is f ound by {ﬁcreasing
the coolant flow rate. “

In order to combine t:ie effects of fhe temperature
difference between the heat source and heat sink, and the
cooling water fiow rate, the mass flow rate may b;,plotted
’against average input heat flux as shown in Fig. 2.7. |
Increased flow rate corresponds to a higher heat flux.
conventionally, the mass flow rate in the primary loop is
given in terms of ﬁass flux, so the natural circulation mass
flux at the entrance to the lower heat exchanger is shown 1in
" Fig. 2:8.

It should be mentioned here that the cooling water flow
rates depicted in the legend are not exact as the flow rate
would wander somewhat after initially set. They are very
close, however, and the ex&ct values are used in any
calculations.,

another interesting aspect of system performance is the

quality of the heat recovered. This refers to the -4

temperature that the cooling water is heated to, whiéh will
: ; \

pe decreased for higher cooling water flow rates. This is

reflected in the calculation of the overall effectiveness

for the system, which is essentially the temperature change

that the cooling water undergoes divided by the maximum

Wi



Fig. 2.7 Effect of average input heat flux on total

thermosyphon mass flow rate
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‘r.
system temperature diffeggnce, similar to that shown by
Eqg.(2.23) for the lower heat exchamger The system

n of the working fluid

effectiveness is plotted as a func

'Reynolds number in Fig. 2.9. The ef%ectivene55=is greategf .

for the combination Qf lowest cooling water flo%iraté and.

highest primary loop .flow rate, which also cofresponds to

-the highest heat source temperature. Note that the range of

Reynolds number encountered in the single phase‘tests.
indicates thgé the natufal circulation flow lies in the
laminar regime, although‘inherent'disturbénces in the system
may affect this. |

Unfortunately, fﬁg total heat extraction will not be a
maximum wheh théléffectiveness is greatest. ?ﬁg. 2.10'shows
a comparison“betwéen total heat extracted and system
effectiveness in order to show the envelope of operating
conditions. The heat source temperature,is increasing from
bottom to top in the figure.

The thermodynamic eff}tiency of thé system as a whole
as calculated by Eq.(2.24) is plotteﬁvagéinst the natural

circulation Reynolds number in Fig. 2.11. As with

effectiveness , the maximum efficiency is found for a

combination of low cooling water flow rate, high heat source
temperature, and high working fluid flow rate. A singie heat

exchanger may'be expected to attain.efficiencies neérk80% as

compared to'tﬁe;maximum of about 33% for the.low temperature .

differgnce two heat exchanger system used here. The figure

indicateé that both higher heat source temperature'and

2
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primary loop flow rate coftribute to better efficiency. The
object of the study is to recover heat from a low grade
energy source, so the increase of heat source temperature 1s
not an available optioni However, improvemerits could be made
by eliminating the flow restrictions caused by the
instrumentation and the ‘use of relatively small tupes in the
primary loop. This in turn would allow an increase in the
natural circuiation rate, and-a higher system efficiency.
Fig. 2412 shows the effect of average input heat flux on the
eificiency, with the reéults coinciding with those in Fig

2. 1i. For any given ¢ooling water flow rate, an increase in

”'ﬁncrease the overatll eff1c1ency

heat fl
HeatgemmraCtion effectiveness, and thermodynamic
efficiency of the liquid-phase water system are all
positively affected by an increase in the total temperature
difference across the system and by an increase invthe:
natural circulation rate in the primary loop. Beoﬁuse the

Vl SCOUS

frictlon, decrea51ng the friction losses in the pfimary loop
is one method of improving performance.«This could be done
by eliminating unnecessacy fﬁttings, tubing siié changes,

" and small diameter tubes,‘which are required in the 1$?"
ekperimental‘system to accommodate instrumentation. As well,
unnecessary horizontal distance between the heat source and
heatesink should be avcided”to keep friction losses to a

minimum. Of course, any improvement in the performance of

the individual heat exchangers would also benefit the system
. ’ . _\»V-‘/
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as a whole.

2.6.2 Lower Heat Exchanger

~An analysis of.the performance of the heat exchangers
with single phase operating conditions is relatively simple,
and it is of interest to examlne-the lower heat exchanger as:
it is ‘a compact unit. It is approximately 25 centiheters
(10 in.) in height, with a_coil diameter of 34.8 cm
(14 in.). The inside tube of the heat exchanger is of
non-circular shape, so the hyoraulic diameter is used as an
equivalent dimension. The inner heat transfer area was |
calculated by enlarglng a cross-sectional print of the inner
.ube, measuring the inside perimeter, and multlplylng by the
effective length. A planimeter was used to find the

cross-sectional area, which is required for the calculation

-
7

of ‘hydraulic diameter.
‘Figures 2.13 and 2.14 show the arithmetic mean and
logarithmic mean overall heat transfer coefficients v'//%
calculated £rom Egs.(2.8) and (2.10) plotted against the
average input heat flux. Cooling water flow rate is an
1nd1rect parameter here as. it affects the flow rate in the
primary loop and causes changes in the input heat flux. The
use of heat flux as the independent variable virtually
eliminates the effect of change in the natural circulation
_flow rate caused by the alteration of the cooling water
flow. However, this effect becomes apparent when comparing,

the overall coefficient to the Dean number of the natural



Fig. 2.14 Logz-ithmic mean overall heat transfer
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i ) S
S

circulation flow in the coiled inner tube,.shown in Figures
‘2.15 and 2.16. The increase in cooling water flow rate
causes a rise in the flow rate of the natural circulation
loop, lowers the inlet temperature of the working fluid at
the lower heat exchanger, and thcs provides for better

per formance of thé’cﬁit. This illustrates that the
characteristics of_individqel compohents may be linked to
flow and heat transfer processes that are physically
separated from each other. They are interrelated through the
natural circulation flow in the primary -connecting loop.

The effect of the natural circulation flow rate on the
effectiveness of the heat exchanger calculated by Eq.(2.23)
is shown in Fig. 2.57. Aithough the effectiveness falls
‘rapidly‘with ihcreasing mass flow rate, the minimum value
encountered over the test range was about 0.965, which is
relatively high. -

The effect of Deanvnumber for the 1nner curved,. twisted
pipe on the Nusselt number calculated from Eq (2.16)
shown in Figure 2.18. The validity of the tube wall
temperature assumption g{Ven by Eq.(2.12) may be examined by
comparipéfgtetexperimentally determined Nusselt number with
tﬁe correlation for flow in a helically coiled tube given by
Eqg.(2.21). These are plotted against the Reynolds number for
the natural circulation flow in the inner heated tube in
Fig; 2.19. The indication from this is thatvthe assumptions
used to calculate the experimental Nusselt number are

acceptable for indicating trends, .

.

0}

y A
N L
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It is also possible to calculate the Nusselt number in
terms of the Graetz number as per McAdams [27]. For small

‘Graetz number, the asymptotic solution is given by
Nu = 0.5 Re PP d/2 (2.25)

The equation is valid for a constant wall temperature
condition and parabolic velocity profile, and represents ghe
upper bound for the Nusselt number in a circular tube.
Fig. 2.20 shows the experimentally determined Nusselt number
plotted against inverse Graetz number along with the
solution from Eq.(2.25). The test data correlates well with
a simple power relation as shown in the figure. The inverse
Graetz number is modified in a non-dimensional mannif to -
include curved tubes by replacing the Reynolds number with -
Dean number and the resulting cqrrelation is shown 1in
Fig. 2.21. The coefficients a and’'b described in Eqg.(2.20)
are 1.116 and —1.464, respéctiVely.

In heated tubes there is a possibility that secéndary
flow caused by buoyancy‘effects along the ﬁube wall is
enhancing the heat transfer. A dimensionless parameter which

represents the ratio of buoyancy forces to viscous forces is

known as the Rayleigh number, defined here as

Ra = Gr Pr’d/l' ’ . (2.26)

with the Grashof number given by

6r = g 8(aT) d°/v° (2.27)
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By comparing Fig. 2.22 with daté compiled by Metais and
Eckert [28], it is possible to determine the flow regime; be
it forced, ftee, or mixed. Since the pitch of the coilbis
iess than 3 degrees, the flow may be considered horizontal,
‘and for comparison purposes th§¥;ube is assumed straight.
The operating range of thérheat exchanger ﬁaaces the
flow regime of the inner tube in the mixed éunvection
region, 1nd1cathg that local buoyancy effects may play a
part in enhanc1ng the heat transfer process. However, due to
‘the prescence of the spiral shaped flow boundary, it would
be difficult to separate and quantify the buoyancy effects
for flow in'the inner tube. As well, the curvature of the
tube induces secondary flow due to centr;fugal forces, which
bécomes important over theltange ovaeah uumbers |
encountered [29]. The combination of spiral geometry, curved
tube and heated wall no doubt creates ‘a condition ¢&f strong
secondary flow and good mlxlng, whlch enhances heat transfer
to the flowing fluid and is partlz :espon51ble for thggmlgh

M
effectiveness values found for mhe h&&t efgha

change‘solar collectors, wit”

kilowatts: The cooling waters
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- the hot water (worklng flu1d) flows through the shell in
counterflow. AsS W1th the lower ‘heat exchanger, heat transfer
calculatlons are based on the inner stq&am,‘so that cooling

‘ water flow rate now becomes a d1rect parameter

Figures 2.23 and 2.24 show the arlthmetlc mean and
logarlthmlc mean overall "heat transfer coefficients plotted
against the average wall heat flux through the inner surface
of the tube. The magnltudes of the heat transfer
}3 coeff1c1ents are nearly the same for both the arithmetic and

~ logarithmic mean temperature dlfferences. | .

ff‘\\\ﬁ ' The coeff1c1ents are also plotted agalnst Dean number
in F1gs. 2.25 and 2. 26 The magnltude of the Dean number is
a d1rect result of coollng water flowerate and is thus
approxxmately constant for a given serles of tests. The heat
source temperature 1s now an indirect parameter and is
1ncrea51ng from the bottom to the tOp of the flgure A
hlgher source temperature 1ncreases the natural’ c1rculatlon
rate and temperature of the working fluid as ment foned
earller, and raises the overall heat transfer coeff1c1ent of
the upper heat exchanger This also has.an effect on th
Nusselt number for flow in the tube, as shown in Fig. 2,?7,
with the hea; source temperature increasing vertlcally(hxi
yAgaln the interaction of the separate loops caused by the
prlmary natura& c1rculatlon loop is observedv

Attemptlng to correlate Nusselt number with inverse

Grdetz number for the c01led tube is unsuccessful as shoWn

in Fig. 2.28. This occurs because the valye of the Graetz



the upper heat exchanger
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parameter is depengent on the forced convection in the tube,
while the Nusselt number is more dependent on the indirect
paraméters of heat source temperature and the flow rate in -
the prlmary loop,.as illustrated by the previous plots of
overall Heat transfer coefficient and Dean npmber
The fin side heat transfet coefficient is of interest

for later compafisou to‘two—phase results. This is
calculated from Eqg.(2.22), and is-plotted in Fig. 2.29
‘showiug the strong infiuence‘of-the oatural‘circulation mass
flow rate. . |

< The range‘of operation causes the effectiveness‘of this
heat exchanger to be cousiderably lower than that calculated
.tor the lower unit with a maximum of 0.93vand a minimum of

0. 48 ThlS is plotted against the fin 51de mass flow rate 1in

(L kFig. 2. 30

& P *

‘The coils of the upper heat exchanger lie in vertical
planes so that buoyancy effects due to‘ﬁeating d%ich occur
" in-the first 180 degrees of travel (upward.directionj will
be partially negated in the next 180 degrees of ‘a coil
(downward flow) No assumption'ofcvertical or horizontal
direction is. useful here as the dlrectlonal co@ponents of
p0551ble buoyancy forces osc1llate in a 51nuspldal manner as
’the‘flow proceeds through the c01ls. For reference, the plotﬁ
of Reynolds number ana,Rayleigh number is' shown in
Fig. 2. 31
The COﬂtflbUthﬂ to secondary flow due to’ the curvature

effect may be significant as the Dean numbers in the coil
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200.0 - -
y Vc ' )
175.04 0= 10ml/s ‘ x °
0= 20 . A ¥
a= 30" ‘ o +
15004 =40 : 2 ¥
[ peamn} ¢ X = 50
& o= 60 ~ e
. J,

. “’E 125.0 - 5 %

~ ‘

. 100.04 o & 5 ©

o (@]
'c 75.0" n]
. ) o ')6‘
50.04 g, :
25.0 T =~ =T T '[ " T L T
40 6.0 80 100 120 140 160 180 200 220
| m, [g/5]

Fig. 2 29 Fin side heat transfer coefficient vsv
thermosyphon mass flow rate for upper heat
exchanger ¢

1.0 , *
0.9
0.8
0.7
0.6
0.5
0.4 T T T T T T T
40 6.0 80 100 120 140 160 180 200 . 220
my [e/s] v
Fig. 2.30 Upper heat exchanger effectiveness vs.

52



i

are relatively large (K=200-2000). The flow is st%}l

laminar, as the critical Reynolds number for this™bil

geometry is over 10,000 according to Ito [30], and the
maximum value encounteredAhere’is‘ahout 5600. The curvature
effect is most easily examined by comparing the pressure
drop in the coil to that in a stralght smooth tube of the -
same length. Induced secondary flows should create better
momentum transfer between the wall and core flow, thus
1nCregiipg the pressure drop. The ratio of the two is
plotted against Deanjnumber in Fig. 2.32, along with a
correlation for the pressure drop in curved'tubes g;ven by

1to [30), The discrepancy at high Dean number could be due

to entrance region effects or local bquancy force 1nduced

£l whidh are difficult to describe due to the orlentatlon
of the coil The curved tube pressure drop is a maximum of
8.5 times greater than that for a smooth stralght tube with
the\same flow rate, indicating'heat transferraugmentatron
~due to the prescence of secondary flow.

: , , Y
2.7 Forced Flow Reésults and Discussion

‘ The conventional approach to transporting energy overha‘
dlstance is to couple the heat source and heat 51nk with a'
4work1ng flu1d loop and fogce the flow with -a pump. A -
: centrlfugal pump was 1nstalled in the primary -loop to study
the system performance under forced tlow conditions, and its
location is shown inhFig. 2.1. The unit isvoesigned for use'

-in hydronic solar collector sYstems and thus has a small

%,

. N S
s . - .
v".r‘ . X ! N . ) ' = . N
. ! . ) . - L
SR

3
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ne

power requirement (14.9 Watts, 3000 rpm). The results
presented here are primarily for comparison to the
performance of the thermosyphon system.

The varied operating parameters used ih these tests a}g
heat source temperature; .55-95°C in ihErémehts of 16°C,'and
working fiuid flow rate; 15-30 ml/s in increments of 5 ml/s.
Cooling water temperature is held approximately constant as
with the natural circulation tests, and the flow rate is
fixed ét 40 ml/s. Heating fluid flow is also constant at 40
ml/s. v _ :

The experimental procedure is similar tovthaR described
earlier( except that the flow ratevin therprimar§7loop is
now controlled by operating'é by-pass, setup around the pump.
The range of forced circulatioﬁ flow rate was chésen SO as
to intersect that obtained in natural circuiation tests.

As with the thermosyphon system, total heat input is
equal to extraction except for heat losses to the |
‘sﬁerundings and this i1s illustrated in Fig. 2.33. The
_ maxiﬁhm heat extraction has increased frqm 4200 Watts for.
the natural circul#tion system with a cooling.wéter'flow of
49 ml/s to 4800 Watts for the forced flow condition.

The effect of the difference in heat source and sink
téhperature on heat extraction is shown in Flg 2.34 for
various working fluid flow rates. As 1nd1ca€%ﬁ by the
natural circulation tests, the higher primary loop flow

rates yield better performénce.
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The overall effecti;eness of the system is also enhanced by
this increase in flow rate, as shown in Fig. 2.35. The
‘effectiveness was increased from 0.32 to 0.39 by the
inclusion of the pump for the same external operating
parameters. | ' )

The thermodynamic efficiency is less dependent on the
input heat flux as was the case for the natural circﬁlation
system,‘as shown in Fig. 2.36. This occurs because the
primary ioop flow rate is no longer a function of t§e heat
input. This is further illustrated by Fig. 2.37 which shows
the effect of the Reynolds number at the inlet tube of the
lower heat exchanger on the efficiency. The various heat
source temperatures are grouped tégether for a specific
Reynoids number. For the same external parameters, the total
thermodynamic efficiency of the system:inciuding the power
consumed by the pump has increased only marginally from 0.2
for natural circulation to 0.24 for forced flow.

The behaviour of the lower heat exchanger under the
forced flow condition is shown in Fig. 2.38, with the

N § 2z

overall heat transfer coefficient plotted against the
‘average wall heat flux. The strong effect of the primary
loop flow is seen here and in Fig. 2.39 where the effect of
the.Dean number on the average Nusselt number_isﬁéhown. Note
the linearity of the results.

The correlation between the a§erage Nusselt number and

modified inverse Graetz parameter for the inner tube of the

lower heat exchanger is shown in Fig. 2.40 and fairly good
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aéreement is found. ,
The upper heat exchanger behaves similarly to the‘lower
unit when examining the effect of the average wall heat flux
on the overall heatetransfenﬂﬁoefficient, as in Fig. 2.41.
The EErCed flow effect isv}arge as expected, and this is
also'?ggﬂcase for tle fin side heat transfer coefficient,
seen in Fig. 2.42. The effects of indirect parameters such
- HBS heat source temperature oh the performance are virtually
. eliminated for the forced flow condition as compared with
the natural circulation system. Thiséieva direct result o%
_ .
holding the primary flow rate fixed, as opposed to the

natural circulation system where the flow is a function of

the external parameters,

2.8 Conclusion
The closed loop liquid phase thermosyphon charged with
}ﬁdistilled water was found to successfully transport heat
" from the low grade liguid heat source loop to the liquid
heat sink loop at a maximum rate of 4200 Watte under steady.:

7

state conditions. This octurred for the highest heat source
:temperaturé (955C) and highest cooling water flow rate
?' (60 ml/s . Due to the short height of the heating and ’
| coollng sections as compared to the overall verth,L
-separatlonn the system was not self starting. R
The rate of heat recovery, everell.effectiveness, and
,sYstem thermodynam1c efficiency were all found to be

favourably affected by hlgher system temperature dlfferences

@
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and increased working fluid matural circulation rate. The

maximum effectiveness and effici&ncnyere found to be 0.32

andu0,33, respectively. - ' e

The natural thermesyphdn flow increased with higher

_coolant flows and increasing heat source temperature due to

their effecteion the density“of the fluid in the different

legs of the -primary loop. The major contributor was found to

be heating fluid temperature, and the maximum mass flow rate

obtained'was 21 g/s, corresponding to a lower heat exchanger

.inlet tube Reynolds number of 2050.

It was found that the effect of both the coolant flow
and system temperature dlfference on the thermosyphan mass
transport could be represented singularly by the input heat
flux Over‘the'tange of tests conducted, increases in input
heat flux corresponded to higher prlmary loop flow rates. Tt

4s de51rable ‘to 1ncrease®the thermosyphon flow, and one

. p0551b111ty is to ellﬁﬁnate flow restrlctlons caused by

small tube 5121ng,'1nstrumentatlon, or the bulk temperature

measurement meshes. g A

The primary natural‘cirCulation loop was found to form

"a sympethetTE\iink between the secondary loops, so that the

performance of Jthe heat exchangers became functions of far
removed parametgggi'The’lower heat ekchanger‘was*very

effective, and the Nuysselt number for .flow in the inner tube

correlated well with ﬁ\inqgrse_Graetzfparameter using.a

simpli power relation. The operating ranges of both units
‘ o Bt .

viqd@cates augmented heat transfer due to secondary flows,

S

¢ i
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and a significant increaserin the pressure drop¥f the upper
helical coil over the straight tube casé was”found;
Extensi§e information 1is provided on the operéting

characteristics of these compactLynits for future reference.

N ‘

Forcing the flow in the primary loop with a centrifugal
pump did increase heat reéoyé??,ﬁbut caused énly'margi;al_b
chanéés in the overall effectiveness and efficiency of the
system. The linking effect between the béhaviout of
physically separated‘components of the system as observed

for thermosyphon conditions was eliminated.
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3. Closed Loop Two-Phase Water Thermosyphon Tests’

3.1 Introductxon

Present phase change solar collector systems require

working fluids which boil at relatively low temperatures at

atmospheric pressure, such as refrigerants R-113'(45°C) or
R-11 (23°C). Another possible arrangement for phase change
low grade energy recovery is to use’a normally high boiling
temperature 1iquid such.as water subjected to a vacuum in
order to ldner the hoiiing’point. This simple but novel idea
has been employed‘in some closed tube thermosyphon work, but

a lack of llterature exists for 1ts use in a low grade

energy recovery closed‘E!op thermosyphon Thus, the steady
state operating and heat transfer characterlstlcs of the
'experlmental system are studied w1th vater at an initial

3evapo€ﬁtor pressure of 34 KPa. absolute (20 in. . f mercury

vacuum éils lowers the saturatlon\t*mperaugre of water
o

from 100°C at atmospherﬁ? pressure to approx1mately 55° C in,
“}\}

the primary loop evaéorator tube,%so that low grade tests

may still be conducted. Water was selecté@‘for ghls ‘ ﬁé;ﬁ;

o

~1nvest1gat10n in order to ea51ly obtain 51ngle phase data as

%

a reference and to study two-phase system performance w1th
¢

= e
low vapbr quallty flow “In addition, water.has other ’@.’

. . . .
o T —— - —— e = — o - : . 4

* an ASME paper based on .the contents of thlS chapter has
been accepted for- publlcatlon and will be presented at the
23rd ASME/AIChE/ANS National Heat Transfer Conf Denverv

. Colorado, Aug 4-7, 1985

‘* the lower heat exchanger and, upper heat exchanger will b€
henceforth referred to as thej evaporator and condenser
respect1Vely _/
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dvantages over refrigerants such as low“505t, availability,l

eand ease of handllng : ‘ﬁ ' o
The operatlng pr1nc1ple of the two-phase syd@em 15

essentlally the same as that for the’ lqu1d phase case,
except that the dr1v1ng force for natural c1rculatlon is
1ncreased Thls is due tg'lower den51ty llqu1d vapor flow in
the rlser llne from the evaporator, and the ﬁﬁtreased
pressure in the evaporator due to vapor generat1on. The
return lines to the evaporator inlet still cont;ln the
‘hlgher degflty llduld The higher two-phase convect1Ve
boiling and condensation heat transfer coeff1c1ents are |
expected to 1mprove performanog of,the heat exchangers, thus

beneflttlng the overall su'
c‘;‘? L - o B . .

1

ib %? ;2 Experipg y Apparatps'» pAfnstrumentation

The ntal apparatus is essentially the same as
‘that 36:" e gle phase ‘tests except that the effects‘of a
‘llquld va_ eparator located in the riser line w1ll°be
1nvestlgated lsee Fig. 2.1’. The separator (accumulator) is
located at the entrance to the condenser, where it separates

A-off the liquid compw of the flow and returns it to the.
inlet of the evaporafer through a line referred tg_is the T

downcomer. Tlﬁécold condensate tube and the dqwncomer tube

sare jolned by a tee upstream of the evaporator.

“’,jﬁ, hE The beneflts of such a dev1ce are two- fold First, the

hot liquid returned to the evaporator brings the worklng

fluld closer to its saturablon temperature, allow1ng for

- T L - 1 .
» . . I - - N

-~
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more latent heat tfansfer The drier" vapor component of the
@ ] +

flow which enters* the upper heat. exchanger allows for less

o

"lquld flooding ofiﬁ%é frnned surface.-Flood;ng is
"gundesirabie because the-layer of liquid increases the.heat
transfer re51stance. _ i
'Add1t1onal heaters. were 1nstalled in the hot water tank
to br1ng the total power 1nput ta 5 7 kllowatts. This was ‘

done because the tank temperature tended to decllne somewhat

in the high heat extractlon .single- phase tests, and the heat

worklng flu1d in the evaporator must now be calculated from< b

- *
transfer was expected to be even hlgher forq{he two- phase' ﬁ“\ -

R ;,\ 2 Hs ) -a ‘t :

¥ ) . " — A ;%} )
SR
& A more accurate rotameter was 1nstalled 1n the

secondary heating loop, as. the heat 1npgt to the borllng .
:;f

the heat given up by rbqhheatlng water The range and

accuracy of the rotamegﬁr are 2.8-36.6 ml/s, and *#0.2 ml/s,

. -
- )
-» 1

respectively.
. e . . . . . ) N .
In a two-phase natural circulation sysfem such as this,
v - o> ' o S

<3

ﬁihe fluctuations of the pr%ssuref ~flow rates in the
m

primary loop may be of the same itude_as their

g

; respective mean values. A static pressure tap, Validyne
differential pressure transducer, and reference pressure
tank were installed in the condensaw llne to monitor the ERY & m

#®
system pressure fluctuatlons The downcomer and condensate
g
flow rates wer%ymeasured w1th turblne flow meters, and the

system pressure and flow rate fluctuatlons were recorded on Qﬁﬂﬁ

Hewlett Packard chart recorders. The condensate flow metér ﬁuﬁ'ﬂ~,
: - ST > : “‘% K S . . ~ ) ’ . » ‘

-

5 .
o 6" ge S
+ %

e
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and downcomer flow meter ranges and accurac1es are 5-80
ml/s 0.3 ml/s and 3- 60 ml/s +0.2 ml/s

’ The measurlng 1nstuments“were retalibrated as before,
‘and the treated distllled water iu theVWOrklng fluid loop

was flushed out and replacedq

3. 3 Exper1menta1 Procédure

The operat1ng pafamgters stud1ed with the two-phase’ i ,/4/\

7N
pow iV ' 3,
. water'%ystem are heat source tempetrature (55-95°C); COOllng o 2
o
water flow rate rate (10 70 ml/s) open or closed downcomer p
llne, andathe initial amount of llquld in the system. The ) , Lo

'\diﬁferent liqu1d:levels gsed in the~pr1mary loop are

referred to as‘Charge levels, which are.measured as a

fractlon of the vertlcal dlstance between the evaporator'

inlet tube and theqhquzontal amas of t&aicondenser'(ﬁﬁo, 1'f@%
@ © 70, and 20%) . The evaporator pressure was 1n1t1ally sét at

20 1inches m!kcury vacuum or about 34 kPa absolute evaporator

pressure using a simple venturi and domestic water\supply.

arrangement. |

Due sto. the change in the time of year that the tests

E?ere conducted, the cooling water tank temperature ranged
'\ﬂforom 14-19°C as oppesed to 13-17°C for the single-phase

tests. The hez-ing water cir®wldtion rate was held
) 7

‘approx1mately tonstant at 30-35 ml/s for all tests.

The startup sequénde was 51m11ar to that psed. for the
single-phase tegsts, except that the natural circulation

o’

process~was or themost part self starting (the centrifugal
. >



ﬁégquigiﬁidn time was of the order of one minute.
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pump was not used. to initiate the flow). The time betwéén*&v‘

the initiation of the secondary 1oop flows and\pmimary loop

natural circulation was never more than two minutes for a

successful self-starting test, and more than»30'minutes with -
no flow was considered a failed test. Such failures occurred
for a‘combination of low initial liquid charge: level and loy
heat source temperaturer Natural circulation starts more
readily at higher charge levels due to the syphoning effect

in the tubes. ' ?&
k4 ) . ‘

A steady state was assumed to exist when the bulk

temperatures and flow rates were judged to be constant at

all locations in the system. The computer acquired data were

‘read consecutively 20 times and then averged. The total

FE - B

3.4 Data Analysis

.The analysis of the experimental data is similaratovg’
that used for the single phase tests, and addltlonal
eqdﬁtlons required for the two- phase flow and heat transfer
processes will be glven here The propertles of the lquld

components of fluid streams in the heat exchanger were

'edaLuaEed at the entrance bulk temperature, and steam
' properties at the saturation temperature. The heat

SN : L . e : -
~'¢ransferred to the working fluid stream in the evaporator

may be broken into three componeats: the senéible heatingvof

‘ ) . ‘ o
' the subcooled liquid, latent heat ga¥®h of the two-phase

»

liquid-vapor mixture, and superheating of the vapor phase.
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This total heat gain is represented by

T, - Ty) e xhe ¢ C (T - T8)] (3.1)

fq pv' o0

Because the heat exchangers are-well insulated, the total
heat gained by the working fluid is equal to that amount
released by ;héfgeating fluid, and a similar situation

-
exists at the condenser. This enables the important flow

-

property of vapor mass quality at the evaporator egﬁt,ahd

condenser inlet to be calculated by the following'equatiohs

for the case of no superheating. The vapor mass gquality

, _ '
(often referred to in shprt ag quality) may be simply

,  defined as the ratio of the mass of vapor present to the

total mass of the flow. - _ ot

Xl = [Ql/ml -C

(T - T.)]/h “(3.2)

pR' s i fg

»

(T, - 1)1/

fq

h Xy = [Qz/mz '-Cpl

&

| 30%, respectively. The increase in vapor quality from the®’
v . - . ] .

evaporator exit to the condenser inlet is due to the

presence of the liguid-vapor separator- for the open

downcomer series of tests.

[y

The overall heat trans%er cQefficients for the heat
exchangefg'ate based on an arithmetic mean temperature
difference. The coefficieq}s wern also dqmputed with the log

mean temperature‘difference,‘béé only a slight discrepancy

i

;;/

IXd

,x.v‘_"(3.3)

" In this study the values of x, and x; are"less than 20% and. -

\3’\‘

- . : [

¢
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between the‘two definitions was fouqd.

~ The two-phase heat transfer process for natural
convection boiling inside a coiled spiral tube is very
comblicated and'gt is useful to study the experimental
results using two-phase flow and heat transfer paraméters

such as the Martinelli parameuér X,, and boiling number BO

whi;h are defined asb“ u
| 0.9, , 0.5 0.1 w
g, = (x - 1) (ogleg) (helugd ™ (3.4)
’; Ch 3.5

The experlmental heat transfer coeff1c1ents‘for convective
b01k9ng in the evaporator %dll be compared to the
predictions of Shah [31], and Shrock and Grossman [32] which

can be calculated from

: ' N'_ZBO BoC (3.6)
o ‘ ) é@i .‘ A Yo - @ ) . i "

¥ 5
D . . P

' ) 3 _ -4 ,-0.66
Nuy /Nu, = 7.39 x 10 (Bo + 15.x 107" Kyy o )

Budgy e

s 43.7)

4 5
e
e
with '

Nus = hSd/Kf . ﬁ,?})

.,_A\ - v

-

The delfled Dittus-Boelter expre551on for the turbulent

51ngle phase heat transfer coefficient is reguired for these
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' ‘ 3 o . e ' N
correlations in the form v . . 5
. o <,¢_ . B \p\
f!" . '\

, \ 0.8 0. ﬂ . .Q'?.,' At
= . - X 3.9 - '4
h, = 0.023 [R,(1 - x)]7TTPr K, /d (3.9) Lk

The Shah éorrelasion has been shown to béfVaE&d for very low
quality saturated boiling-[31], and the Shrock-Grossman 5
prediction is meant to apply for amguality rangeﬂfrom 0-50%
[(32] for vertical flo; boiling.

Beatty and Katz [33] presented a modified‘Qusselt

theory cofrelation eguation for the condensation heat S

transfer coefficient of vapor on low finned horizontal

2P,

tubes. This correlation provides a refereﬁce only for the
present experimental results where the fin geometry 1is

distorted and the fins are subject to liquid flooding. The
properties of liquid water required in the analy51s of the
experimental data are computed from the equations given in

‘[20] (Appendix II). Cubic spline interpolation from“steam

tables is used for the properties of steam. * = - \

§ . ’ ». o
. a

3.5 Results and Discussion

3. 5 1 Overall System Characteristics
Eiue to the large set wf experimentﬂ parameters varied

during the course of the tests, not all data will be shown

¥

on each graphical representation of the results. Rather,‘one

L

parameter such as charge level will be fixed, an't’he" dffect

of varying the coolant flow will be examined. Another

possibility is to fix both the charge ievel and cooling 4;%;
. . B X . D N ’ o S ‘:Q %
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water flow rate and illustrate the effect of the downcomer
flow. In this manner, a typical cross sectionlof'the,?ntire‘
data set may be presented without densely cluttered

graphlcs. .

The effects of the operatlng parameters on the overall
thermal performance of the two-phase thermosyphon system an'gx
examined first. The heatvrecove;ed gy the coolihézwatérﬁQz?.
is plotted against the difference between Eéa;i..qréexgnd ::vﬁ%ﬁJ

heat sink temperatures (T,-T.), in Figs. 3. 14 ¥ and*3.3 ¢

where the effects of the operating paramete n be clearly

e heat source
"

‘0o lncrease the

seen. As expected, the effect of increasing '

temperature and cooling water flow rate ik_

rate of heat recovery. Higher charge levels‘and open
doyncomer from the liquid—vépor separator also improve
performanCe: The maximum value of heat recovery rate of 4600
Watts repfesents a 15% improvement ovér that obtained in
single phase tests.

The improved performance at highef charge levels is
puzzlingrat first Sicause the condenser coil may be
partially immersed “in liquid,_ané condensation area reduced.
HoWwever, this enhanced performance with the low vapor |
guality and high liquid entrainmeﬁt flow ma& be attributed
to improyedbmifing and higher working fluid flow rates,
which provides a darge amount of Sens;ble heat transﬁer, as
well as'fﬁe'anifiona& latént heat release. i
This. is substantlated by examlnlng the mass flux at the

evaporator 1nlet .as a functlon of average wall heat flux ol
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as plotted in rigs. 3.4, 3.5, and 3.6. The effect of charge
level is.seen in'Fig., 3.5, and a‘100%hcharge level indicares
that the. worklng flu1d 1n1t1ally flllS the primary loop to

‘the ﬁorlzontal axis of the condenser The greater mass £1ow
rates for hngEr charge levels along w1th the low vapor v
quallty flow help to explaln the r1§e in heat recovery with
1ncrea51ng charzrﬁlevel noted in Fig. 3.2. Fig. 3.6 shows. -
that with the dod%comer from the accnmulator open, the mass

®

flux is considerably hlgher than for the case of closed’
downcomer. fhe total mass flux ror the two-phase case 1is
: approximateiy dquble‘that obtained in single phaee‘tests
over the same range of input heat flux, with a maximum value
of G,=137 kg/m S. . ‘
Figs. 3.7 and 3.8 show the effect of wall heat flux g,
on the evaporatorktube exit quality x., "and the effect of

condenser inlet quality x. on heat recovery rate Q. for 70%

charge levels. The vapor quality depe#és on charge level for

‘a given ‘heat source temperature, and it represents the ‘ - {
contribution of the latent heat compenent in heat transport T

as opposed to sensible heating or cdoling. The effegt of \

input wall neat flux g, on the system tnermodyn,,am’gi

efficiency defined by Eg. (2.24) is shown in Figs. 3.9 and

3.10 with the lowest cooling water flow rate and highest.

charge level producing the best resnlts. The maximum * Lo
;eff1c1encg of 40% is a 7% 1mprovement over that obtained

with tﬂ§l51ng;e phase water system under the same operatlng 5
conditions. Again this low value can be api;abuted,}o the *

= T | -

N : , | 3 |
<V PP , » *
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flow restrictions in the working fluid loop caused by the

measuring instruments, with the primary losses due to the

e

small orifices in the turbine flow meters and the wire

meshes. , , .

The fluctuating phenomena of thermosyphon flow rates,

-

system pressure, and evaporator exit -temperature
inherent(to a two phase theémosyphon system’and rypic 1
chart records are shown in Fig. 3.1 .‘Thhvanalog recoxds
provide a good visual 1nd1cat10n.of the type of oscillati
1nvolved but beyond that are not partlcularly useful Of
interest are the }requency of theuosc1l;atlons and the
T‘\.zariance of the amplitudes which are difficult to accurately
extract from a record of thls nature/ For this réason,
dlg1tal methods of proce551ng fhese signals is pursued 1in,

the next chapter for the two-phase tefrigerant R-113 tests.

N

3 H

3,5.2‘ﬁppér and Lower Heat Exchangers
The effeets of wall heat flux‘q1n charge level and
liquid-vapor separator on the overall heat transfer
‘coefficient U, of the evaporator can be seen in'Figs. 3.12
and 3. 13. The performance of the evaporator improved
con51derably over the 51ngle phase cagp with the maxlmum
_value of U1=1370 w/m’°C being approx1mately double that

previously obtalned

The performance of the condenser under the condltlons
of lowyuality flow and high lqu1d entrainment and flooding

is ofS4nterest. The effects of inlet guality x,, cooling

K-
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water flow rate, chargellevel and downcomer on the overall

heat transfer coefficient U, are shown in Figs. 3.14, 3.15,
and 3.16. As is expected, increasing the cooling water flow

rate causes a significant rise in the value of heat transfer

" coefficient. Higher charge levels result in increased

-

working fluid flow rates and again help to improve -~
performance. The effeét of opening the downcomer is to raise
the vapor qualitfy in the conéenser, which increases the
latent component of the heat transfer. The condenser overall
heat tramsfeg' cefficients for low quality two-phase flow
are about 3vti s those obtgined in.single phase for similar

operating parameters.
. v

3.5.3 Evaporator Convéétive Boiling

It is useful to compare the experimental values for the
two-phase water heat transfer coefficient hexp with those of
the modified Dittus-Boelter equation h, for Single phase
turbulent heat transfer,-Eq.(3.9)} and the results are shown
in Fig. 3.17 using ﬁhe inverse Marginelli parameter for flow
in Ehe e?aporator tube. The ratio heyxp /h, 18 lower.than

would be expected for a high vapor quality situation,

‘however the trend to increase with higher flow quality and

larger 1/%,, does exist. The high data points near the
origin of the horizontal coordinate on the plot are no doubt
caused by‘low quality high speed flow at high charge levels

yielding a large amount of sensible heat transfer.
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The exper.imental results are also compared with the
predictions of Shah, and Shrock and Grossman, and are §hown
in Figs. 3.18 and 3.19 using the}parameter Boiling number.
The trend in the experimental data is to agree with the
simple Shah correlation when Bo > 3x10°°. As can be seen in
Fig. 3.19, the Shrock-Grossman cofrelation seems to
overpredict in the range of boiliﬁg number greater than
1.0x10"°°%. |

The single phase tests indicated that the Nusselt
number for flow in the inner tube of the lower heat
exchanger correlated well with the Graetz parameter. Because
the flow quality is low, the same correlation equation is |
shown in Fig. 3.20 with the two-phase data and the dotted
line indicates an extrapolation. In view of the different
flow regimes involved, this simple correlation does provide
a reasonable estimate of the value of the Nusselt number for
the low quality two-phase flow in the evaporator tube. This
may be geometry dependent however, and further work must be
done to determine the effect of other flow conditions and
tube.geometries on this simple correlation.

The condensation heat transfer outside the low integral
fins of the coiled circular condenser tube 1s rather
complicated. The values of the fin side heat transfer
coefficients calculated using EgQ.(2.22) are shown in
Fig. 3.21 with shell ¢side vapor guality as the major
parameter. Comparison with the ideal case predicted by the

Beatty-Katz correlation reveals that the experimental heat
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transfer was several orders of magnitude lower than

expected. In subsequent Freon tests, the steel shell of the

H

e ondenser was replaced w1th a Pyrex -glass tube for flow

visualization purposes It was revealed that even for low
initial llqu1d charge levels in the system, vapor generatlon
in the evaporator displaces lquld into the condenser shell
and floods the coil, tnus reducing condensation area. Liquid
entrainment into an empty condenser shell is also serious |
for high surface tension liquids such as water, where the:
knormally vacant space be‘tween the fins may be constantly
occupled by stagnant liquid. Thus the tube condensat1on area
ktakes on a modifiedccyllndrlcal shape with only small rings

‘ of copper exposed for direct condensation.

3. 6 Conclu51on

B ‘The low quality flow closed loop two- phase thermosyphon
system tested performed well and increased the level of h;at
extractlon by 15% over its 51ngle,phase»counterpart. Natural
:c1rculatlon was for the most part self 1n1t1at1ng, and-’
occurred w1th1n minutes after heating and coollng was

applied to the primary loop.

The greatest advantage over the single phase system is

the large increase in working fluid flow rate under similar /

operating conditions, which has positive. effects on /.

" performance in other areas. No doubt agitation caused by the
phase change process in both the evaporator and condenser

were addltlonal factors in improving performance through
! \ 4
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better heat transfer coeff1c1ents

1he prlmary loop mass flow rateswas found to increase
for/hlgher values of 1nput heat flux, as increased 5;pof
gqgeration caused higher flow velocities with liquid
. éntrainment. This is also reflected 1in better perfdrmance
" with higher vapor gquality flow. The open downcomer andv100%
charge level parameters also contribnted to greater mass
transport, and thus enhanced the overall performance.

The simple.Shah correlation valid for low-quality flow
agreed with the ekperimental determination of’the evaporator

' tube heat?tranffer coefficient for Boiling numbers greater

than 3, although limited data 1is available in this regidn. A

simple power correlation between Nusselt number and inverse - .

Graetz number obtained for the: evaporator with single phase‘ﬁjd

flow was compared to the low quallty convective boiling data 'f}dg

.encountered here, and the favourable results indicate that

further study is warranted. , . d, W¢5hfo,.'

' The condenser fin side heat. transfer coeff1c1ents were’:
considerably lower than predicted by Nusselt theory, and 1t.
is most llkely that condenser floodlng and lquld
entrainment have reduced the heat transfer to an enhanced

sensible form.



4. Closed Loop Two-Phase Refrigerant R-113 Thermosyphon

Tests

4.1 lnfroduction

Many flourocarbon refrigerants are ideal for lbw
\temperature‘energy recovery because they héve_low saturation
pressures at .low temperatures, and low liquid pha e heat
capacitance. This enables two phaée flow to be 9gZieved
easily, and allows for better efficiency due touhigher heat
transfer coefficients and‘flow rates. Additionally, they
ha§e low ffeezing points and do not cause scaling and
fouling, which makes for jong maintenance free life of the
thermosyphon loop. Such refrigerants normally have low
toxicity, and have been used in the food industry for years.

A condensed pamphlet is available from Dupont [34]
Whlch contains a summary of common refrigerants and their
propertles. Refrlgerant R- 113 was chosen for these tests as
it has a suitable saturation temperature for the range of
test“pérémeters desired. Some impoftant physical propertiés
of R~ 113 [34,35,36] are shown in Table 4.1.

The present experimental closed loop thermosyphon was
éhargéd"with this refrigerant to determ}ne the optimum
operating parameters for the low grade energy ieéovery
situation. The range of 6peration is from mid vapor quality
flow to superheated vapor in the riser line. In addition to
the heat tfangfer aﬂalysis of the system, floY visualization

photographs are presented in this chapter to give a better

91
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Table 4.1 Properties of Refirigerant R-113

Chemical Name TRICHLOROTRIFLUOROETHANE
Chemical Formula cg’le—ccm2

Molecular Weight ¢ 187.39 g/mol

Boiling Point at 1 atm 47.47°C

Freezing Point -35°C

Critical Pressure 33.7 atm

Critical Temperature 214.1°C

#®aturated Liguid Density 1569 kg/m’

Latent Heat of Vaporization 152 kJ/kg

- Ssaturated Liquid Specific Heat 0.953 kJ/kg K

understanding of the flow regimes encountered. As well, the
pressure and flow rate fluctuations in the primary loop are
examined more closely, and the two¥phasé pressure drop

results for flow in the eVaporator tube are included.

4.2 Experimenfal Apparatus-and Instrumentatioﬂ

The fluid in the primafy loop waé'draihed down and the
tubes flushed witb distilled water to remove any debris left
over from previous tests. The steel condenser shell Qas then
réplacea with a transparent ?yrex glass tube. This was done
_to enable flow visualization photographs of the cohdensation
process to be taken, as results from the two?phase water
'Eests indicate that the heat transfér mechanism in the heat
exchanger is not properly represented by Nusselt theory. An
axial dispersal tube was installéd‘in the condenser'so that
Freon vapor would be better distributed on the finned coil.
This was constructed simply of a half inch copper tube with
‘many radial. holes located so as to direct the spray onto the

coil. The system was' then dried by continously passing

a



compressed éir through the primary lodp fér i2-hours. Befofe
the 1obp was chérged with Freon, the‘sysfém was evdcuated
wiﬁh a vacuum pump for 48 hours to'ensure thaﬁ no air or
moisture remained.

Photographs of the flow were also taken at the
evaporatdr exit through the lowegmost sight glass, the
location of which may be seen in Fig. 2.1. A tripod mounted
Nikon FM2 35 mm camera with a 50 mm micro-lens was used with
Kodak Tri-X ASA-400 black and white film. The liguid R-113
was dyed red with Trace internal leak detector. As Freon
vaporizes, the dye is rejected and remains with the liquid
compdnent,of the two-phase mixture. When illuminated from
behind the sight'glass or condenser shell, and photographed
with black and white film, the vapor. is light in appearance,
' aﬁd thé:liquid dark. | .

The aﬁqlogvsignals for the fluctuating primary%loop
flow rates and pressure which were recgrded on chart
recorderé for the. two-phase water tests were found to be
extremely difficylt to.quantitatively analyze; For the Freon
series of teéts:‘these signals were additionally processed
‘with a fasf Fourier transform spectrum analyzer (Nicolet
Scientific Corpofation 444A Mini—UbiquitoudeFT)5 to
determine their freqﬁency contents. The frequency spectrums
were hard copie@ from the FFT with a Watahabe X-Y recorder.
The ahaiog signals were still recorded on Hewlétt_Packard

chart recorders for, visual interpretation.

o ® henceforth referred to as FFT
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When the flow at the evaporator exit 1s in the
two- phase reglon, the working fluid exit temperature will be
the saturation temperature at that point, and thi's quantity

is requiged in the calculation of the vasfr mass quality.

However, it was anticipated that the floy at the evaporator

exit Qould enter the superheated vapor region, thus making,
it diffieult ﬁo determine the local saturation temperature.
For this reason addifionai static pfessure’taps and pressure
transducers were installed in the worklng fluid loop at the

evaporator exit and condenser inlet to measure the local

pressures. With this infermation, it is possible to compute

>the saturation temperature from the thermodynamic

relationships between pressure and temperature in the
saturation region of the refrigerant.
As before, all the instruments were recalibrated before

the new series of tests were begun.

4.3 Experimental\Procedure

The Operating parameters,stndied with the tne—phase
refrigerant charged system are heat source Eemperature
(45-85°C), cooling water flow rate'(zg, ;éi 55, and 75

ml/s), and initial liquid Freon chafge>1evel.(100, 65, and

,"»320%4 iThe‘downcomer line from the liquid-vapor separator to

thegevaporator inlet was always open.'The heating water flow

, _rate was held between 32 and 36 ml/s, and the cooling water

temperature was constant 1n the range of 10-12°C. The lower

limit of the cooling water flow rate range was raised from
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10 ml/s to 25 ml/s because wear in the bearings of that
particular flow meter;were causing some inaccuracies at very
low flow.rates. .

The initial system ppessufe for all tests was the vapor
pressure of R-113 at room temperature (about 40 kPa
gbsolute). This was obtained by drawing a vacuum on the
syteh‘until boiling was achieved, then allowing the system{
tb settle for one hour before a tést was begun.

The startup sequence is the same as that for the
previous tests, and self-étarting two-phaée natural flow was
“always achieved within 20 seconds of the circulation of the
secondary loop fluids. Photbgraphs of the transition between
flow regimes at thé evaporator exit were also taken. ‘

A'éteady state was judged to exist when the short term
time averaged femperaturesﬁand system pressure (averaged
over about a one minuté period) were constant over about a
30 minute time interval. The final computer acquired data
_weré‘read cohsecutiveiy'BO times and then averaged.
Additionally, the fluctuating flow rates and system pressure
voltage signals were sampled consecutively 100 times each at
a rate of 10 readings per second. This data,&as then
analeed ta determine the statistical variance of the
siénals for various operating conditions.

The data was stored in hard copy form on paper; and on
Hewlett Packard magnetic tape cassettes, and later‘”
tranéferred to the UniverSity éomputer sysfem for final

N

analysis.
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4.4 Data Analysis

The analysis of the experimental data is similarPto’
that done in thg*previous chapters except that the |
properties of the working fluid are that of refrigerant
R-113, Correlation equetions developed for refrigerants by
Fujii, Noshu, and Honda [37] are used and the FQRTRAN
library of R-113 properties may be found in Appendix III.
The properties of the cooling and heating water streams are
given by the correlations mentioned in Chapter 2, and may be
found in Appendix II. |

A statistical analy51s of the fluctuating signals from
the prlmary loop 1nstrumentatlon was done to galn further
insight "into the mechanisms of the .instabilities involved in
a closed loop two- phase system. The frequency spectrum was
obtalned by proce551ng the data with an FFT spectrum

analyzer. It is also useful to examine the variance of an

output signal, which is calculated by [38] .

£

()%U v ' ~ S 2 - .| 1 - (4 . 1 )
where E is the mean voltage output of the sampled data and
e, is the amplitude of the ith sample; The raw variance of
thevvoltage output may be converted to the true varience in
uhics of flow rate (ml/s) or pressure (kPa) by multfplying

by the sgquare of the slope of the linear calibration curve:
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2 2 (4.2)

-The expegimental heat transfer results for convective
boiling in the evaporator were compared with they
éor;elations of Shah, and Shrock and Grossman in' Chapter 3.
For the Freon fests, a correlation developed by Kandlikar

(1982) will also be applied. This empirical equation is an

extension of Chen's proposal [39] that‘the two-phase heat

Plitatiig

transfer be treated as a result of two separate processes/ﬁ »
.

with a convective component and nucleate boiling componengf
- . ; R
[SATEN “Ed

The total heat transfer is given by f | §$§~

ht - hpoo1 ¥ hconv

i 5
AR

For R-113 in horizontal convective boiling Kandlikar's

correlation [40] gives

n, = [n1 o2 (25Fr)°° + 03 Bo”* (25F7)D0 (1.35)] h_ (4.4)
with the dimensionless parameters Froude number Fr and
Convection number Co given by ,

o
—
Fr = 6%/(p2 g d) (4.5)
0.8
Co = (__"_)5_) (p /pf)O.S (4.6)
X 9

" The constants required for the correlation are given in
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Table 4.2.

The degree of suﬁerheating\of the vapor at the
evaporator exit is of interest and this is simply the
difference between the measured temberature and the
saturation temperature calculated frOm’the local pressure.
In-order to check the gccuracy of the predicted saturation
temperature, the measured and calculated tempefaﬁures can be
compared while the flow is still in the two-phase regime.
When this is ddne, the degree of superheating is zero, as
both values should yield the saturation temperature. The
maximum error between the two was found to be 0.9°C over the
range of tests conducted in the saturation redioﬁ, which is

considered to be excellent agreement, o '
4.5 Results and Discussion
&

4.5.1 Overall System Characteristics

The overall thermal performance of the sysfem,
convective boiling heat transfer and pressure drop results,
‘and analysis of the fluctuating phenomena caused by flow
instablities in the refrigerant charged thermﬁéyphqn are
examined graphically in this chapter. Due to the voluminous
amount of data gathered during the course of the tests, only
representative portions of the results can be shown here, as
was indicated in Chapter 3 for the two-phase water tests.
Data points which occur for different heat sQufce

temperatures will be included in all figues. In this way



Table 4.2 Kandlikar Correlation Coefficients

Co<0.65 Co>0.65

D1 1.091 0.809

D2 -0.948 -0.891

D3 887.46 387.53

D4 0.726 0.587

! D5 0.333 0.096

D6 0.182 0.203

the individual effects of differént external operating
parameters can be more clearly seen. In cases where these
effects are not individually important, all data points will
be shown.

The cooling water heat extraction ié plotted against
the temperature difference bétween the heatvsource and heat
sink in Figs. 4.1 and 4.2 where the effects of cooling water
flow rate and charge ievel are seen. An interestihg
phenomenon occurs for a condition of high cooling water flow
rate or low liquid charge level. As the temperature
difference increases fogAtheée situations, the curves begin
to flatten out, indicating that the system overail heat
transfer coefficient is falling. This Qas not the case for
the liquid-phase or low quality two-phase wafer
the:mosypbons, as any increase in overall temperature
difference produced higher heat extraction. This will be
later shown to be the result of superheated vapor production
in the Evaporator. Up until the point that the curves begin
to flatten, higher cooling water flow rates and a lower

charge level result in improved performance.

’
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It was Aotéd in previous chapters that the mass flow
rate of the working fluid in the primary loop increased for
a higher input heat flux, which in turn resulted in
increased heat extraction. This is not the case for the high
quality flow Freon system as is shown in Fig. 4.3. Note that
the total mass flux through the evaporator reaches a
somewhat constant level, even though the heat flux is
increasing. As the heat input goes up, S0 does the rate of
vapor generation and the vapor mass quality. The final
result is‘that although the mass transport has reached a
steady value, the heat input and thus heat extraction is
increasing as shown in Fig. 4.4, due to the latent energy
content of the flow. Thus a distinguishing feature of this
system is that energy transfer occurs through higher latent
heat content and lower flow rate, as opposed to‘the low
guality water system which was characterized by hlgh mass
flow rates and large sensible heat transfer.

In order to better understand the overall process of
heat transport in the system, it is necessary to further
examine the propertieg of the flow in the primary loop at
the evaporator, riser line, and condenser. The low
saturation temperature, ligquid specific heat, and latent
heat of vaporlzatlon of R-113 allows much greater vapor
gualities to be achlevég than were possible for the wdter
system. The evapora;or exit vapor mass quality is plotted
against the average input heatAilux in the evaporator tube

in Figs. 4.5 and 4.6. A vapor quality of 1.0 indicates that
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the flow is either saturaged or superheated vapor, thus the
input- heat flux which is required to generate superheated
vapor for a particular operating cohdition may be
ldentified Note that higher tooling water flow rates
produce somewhat higher quality flow, and lower charge
levels drastically increase the vapor quallty for the same
heat flux.

A quality of 1.0 indicates only that superheating is
occorring, and it is also useful to have'aﬁqhantitative
indicetion of‘superheating.‘For'this reason the degree of
superheat (DSH) of the fluid at the-evaporetor exit is
plotted«against the input heet flux in Figs. 4.7 and 4.8.
DSH 1is the’amount above saturation‘that the vapor 1is heated;
and'€s7glven by the differenoe between the exit temperature
and e saturation temperature at that poiht. As indicated
by Figs. 4;7 and 4.8, higher cooling water flow rates and
lower charge .levels allow superheating to occur earlier and
in larger amounts.

1t was found that increasing the coolihg water flow
rate lowered the pressure in the primary loop, “thus lowerlng
the saturatlon temperature 1in the evaporator. This enhances
vapor generation giving higher quality flow, and a greater
possibility of SUperheating The lower charge levels promote
superheatlng because there is- less llqu1d in the system, -
wh1ch results in a smaller static head at the evaporator
The absolute pressure ls then lower; and this also decreases

the saturation temperature. The-effect of cooling water flow
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rate is felt'strongly at the evaporator, as was found to be
the case for the ligquid-phase and two-phase water
thermosyphbns. The indication from these figures is that the
vapor enteré the superheated regime for an input heat flux
around 6000-7000 W/m?.

Figs. 4.9 and 4.10 show the effect of the difference
between the wall temperature and the evaporator. saturation

temperature on the exit quality and average wall heat flux

for the same conditfﬁns. The temperature difference required

]

\

to increase thé flow guality to the superheated state is
about 15°C. At .this point the heat flux flattens off
immediately, even though the teﬁperature difference is
increasing. This indicates that the internal heat transfer
coefficient is dropping, as more of the inner surface area
of the evaporator tube bécomes dry. This has detrimental
effects on the overall'performance as is discussed later in
this chapter..

| The effects of externai parameters on the flow in the
evaporator tube_have been examined, and it is also of
inéerest to see the'changes that occur due to the prescence
of the riser tube and liquid-vapor separator. Figs. 4.11 and
4.12 show the qondenser shell s&de vapor quality as a
function of the_évaporator exit quélity. Fig. 4.11
illustrates the effect of the 1iquid—vapor separator on the
flow as the condenser gquality is roughly 1.5 times thqt‘at
the evaporator exit. The two—phaée mixture has been dried

somewhat with a portion-of the liquid component separated
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and returnéd to the evaporator. The tapering off of the
seemingly linear curve is probably a result of liquid
entrainment‘by high speed vapor passing through the
‘separator, as it is likely flooded for the high charge level
case. Thé cooling water flow rate has a minimal effect'and
'Fig. 4.12 indicates the stronger influence of chaﬁqeﬂgevel.
Note that the 100% charge level cufve shows the sg@eudrop
indicated by Fig. 4.11. j

The effect of condenser shell side quality on the
cooling water heat extraction is shown in Figs. 4.13 and
4.14. The effect of cooling water floQ rate appears to be
small compared to that of the quality. The maximum heat
extracted is somewhat higher for the lowef charge levels,
and the 20% charge level data lies éntirely in the superheat
region. |

| It is interesting to compare the separate operating
systems used; that of liquid-phase thermosyphon and forced
flow, two-phase water thefmésyphon flow, and thé two-phase
R-113 system. The maximum heat transbort rates for two
common operating'conditions between these arrangements is
shown in Table 4.3.

The best performance of the natural circulation systems
is achieved with R-113 as the working fluid, and this is
expected for tgis low temperature range. The best heat
extraction is obtained with the single phase forced flow

situation. but requires the inclusion of a pump.
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Table 4.3 Heat Recovery with Different Working Fluids

Th=55°C Th=85°C
Working Fluid Heat Recovered (Watts)
Liguid-Phase Water 1000 3650
Two-Phase Water 1800 3800
Two-Phase Freon R-113 2250 4100
Forced Flow Water 2500 4800

note: cooling water flow rate and temperature are
approximately constant for all cases.

4.5.2 System Efficiency

The overall thermodynamic efficiency of the system as
calculated by Eg.(2.24) yields some important information.
This is plotted against the average input heat flux {n
Figs. 4.15 and 4.16. Fig. 4.15 reveals that the efficiency
actually falls off for high cooling water flow rate and high
heat flux, and this begins to occur in a heat flux range of
6000-7000 W/m?. This is the same operating region that was
- earlier shown to characterize superheated vapor production
in the evaporator. Fig. 4.16 indicates that the lower charge
levelsfproyide better efficiency until(superheating begins,
but drop off more rapidly beyond that point. This is due to
the higher sensitivity of the lower charge levels to
superhéating as\ was shown in Fig. 4.8 (both a lower charge
level and higher cooling water flow rate.increase the
possibility of superheating, as discussed earlier). The low
quélity flow two-phase water tests showed that the
'efficiency increased’for any increase in the input heat
flux. k |

{

—
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i

The effect of having superheated vapor flowing in the
riser line is further illustrated by plottfng the efficiency
against the e&aporator exit quality, as'in Figs. 4.17 and
4.18. It is clear that the optimum system efficiency for a
particular chargf level or cooling water flow rate occurs as

o

the evaporatorg‘

it quality approaches 1.0, or fully
saturated vapor'flow. Deviation from saturation into the
superheated vapor region results in an immediate and rapid
reduction in éfficiency. This agrees with the work of
McDonald, et al [17], who found that for a system with a
multiple tube evaporator and condenser, that optimum
performance occurred when there was no evaporator dryout.

The experimental data indicates that this system
operates most efficiently in the saturation (two-phase)
region of the working fluid. This means avoiding excessive
subcooling of the working fluid at the condenser, or
superheating at the evaporator exit. }his is due to higher
two-phase heat transfef coefficients, and a lower working
fluid temperature which reduces heat losses.

The numerical values obtained for the efficiency of
this system are quite low as compared to a single heét
exchanger. As mentioned earlier, this might be improved by
removing flow restrictions in the primary loop, which in
~this system are caused by the flow meters, piping, and
fittings.jAn increase in the mass flow ra;e of the working

fluid would decrease the chance of superheated vapor

production in the evaporator. An ideal system with no
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pressure drop or heat loss might operate as illustrated on a
T-s diagram as in Fig. 4.19. The evaporation process OCCUIS
from left to right in the saturation region, and the

o)

condensation process on the same line from right to left,

returning to the initial point.

4.5.3 Evaporator Convective Boiling

As with the two phase water tests, the experimentally
determined convective boiling heat transfer coefficient isi
compared with that of the turbulent liquid-phase component.
predicted by Eg.(3.9). The ratio of experimental to single
phase coeffieiéﬁf is shown in Figs. 4.20 and 4.21, with
inverse Martinelli parameter and Boiling number as the ma jor
parameters. The results for data lying in thd saturation
region only are included, as.the equations fail outside the
two-phase fegion. The results follow the expected trend as
the latent component of heat transfer\ié much greater for
higher vapor geﬁefétion rates, while the liquid-phase flow
and contribution to heat transfer decreases. "

The experimental results for the high quality
convective boiling heat transfer coefficients are compared
with three separate correlation equations by Shah (317,
Shrock and Grossman [32], aﬁd a recent one (1982) by
Kandlikar [40].

The rgtio of experimental to predicted heat transfer

coefficient for the Shah correlation is plotted against the

correlation's major parameter Boiling number in Fig. 4.22.
")
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Although thlS correlation was found to predict well for the(
1ow quality water tests, }¢ underpredlcts as vapor
generation increases (increase in Bo). Although the
Shrock—Grossman equation was originally specified for flow
in vertical tubes,qit predicts reasonably well for inverse
Martinelli parameters greater than 5, as seen in Fig. 4.23.
Eq.(4.4) descrlbes the correlation equatlon developed
by Kandllkar for b0111ng flow in horlzontal pipes and
compares favourably with the experimental results, as show
in Fig. 4.24. The Convection number, Co, given by Eq.(4.6)
is a major parameter for this»correlation, and describes the

convective component of the flow.

4.5. 4'§r1mary Loop Flow and Pressure Instabilities

Interest in flow and pressure osc1llat10ns in two-phase
systems has grown con51derably since the 1950's due to the
advent of nuclear rea&tors and their associated coollng

o

problg@s% However, oscillatory flow 1nstab111t1es may occur
wheneve;lenergy is added to a flowing‘flu1d and produces a
change in volume [41]. A good rev1ew paper by Kakac .and
Vez1roglu [42] explains the different mecﬁanlsms of flow and
pressure osc1llat10ns, and sums the hlstory and present ‘work
‘in this field. o
| The most, common types of dynam1c oSc1llat10ns are
pressure-drop oscillations, which are related tg the amount
of .compressible volume.in the system g ~have lgrge time

periods, and density wave oscillations, which are related to
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the residence tfme of a fluid particle in thq. system, and
have shortéf periods. There are other types also, such as
acoustic oscillations and thermal oscillations, the latter
of which are related to the instabilities of the liduid f£ilm
in high’vapor quality flow.

These oscillations are particularly important for
natural circulation systems as they may be of £he same order
of magnitude as the mean flow rates and pressures. This can
lead to flow reversal, or fatiguing of piping and joints dué
to fluctuating’stresseé. Large, regular fluctuations in flow
rates andipreséurevin the primary loop of the two-phase
water systeh were noted, but it waé difficult to analyze the
data. For this reason, the data from the Freon systém was
processed with an FFT spectrum analyzer to determine the
frequency content of the signals. A typical chart recorder
trace of the output signals from the system pressure
transducer, downcomer line flqw meter, and condensate flow
meter are shown in Fig. 4.25. Note that the magnitude of -the
condenéaté line f%gctuations are much greater than that fo;
the downcomer Iiﬁ:i and this was found to always be the case
over the range of tests cond&cted.

o)
When the analog version of this signal is fed through

the FFT, the fundamental frequencies'may be identified, ‘as
~in Figq. 4.26. The additional smaller peaks are the harmonics
of the 0.35 cycles per second fundamental frequency. This

indicates that an additional acoustic wave may be travelling

around the system after the initial ‘excitatiom is provided

-
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by the fundamental. One important fact to be drawn from this
figure is that all three parameters have the same fregquency
of oscillation, and this was found to be the case for the
majqrity of the tests conducted. In addition, the
fundamental frequency was found to be a basically constant
Avalue, varying between 0.35 and 0.375 c/s, with some data
scatter. The frequencies of oscillation of the flow rates
and pressures are plottéd against input heat flux in Figs.
4,27, 4.28, and 4.29.

Pressure drop osc;llations_are of much lower frequency
than 0.35 c/s, as reported in [41], and for the most part
were not detected. The regularity of the oscillations for
changing heatlflux (thus changing vapor quality of the riser
flow) indicates that they may be dependent on geometry
rather than on the state of the flow. Stenning [43]

indicated that the time period of density wave oscillations

-

was of the order of the residence time of a fluid partiéle
in the system. For an open system forcad flow experiment,
verizoglu and Lee [4i] found that the period of density wave
oscillations was approximately 2.32 times the residence time
of‘a’particle in their heater and exit tubing, and that thé
freQue%cy was in the range 0.33-0.5.c/s.

For the present closed system, aAgOOd linear
relatibnship was not foﬁnd between the oscillation periods
and the time for a particle to fravel around the loop. This

could be due to the different sizes of tubing and fittiﬁgs

used, and the inability to determine the flow density at

)
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-
some points. Thus the average Qelocity of the flow could not
be accurately determined; However, the fluctations are of
the same order of magnitude as a roughly determined
fgéquency of the flow around the loop. This, and the
agreement with [41] fof»thé frequeﬁcy of density-wave
oscillatioﬁs indicates that thié is the mechanism of the
observed fluctuations, and the acoustic®wave which is
generated is the probable caﬁse of the harmonics as it
travels around the system agd is eventually damped out.

The amplitude of the oscillating signal is important as
weli as the frequency. The statistical variance of fhé
system pressure fluctuations was computed from Eqg.(4.2) énd
the result(is shown in Fig. 4.30 piotted against average
evaporator heat flux. This calculation represents the
deviations in the system pressure from the mean value of thé
"fluctuations, and the figure shows that the variance
increases only slightly with higher heat fluxes until a
critical point is reached, at which point ‘a dramatic |
increéée in the variance is seen. This point is once again
characterized by entry into the region of superheated vapor
production in the evaporator, and this is further
exemplified in Fig. 4.31, where the ;ystem pressure variancé
is plottediagainst evabora;or exit quality (all data shown).

This would often cause an aﬁdible noise to emanate from
the tem, as well as some vibration of the primary loop
tubes. This drastic éffect which occurs for éuperheated

L4 .
vapor production may be caused by an increasingly unstabl
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' liquid film on the evaporator tube surface, or a destructive
collapse of hot vapor volume as it encounters the cold
surfaces and liquids in the condenser. For the particular
arrangement tested, the production of superheated vapor
causes mechanical effects which should be avoided.
Expefiments performed with forced boiling flow in
parallel channels [44] have revealed that introducing a
pressure drob at the inlet to the heated section stabilizes
pressure-drop and density-wave type oscillations. However,
any flow restriction in the natural circulation systemy
hinders performance, so the avoidance of mechanical problems
may have to-be effected throﬁgh operé:}bn in the two-phase
region. The system tested is the most thermodynamically
efficient when superheating is avoided, which is additional
incentive not to exceed saturated vapor production in the

evaporator.

4;5,5 Convéctive Boiling Pressﬁy
Two different.models are widely used to describe
pressure gradients in two-phase flow, these being the
homogeneous model and the separated flow model. The
homogeneous model, which will bé used here, assumes good
‘mixing with equal liguid and vapor velocities, thermodynamic
equilibrium between phases, and some mean property vélﬁe
between the two phases of the flow. The homogeneous mean

absolute viscosity and density may be calculated by
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To= - l.-_)s. Lof 4.7
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= (x/p +___.) : ) (4.8)
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When measuring the total pressure drop for the working
fluid in‘the-evaporator from»an‘inlet,static pressure tap to
an‘outlethstatic pressure tap, three elements are included:
the frictional, accelerational and gravitational
components. Following Shrock. and Grossman [32], the
acceleratlonal pressure drop component is cons1dered ; ]

Anegllglble. It is of primary 1nterest to extract the :
frlctlonal part of the pressure drop from ‘the total

‘experlmental measurement Bécause the heat exchanger has a
8 s

0.25 meter height, correctlons for the grav1ty compeQEEE&of
.. the readlng caused by the large density change from the

‘inlet‘(liqu1d)lto the outlet (liguid-vapor) must be

oA con51dered. : B ’ i

The pressure transducer is located in the same

horizontal plane as the upper- exit preSsure tap, and liguid

filled copper tubes connect the transducer with both

3

pressure taps. The requ1red correctlon for the grav1ty

component is found from the density dlfference between the
. :

ligquid filled lower pressure tap line ‘and liquid- vaporﬂ

fllled evaporator tube. The flow in the evaporator: tube may

L)

‘change from a liquid at the inlet to gapor at the outlet so
L R -
- . ‘ ) ' ‘ ‘ - o R ,.
’ S . g%?_ -
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a mean density for the fluid is calculated. This is done'by‘
assuming that the flow quality varies‘liheafly from thgﬁ
inlet to the dutlegﬂ[13]. The density of the inlet fluid is
thatvof liguid Freon R-T113, and tﬂe density of the exit B

mixture is calculated from Eg.(4.8). This yields a mean

evaporator tube density of
5 o= L X ¢ 1=x " (a0
p "-Z—[F)f1'+( + ) ] ) (4.9)

The liquid filled pressure tap line contains R-113 at room
. » .

temperature (density=1569 kg/m?), so the gravitational

pértion of the ‘total pressure measurement 1is given as

Porav (7, - 1569) gh (4.10)

Finally, the friction component may be extracted from the
measured pressure drop, through the following equation-with

SI units:

Ny N .

‘\5*AP = P - (56 - 1569)(9.81)(0.25) - (4.11)

 The experimental two-phase frictional pressure drop‘
4 ; . X .

wiLl7also be compared with a homogeneous model correlation.

From Collier [45], the frictionéprressure gradient is

Ldp/dz = 2 f, C/pd | (k (1.12)
S

with £, given by the Blasius equation assuming,the boiling
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=
i ’1‘&
flow is turbulent: P
fy = 0.079 (de-o.zs ; | (4.13)
The total frictional pressure drop through the evaporator
may then be written as
o, =2 f, 62/5 (1/d) (4.14)

s

'The experimentally measured friction component'of
pressure drop for convective boiling in the euaporator tube
is plotted against the input heat flux in Figs. 4.32 and
4.33. Two data points have been elimimated from Fig. 4.32.
Earlier, the total mass flow rate through the evaporator was
shown to decrease and then level off for increasing heat
flux. In a 51ngle phase system, this would resultv1n a lower
pressure drop over the length'of the. tube. Here ‘however, the
pressure drop increases in a linear fashion with 1ncrea51ng
heat flux until a drastic reduction of the pressure loss
occurs, as seen in Fig. 4.33. Note that this is for the two’
lower charge levels, which 1nd1cates that the - superheated
vapor state is being encountered The hlgh charge leveﬁ data
shown 1in Fig. 4.32 lie entirely ‘in the saturatlon region,

‘e

with a two-phase mixture being presént at the evaporator
| \; = ; )
exit. J

The 'trends seen in. the experlmental data agree with

those found in Freo%#gLL tests by Kakac and Veziroglu

LA Fb,a

-

o -
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reported in [41, 42] for 51ngle channel upflow boiling tests.
In those‘exper1ments, the wall heat flux was held constant
and the mass flow rate varied to produce different fluid

states in the boiler. It was found that gheh the liquid in-
. A‘ ,l‘ . .

. the evaporator reached saturation, further decreases in the .

mass flow rate caused an increase in the pressure drop as

bulk boiling commenced. Eventually the pressure dropvwas
reduced as the mass flow rate approached zero. This.type of
result is to be expected, as the pressure drop eauSed by the
turbulent ﬁ%ging of a(ggfling fluid may offset the/gain
produced by lowerihg the mass flow rate. The volume change

created by vapor generatlon increases the veloc1ty of the

flow which also contrlbutes to greater frlctlon losses.

To further illustrate the effect of the state of the
fluid en the préssure drop, it is compared with the
evaporator exit quaiity '1n“z=‘ig‘s,.r 4.34 and 4.35. This data
spans‘the'saturation reéion, as wel;,as superheated vapor

productlon for a vapor quality of T.O. The pressure drop

‘increases as more of the total £10w in the evaporator

becomes vapor, and the'mean velacity of the two—phase
mixture'is raised. Upon the generation of superhégted vapor,
the pressure drop decreases, even~though the total mass flow
rate does not greatly vary. For the samg mass flow rate, the
single phase'flow exhibits a lower friction pressure drop
thal a twdfbhase mixture. Neither cooling water or tharge"
levél affect the data other thah their influence en the

state of the fluid in the evaporator tube.

-
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The frictional component of pressute drop is plotted
against the inverse Martinelli parameter in Fig. 4.36. The
parameter is valid only forvtwo~phase flow, so supefheated'
data is omitted. The MSrtinelli parameter is the ratio of
the frictional pressure gradients of liquid flowing alone to
gas flowing alone and i's thus a separated flow parameter .
The pressure drop ihcresses as the inverse Martinelli O
parameter increases, indicating again the. additional
pressure drop caused by the prescence of vapor in the flow.

The ratio of the experlmental pressure drop to that
predicted by the homogeneous model of Eq.(4.14) is plotted
against evaporator exit quality in Fig. 4.37. The ratio
Varies from 0.5 to 2 in the saturated flow region. The
prediction becqmes inaccurate with excessive superheating,
as most of the tube length eontains single-phase vapor and
the correlatlon does not apply. |

In Fig. 4.38, only the results for the two- phase
mixture are shown with the ratio of experimental to
homogeneous model pressure drop plo;ted against the inverse
Martinelli parameter (two large scatter data points have
beeﬁ ommitted).'The effect of the separated flow parameter
1nd1cates that modelling of two- phase pressure drop may be
better descrlbed u51ng a’ combination of both the homogeneous

and separated-flow technigues. Of-course, no one -

mathematical model can be expected to accouht?for all the

-

~ . . g - D . .
physical variables encountered in real situations.
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4.5.6 Flow Visualization

The clear condenser shell and sight glass located at
the evaporator exit enabled photographs of the- flow paﬁterns
to be taken at these points. In the photograph;, the vapor
component of the two;phase mixture appears light and the
liquid component somewhat darker in tone. The figures
containing the photos are collected at the end of this
chapter.

A time series of the flow patterns at the evaporator
tube exit for a 20% charge level test are shown in
Fig. 4.39. The cooling water flow rate was set at 75.ml/s;
and the heating water temperature at 835°C, so that the.exit
state would progress from saturated liquid to superheated
vapor. THe first seven shots were taken over a total period
of about four minutes, with a progressively longer time
interval between each photograph. The liquid level at time
zero is sho&n in (a). With the commencement of circulation
of the heating and cooling fluids, low velocity bubbly flow
is observed within seconds (b). In (c), the individual
bubbles begin‘to group together, so that alternating slugs °
of liquid and vapor occur. Well developed slug flow did not
exist for this chargeylevel, as the flow rapidly entered the
annular regime (d), with vapor flowing in the center of the
tube, and a thin,annulus of .1igquid existing around thé
circumféreﬁce.of the sight glass.

The v&por quality.is increasing in (e) and (f), with

only a small amount of liguid remaining in the annular

]
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region. Here the slip velocity between the vapor core and
the liquid annuius is sufficient to cause waves to appear on
the innef surface of the glass. In (g), the fluid enters the
superheated vapor region. The streaks which can be seen are
caused by small amounts of dye trapped 1in the heat excha;ger»
during the evaporation process. As the liquid coﬁtaining
length of the tube recedes, the non-evaporating dye ‘1s
entrained by the high velocity superheated vapor. The
secondary flow superimposed by the spiral geometry of the
tube causes the vapor to exit the evaporator in a swirling
motion, as evidenced by the patterns“of the dye. The final
photograph (h) is shown for the near steady state operating
condition, about 20 minutes after startup.

It was fquhd that charge level, heat source

temperature, and cboling water flow rate all affect the

state of the working fluid in the évaporator. Fig. 4.40

"shows the combined effects of charge level and temperature

as (a) occurs for steady state operation with 100% charge
and a 55°C source’ temperature, while (b) is for 65% charge
level and 85°C heat‘source temperature. Both have a cooling
water flow rate of 25 ml/s. The effect of cooliﬁg water flow
rate on the évaporator flow regime cah be seen in Fig. 4.41.
A change in the éoolant flow from 25 ml/s to 35 ml/s for the
same operating parameters of 20% chérgé level aﬁd 85°C heat
source temperature causes the5éxi£ flow to enter the

superheated vapor region as the system pressure is lowered.
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s+ A geysering phenomenon occurred for a few combinations
Qf'operating parameters. This 1is characterized by
alternating pulses of low quality and high quality flow, at
about the same frequency (manually counted) as the observed
fluctuations in the system pressures and flow rates. Two
instances were noticed, both for thé case of 55°C heat
source temperature, and 75 ml/s cooling water flow rate.
Fig. 4.42(a) is for the 65% charge level condition and
Fig 4.42(b) 1s for 100%.

The left photbgraph for each situation is a high
quality pulse with more vapor content than on the right .- The
b%ggn;\g of thf photos on the right in both sets indicates
that the flow velocity has ;ncreased, as the camera speed is
the same as that for its left counterfart. The shutter
speeds were 1/1000 s and 1/500 s for-'(a) and (b),
respectively.

Photographs of the flow in the condenser shell «veal

some important characteristics of the system. It we +»und

that the condenser became flooded with liquid Freon, even

for a low initial liguid charge level. With the charge level
and heat source temperature fixed at 20% and 85°C, the
progression of the liguid level in the condenser is seen in
Fig 4.43(a-d) for cooling water flow rates of 25, 35, 55,
and 75 ml/s, fespectively. The liguid level in each
photograph is indicated by an arrow for clarity. Steady

state conditions have been achieved in each case.
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At *f"irst, no flooding is observed, as the vapor
generation in the evaporator is low. As the cooling water
floQ rate is increased, the vapor guality at the evaporator
exit rises, thus displacing the liquid volume of the system
into the condenser. Not much difference is observed for an
increase in ¢ooling water flow rate from 55 to 75 ml/s, as
spperheating does not have as‘gréat of an effect on the
" volume change of the vapor. Fig. 4.44(a-c) shows the%éame
effect for thethighest charge level of 100%. The initial no
heating or cooling condition (a), is followed by steady
state photographs for cooling yater fow, rates of 25 and 55
ml/s. The heating water temperature 1s 85°C., At this point
the axial vapor dlspersal tube of the condenser is
completely submerged in liquid, and the heat transfer
process takes on an added complex1ty.

With an initial liguid chargé level of 65%,.the
condenser is flooded to the mid-plane for a heating fluid
temperature of 85°C and cooling water flow rate o% 75 ml/s}
and the dispersal tlbe is partially immersed. The 1njectlon
of the vapor into the liguid causes con51derable splashlng

as seen in Fig. 4.45(a). At the other end of the condense”

an interesting phenomenon occurs at the dlspersal tube gpl&;,

section. The hot vapor flowing inside the tube ralseSwthe“

external surface temperature to a p01nt where bubble :
nucleation occurs as seen in Fig. 4.45(b), shot from belo

the liquid surface.
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When the condenser is completely flooded, no fin
surface is available for direct condenstion, Rather, the
process occurs as in Fig 4.46(a) for the condition of 100%
charge, heat source temperature of 85°C, and cooling water
flow rate equal to 35 ml/s. In 4.46(b) the cooling water

- flow rate is increésed to 55 ml/s,aznd the photograph
enlarged. Due to the buoyancy of the vapor phase in the
liguid, immediate upflow 1s observed, and the vapor 1is
almost entirely condensed before the uppér finned surface 1is
reached. The heat transfer process then relies on natural
convection and conduction in the liguid to transport the
heat energy to the finned cooling tube. This is no doubt
less efficient than direct condensation on the metal
surface, and in addition large pressure drops may be’
incurred by the injection of t%e vapor jet into the liquid
phase. X

It was found 1in [f?] that condenser flooding and liquid
entra}nment had Qetrimentai effectslon thermosyphon
per fiormance, and the behaviour observed here helps to
explain low system efficiencies through. poor fin side heat
transfer coefficients. Arrangeménts sﬁpilar to'Ehe present .
. experimental apparatus are used fof*pﬁase change solar
ﬁgt%ﬁg}lector systems, and improved condenser design might help
‘?,g to make such systems mére efficient by eliminating flooding

caused by vapor generation in the evaporator section.
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4.6 Conc) usion
The refrlgerant charged closed loop two- phase

thermosyphon system performed well and natural circulation

flow was immedxatelw self 1n1t1at1ng upon the application of

external heating and coollng The flow reglmes 1n the riser
line ranged from a two-phase mlxture to superheated vapor.
Due to the propertles of the R-113 worklng fluid, heat
transfer was found to be prlmarlly latent, w1th 1ncreasing

n,,d

1nput heat flux generatlng vapor without ralslng the mass

" flow rate

ptlmum thermodynamlc efficiency was obtained for
-,

. operatlon in the saturatlon reglon of the refrlgerant

Generat1on of superheated vapor 1in the evaporator was found’
to‘greatly decrease eff1c1ency; whlle the best values’ were
found for a flow quallty of 1.0 correspond%ng to saturated

vapor - productlon Both an increase in cooling water flow

rate and a lower charge level were found to a551st ‘vapor

.generation by lowerlng the” systemgpressure, and thus the

‘saturation temperature of the working flu1d

Primary loop flow and pressure, fluctuations were found-
to have a basically constantffrequgncy 1n the range of
0.35- O 375 cycles/sec. Evidence presented by other

1nvestlgators 1nd1ca4%s that the mechanlsm of the

-

" instablities is the so called density wave oscillation. The

varianCe of the system pressure signal was found to
drastlcally increase for superheated vapor production, which

could result in mechanlcal problems cuch as fat1gu1ng of the

g

;Y
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pipe joints. | '
The recent correlatlon equat1on developed by Kandllkar
for the predlctlon of convective boiling heat transfer
coeff1c1ent wif found to agree with the present experlmental
data. Convective boiling pressure drop in the evaporator was
- found to decrease when Superheating was encountered. This is

probably due to the abscence of turbulent mixingj

‘phases which may occur for lower quarlty flow.i

" Flow visualization photographs 1n the condenser shell
revealed that llqu1d flooding was prevalent over “almost the
entlre range of operatlon ThlS either reduced the effect1ve
condensation area, or when flooding was complete, reduced
the heat transfer to a convec&ionsituation; The‘lower
efficienc@ﬁof this heat transfer-process as compared to

direct condensation would have detrimental effects on system

performance and is an area for improvement.

3
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(b)

65% charge level

(a)

100% charge level

Pulsing flow at evéponator exit with 55°C heat

source and V.=75 ml/s



VC =25 ml/S

Ve =55 ml/s

VC=75 ml/S

Condenser flooding for 20% charge level and
85°C heat source

[F
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initial state . (a)

VC=25 ml ‘s (b)

.

Fig. 4.44 Condenser flooding for 100% charge level and
T 85°C heat source —_— . >

[
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Fig. 4.45 Flooded condenser for 65% charge level, 85°C
heat source, and V¢=75 ml/s"
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Ve=35 ml/s (a)

Fig. 4.46 Vapor injection into fully flooded condenser
for 100% charge and 85°C heat source

~



5. Concluding Remarks

Three different working fluids were used to study the
operating and heat transfer characteristics of a closed loop
two-phase thermosyphon under the influence of various
external parameters. The effects of system temperature
differenge, cqoling‘water flow gate, initial liquid charge
level, and ligquid-vapor separator were examined for a low
grade energy fecovery situation (heat source <100°C).

The system was initially tested with ligquid phase water
as the working fluid to provide baseline data ﬁqr fupure
tests. External parameters which had a major eﬁf}ct on heat
recovery were cooling water flow rate and system temperature
difference. Increases in the uncontrolled vari?ble of
thérmosyphon natural circulation rate were also found to
improve the amount of heat transferred. The mass flow rate
was found to increaée with higher values of input heat flux
whiéh also corresponded to higher heat source temperature
and cooling water flow rate. )

The natural qirculatioh in the primary loop set up a.
sympathetic link between the physically separated heat
exchangers of the system. Forced flow eliminated this, and
tests revealed that more heat could be transported with a
pump in ‘the syStém, but without an apprec1able increase in
thermodynamic eff1c1ency The single phase Nusselt Wumber
for the inner tube of the lower heat exchanger was found to
be well correlated with an inverse Graetz parameter using a

simple powé} relation.

155
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The two-phase water

flow rates than the single
improved.(Parameters which «

transport were ‘high charge level, high heat source E }n.fvy'”'.\

, P f%f
temperature, larga cooling water flow rate, and, the ;*’@, f%
inclusion of a ligquid-vapor separator in the riser ffné. | »
Mass flow rates were found to increase with heat flux and . l‘ﬁ%
. : E : oo
vapof quality. The heat transfer processes in the evaporaﬁor ‘) -
and condenser were considered to be primarily single phaéa, : "

enhanced by two-phase mixing with some additional latent
‘heat transfer. The corrélation of the evaporator tube
Nusselt number with the inverse Graetz parametef for the low
guality flow showed’favourabia results, indicating that
future study 1s warranted. The condenser exhibited heat
transfer coefficienta far below those predicted by Nusselt
theory.

The th-phase refrigerant R-113 system had a major
advantage over the water charged arrangements 1n that s€1f -
1n1t1ated natural circulation was rapid and occurred for all
tests. The mechanism of heat transfer was primarily latent,
as opposed to the sensible heating and cooling of the water
filled loops. The total mass flow faté was found to decrease
ﬁo a steady value and did not increaSe for higher heat flux. (

Optimum efficiency was obtalned when superheating of
the flow at the evaporator exit was av01ded while at the
same time maintaining high quality flow. Large cooling water

flow rates and lower charge levels contributed to increased

P



;well but was not self starting for this particular
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por generatlon through a decrease in system pressure. The
il
A ari?ioop flow and pressure fluctuations were basically

co’;hQnt at 0.35-0.375 cycles/sec, and are believed to be
the result‘of density wave type oscillations. "erheated
vapor production resulteg in a large variance of the system
pressure signal which atéiémes was phﬂ'icallyJevidenced by

nhoise and shaking of the primary loop tubes. The convective

boiling frictionalﬁfomponent of pressure was found to
decrease, as superheated vapor was produced in the
evaporator. s ‘-

By

Flow visualization photographs of the shell side

. cond%nsation revealed that liquid flooding was oocurring,

and was probably responsible for the low fin side heat -
transfer coefficients obtained. This could be avoided
through better design of both the primary loop geometry and
the condeneera;tself

All three thermosyphon situations transported heat
pe

4

A between the'heatlng and cooling loops, with the Freon system

R

c hhyin@*thejbeét performance within the common range of

‘ 56‘.'

7

operating’parameters.'Additional advantages of refrigerants

1

‘are that they do not cause corr051on or scaling, and the

type of refrygerant may be chosen to suit the desired heat

. ‘z ;

source temperature range. They are however quite expensive,
: 5

and the good performance of the two-phase water system
fsuggest9W1t to be an alternatlve for higher temperaturer

Voperatlbn The 51ngle phase system performed reasonably

TR
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geometrrcal arrangement.

The two-phase closed loop. thermosyphon 1s§;learly
su1ted to low grade heat' recovery and @ransport as it is
malntenance free,,regu1res no pumps or power supplles, and
will transfer heat between tWd 1ndependent and separated
streams w1th a relatively low temperature dlfference. A

- current appllcatlon of such a dev1ce may be found in phase
change solar collector systems. It would also be sultable:
'for>gas to gas heat transfer, geothermal eneﬁgy recovery, or

heat recowery from contam1nated waste gases or llQUldS.

v The system testedvcould be - 1mproved and one

p0551b111ty would be the ellmlnatlon of condenser flooding.

4

Another unav01dable shortcomlng was the flow restriction in?v

the prlmary loop due to 1nstrumentatlon; A similar system
\'wlthout large pressure drops to 1nh1b1t the thermdsyphOn:
flow would be expected to perform better. Better cholce of
heat exchangers for such a system would no doubt improve
wperformance, as mlght the use of dlfferent work1ng flUldS
The 1nterest1ng phenomena of flow and pressure osc1llatlons‘
in the prlmary loop deserve future study to further assess

the;r phy51cal mechanisms.
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THE FOLLOWING IS A DATA ACQUISYION,PROGRAM .
WRITTEN IN°BASIC FOR AN HP-85 MICROCOMPUTER - '
AND ‘HP-3497A DATA ACQUISTION CONTROL UNIT/ LR

THIS IS SPECIFIC TO THE PARTICULAR ”ﬁwlﬁ ' ;

:EXPERIMENTAL SETUP AND TESTS DONE -

10 DATA ACQUISITION PROGRAM FOR FREON R113 TESTS
20

30 DIM M(21),B(21),T(21),X(31),2(5 c2$[1oo] D$[15] zw(s

40 DIM V1(100),v2(100),v3(100) :

50 PRINTER IS 704,96 y L

60 DEF FND9(T) = ((1+.0000087*T" )* 001)'1 L
£ 4179+, 000079*(T—10) D

70 DEF FNCS(T)
90'DISP "ENTER THE DATE AND TIME OF DAY EX: AUG 3/83 H, M S
100 INPUT D$,H,M,S

110 SETTIME H*3600+M*60+S 0

120 PRINT USING 130 ; D%, H M,S

130 IMAGE /5X, "THE DATE Is, ", 15A,"TIME IS ",2D," HOURS,

e 2D L AND ” 2D " SEC " v
v140 FOR I=F TO 31 ‘E, .
150 x(1)=0 T

160 NEXT I - .- ' !

170 DISP "ENTER .THE LAST STORAGE IDENTIFICATION NUMBER"
180 INPUT & ' .

190 ) 1 L

. 200 *x*xxxxxxx* LINEAR CALIBRATION DATA **r‘&%*******
210 DATA 19049.734,159563,643, 19242 378, 1946%.731,

19161. 20040.256,19094.625 .
220 DATKR 19551.966,18931.699 S S
230.DATA .683,.343,3.261,1;374,6.928p14.881, 9

6.4738,11,9882,11.197

240 DATA 3.475, 6 957 19552.46 ? ‘

250 DATA 27.995,27.484,27.696,27.528,27.7%6,27.534;

27.957,27.442,28.007 o

260 DATA .094,.005,-##59,.019, —.054,1.044,~.23645.9795§ﬁﬁﬁ38
o

270 DATA - 255,— 207 29. 179

280 *x*x*+x%%%%x READ THE CALIBRATION DATA e

290 .

300 FOR I=1-TO 21 ¥

310 READ M(1I)

320 NEXT I - §

330 FOR I=1 TO 21 : : , &
340 READ B(I) : S . T8
350 NEXT 1

360 CLEAR | {

370 DISP " PRESSURE TRANSDUCERS MUST BE ZEROED WITH NO FLOW
RATE, INPUT ANY LETTER TO COMMENCE" #¥

380 INPUT N§$. B :

390 IF N$="Y" THEN 400 : B

400 FOR I=1 TO 5

410 2(1)=0 " - .
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b

b

v 640 ;

: .ON ERROR GOTQ 2480 . ‘
ﬁﬁ***ﬁ**ﬁ EF KEY LABELLING ***********
KEY %%, "MAN™ GOTO 770

480
490
500
510,
520
530
540

- 550
560
570
580
590
600
610
620
“V630

- 650
655

6700
680
690
700
710
720
730
740
750
760
770
780
790 -
800
810
820
830
840
-850
860
870
880
890
300
'910.
920
.930
940

950~

660»@

9.

5

FOR J=1" TO 50

'FOR I=1 TO 5

OUTPUT 709 *"AC"&VAL$(I+88)'"VT3"

ENTER 70
2(1)=2(1
NEXT 1

NEXT J | |
FOR I=1 TO 5 e

9

A

)+A

2(1)=2(1)/50
z1(1)= Z(I)*M(I+9)+B(I+9)

NEXT I .

PRINT USING 580
IMAGE /5X,"INLTIAL VOLTAGES AND PﬁESSURES"
FOR I=1 TO 5 ) ,
PRINT USING 620 ;-I,z( ) z1(1)

NEXT I

.

'IMAGE 5X, 20, 3%, 2D. 3D, 3X, 4Dﬂ3D

PRINT USING' 640 )

IMAGE 2/

N KEY #
oN KEY#
ON KEY#
ON -KEY#
ON KEY#
ON KEY#
CLEAR

KEY LABEL

BEEP 50,
GOTO 760
.CLEAR

2?
8,

5,

"PLOW" GOTO 2410
"STORE" GOTO 2560 -
"RERUN" GOTO 890, ' #_

4,"PRESS" GOTO 2240

3

,"CHK"+GOTO 2330
T,

"STAT" GOTO 2680 :

®
. . 3

1000
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.**** OBTAINING ZERO FLOW RATE READINGS FROM PT'S TTEE
CLEAR. 70 '

-
.,
.,
= ¥
PV

DISP "ENTER THE BAROMETRIC PRESSURE IN kKPA"

INPUT X(22) i
DISP "ENTER THH

JINPUT N5

Dhsp "ENTER ‘Tj

INPUT P3

} BER OF READINGS PER CHANNEL"

;‘FERENCE PRESSPE IN in. Hg'

DISP "ENTER THENAPPROXIMATE SYSTEM PRESSURE IN in. ‘Hg"

INPUT P4

®tSP "ENTER THE CHARGE LEVEL IN

INPUT C4
K=K+1"

.o,

PRINT USING 900 ; K

IMAGE //5X, "#**x*x%*x RUN NUMBAR ",3D,"

PRINT USING 920 ; N5

GOSUB 96
GOTO 136

0
0

oA

IMAGE /5X,3D," READINGS PER CH} EL"

iy, y

ib\i********“/
»

T e e,

T
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- 960 **xxx D/A WITH N5 READINGS FOR EACH CHANNEL **x**x
970 - CLEAR DISP "ENTER THE HEATING FLUID ROTAMETER\READING"
880 INPUT H4
990 FOR I=1 TO 21

1000,

1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
11910
1120
1130

..1140

150
1160
1170
1180
1180

1200 T(

1210

Y
1030

1240
1250
1260
1270
1280 -
1290
1300
" 1310.
1320
1330
1340,
1350
1360

1370

T(1)=0

NEXT I

CLEAR 709

FOR J=1 TO N5

FOR I=1 TO 17

OUTPUT 709 ;"AC"&VAL$(I+79);"VT3"

ENTER 709 ; A

T(I)=T(I)+A

NEXT I ‘ ’
OUTPUT 709 ;"AC71VT3"

ENTER 709 ; A

T(18)=T(18)+A foy ,
OUTPUT 709 ;"AC67VT3"

ENTER 709 ; A

T(19)=T(19)+A

OUTPUT 709 »"AC66VT3"

ENTER 7{ ';Em‘ )
T(20)=T(20)% .
OUTPUT 709 ‘"ACO9VT3"

I

ENTER 709 ;KA
T 24pA
,NEXT J %ﬁ I
= TPME k7
XK KR gvgaéqt AND CONVERT TO CALIBRATED UNITS *kxxx
'FOR 1=1 TO»213%

15 H4«§§ﬁ§{ | .

(I) Tg? *M B(I)
NEXT 1 -‘%' s

sx+%% ADJUST PT REXDINGS TO ZERO REFERENCE %

FOR ﬁ-10'r 14 |
~x51)*x(1 1(1-9).

NEXT, - e

RET

Qis b5)§y§§@001*FND9(X( 1) )% (FNCS(X (1)) /2+FNCS(X(5))/2)
(- x )) BAT TRANS

szx( 18)%.000601xFNDS (X(2))* (FNCI(X(2))/2+FNCI(X )/2)

¥ (X(2)- )) TPHEAT TRANS

1380
1390
. +400
1410
1420
1430
1440
1450

H= IP T1/36OO ,
M=1P(FP(T1/36009%60)
S=T1-(H*3600,+Mx60)

PRINT USING -1420 ; D$

IMAGE /5X,"THE DATE 1S ",10A i ) :
PRINT USING 1440 ; X(22) ° | - . 78
IMAGE 5X,"BAROMETRIC PRESSURE = ",3D.3D," KILOPASCALS"
PRINT ‘USING 1460 ; P3 '

1460 IMAGE 5X,"REFERENCE PRESSURE IS ",2D.D," in. Hg VAC"

1470

PRINT USING 1480 ; P4 _ ' S



1480 IMAGE

1920
1930

IF x(

Q3= X(17)*FND9 X(8))/(X(17)*FNDI(X(8) )+X(

1940 PRINT
1950 IMAGE
1960 GOTO

16)<.5 THEN 1870

167

5%,"INITIAL EVAPORATOR GAUGE PRESSURE ",2D.D,"
in. Hg VAC" :

1490 PRINT USING 1500 ; C4

1500 IMAGE 5X,"CHARGE LEVEL ",3D," %"

1510 PRINT USING 1520 ; X(21)

1520 IMAGE 5X,"ROOM TEMP ",2D.D," DEG. C"

1530 PRINT USING 1540 ; T1,H,M,S Y

540 IMAGE 5X,"TIME IS NOW ",5D," SECONDS OR ",2D," HOURS,

,2D," MINUTES,AND ",2D," SECONDS" ,
1550 GOSUB 1570

1560 GOTO 2010

1570 PRINT USING 1580 ,

1580 IMAGE //5X"------ SYSTEM FLOW RATES CC/S ------- "
~ 1590 PRINT USING 1600 ; X(15) ' :
1600 IMAGE /5X,"HEATING FLUID: ",3D.D o -

1610 PRINT USING 1620 ; X(17)

1620 IMAGE 5X, "WORKING FLUID THROUGH CONDENSER" 3D.D

1630 NT USING 1640 -; X(16)

1640 1 GE.SX,"WORKING FLUID THROUGH DOWNCOMER",BD.D
1650 PRINT USING 1660 ; X(18)

1660 IMAGE 5X,"CONDENSER COOLING FLUID: ",3D.D ®

1670 PRINT USING 1680 #

1680 IMAGE /5%,"-~----- SYSTEM PROPERTIES -~------ "

. 1690 PRINT USING 1700
" 1700 IMAGE /SX"EVAPORATOR HEATING FLUID"

1710 PRINT USING 1720 i X(1),X(5),X(14) -

1720 IMAGE " TEMP IN= ",2D.D," TEMP OUT= ",2D.D," DEG
C",4X," PRESSURE DRCOP= ",2D.2D," kPa"

1730 PRINT USING 1740 :

1740 ‘IMAGE, ./ 5%, "EVAPORATOR WORKING FLUID" :

1750 PRINT USING 1760 s X(4) (7)), R(11) .
21760 IMAGE " TEMP IN=",620.D, " TEMP OUT= ",2D.D," DEG C",5X,"
“PRESSURE DROP= ",2D.2D," kpa" - '
1770, PRINT USING 1780 ; X(19)

1780 IMAGE " EXIT GAUGE PRESS" 4D.3D," kPa"

1790 PRINT: USENG. 18004

1800 TMAGE /;5X, "CONDENSER COOLING FLUID"

1810 PRINT USING 1720 ; X(6) x(2),x(13)

1820 PRINT USING 1830 , o
1830 IMAGE /,5X,"CONDENSER WORKING FLUID" ' o
1840 PRINT USING 1760 ; X(3),X(8),X(10)

1850 PRINT WSING 1860 ; X(20)

1860 IMAGE " INLET GAUGE PRESS ",4D.3D," kPa"

1870 PRINT USING 1880 ; X(9)

1880 IMAGE /,5X,"DOWNCOMER TEMP= " ,2D.D," DEG C"

1890 PRINT USING 1900 ; X(12) .

1900 IMAGE /,5X,"SYSTEM PRESSURE FLUCTUATION= ",ZP.2D " kpa"

1910 QUALITY BASED ON MASS FLOW RATE :

’ v

16>*FNDg(x %f))*1oo
USING 1950 ; Q3w -
/5%, "QUALITY BASED ON FLOW RATE " 2D.D,¥ %",/

1990

-
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1970 PRINT USING 1980
1980 IMAGE /5X,"DOWNCOMER FLOW?"
1990 RETURM-
2000 C
2010 PRINT USING 2020 ; Q1/1000
2020 IMAGE 5%,"RATE OF HEAT TRANSFER FROM HEATING
FLUID=",2D.2D," KILOWATTS"
2030 PRINT USING 2040 ¢ 02/1000
2040 IMAGE 5X,"RATE OF HEAT EXTRACTION BY COOLING
FLUID=",2D.2D , o
2050 PRINT USING 2060 ' N 5
2060 TMAGE /5X,"------- SYSTEM ACQUISITIONK CHECK 7------ "
2070 PRINT USING 2080
2080 IMAGE /2X,"TC OUTPUT VOLTAGE", 10X,"TEMP,DEG C"
2090 FOR I=1 TO 9 : '
2100 PRINT USING 2120 ; T(I),X(I)
2110 NEXT I
2120 IMAGE_3X,2D.4D,22X,3D.D
2130 PRINT®USING 2140 : ‘
2140 IMAGE //2X,"PT OUTPUT VOLTAGE", 10X, "PRESSURE DROP"
2150 FOR I=10 TO 14
2160 PRINT USING 2180 ; T(I),X(I)
2170 NEXT I
2180 IMAGE 3X,2D.3D,20X,3D.D,3X,"kPa"
2190 DISP "ENTER COMMENT" C
2200 INPUT C2% = : -,
2210 GOT®W3O , '
'2220 -
2230 *xx%x ROUTINE TO CORRECT INITIAL PRESSURES *%xxx*xx
2240 DISP "TO BE USED FOR MANUAL INPUT OF INITIAL PRESSURES
£ OR RE-READING THE PRESSURES"
' 2250 DISP "FdR AUTOMATIC READING ENTER &', OTHERWISE
" RETURN"
2260 INPUT N$
2270 IF N¢2"A" THEN 370
" 2280 DISP "ENTER THE INITIAL VOLTAGE%;AND BRESSU
' SEPARATE LI'NES"-

ONe TWO

2290 INPUT 2(1),2(2), z(3),z(4),z(5)

2300 INPUT_Z1(1),Z (2),21(3),21(4),21(5)
2310_GOTO 570 <

(2320 //

2330 kR kKKK KKK KKK CHECK PROPER?{ES % %k K %k K % XK % K K ¥ KKk
2340 N5=5

2350 GOSUB 960

2360 GOSUB 1570

2370 PRINT USING 2380
2380 IMAGE 10/ :
2390.GOTO 740 v
51 /\ T
”2 10 ****** *x*kx* CHECK FLQy RATES kKKK KKRKKKK KKK KK
2420 NbHi=1 N

2430 GOSUB 9560 ;

2840 DISP USING 2450 ; X(15),X(18),X(17),X(16).

2450 IMAGE /5X,"HF ",3D.D," CC/S",/5X,"CF ",3D.D,/5X,"WF
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(COND) ",3D.D,/5X,"WF (DOWN) " 3D.D
2460 GOTO 740 ! : ERARN
2470 - . : ‘_éw\._‘,.
2480 **xxxxxx*xk*xxx*x ERROR RECOVERY ¥X¥k¥kkikkkkkxXxx* oo
2490 FOR I=1 TO 5 Loa
2500 BEEP . o .
2510 WAIT 200 _ : B
2520 NEXT 1 ‘ . ) co .
2530 CLEAR DISP "ERROR TYPE";ERRN;" OCCURRED ON LINE";ERRL

2540 GOTO 740 - 3 : n

2550 ,

2560 **xxxxx*xx*x*xx STORE DATA ONTO TAPE *®*kkk*xk*k¥kkkkXx*

2570 IF X(18)<10 THEN 2590

2580 GOTO 2620

2590 DISP USING 2600 ; X(18)

2600 IMAGE /,"WARNING CF FLOW=",2D.D," INPUT CORRECT VALUE"

2610 INPUT X(18)

2620 ASSIGN# 1 TO "DATA.F"

2630 PRINT# 1,K ; K,D$,H,C2%,X()
2640 ASSIGN# 1 TO *

2650 C2%=""

2660 GOTO 730 f
2670 |
2680 k% ¥k kkkkkkkX STATISTICS % % %k % %k K % % ¥ % ¥ K kX

2690 CLEAR -

2700 DISP "ENTER DOMINANT COND FREQ Hz, RMS OF TOTAL SIGNAL

v"

2710 INPUT X(23),A3

2720 DISP "ENTER DOMINANT DC FREQ ,RMS OF TOTAL SIGNAL"

2730 INPUT X(24),C3

“2740 DISP "ENTER DOMINANT PRESS FREQ RMS OF TOTAL SIGNAL"

2750 INPUT X(25),D3

2760 X(29)= A3*M(17) 3 : .
2770 X(30)=C3*M(16) ’

2780 X(31)=D3*M(12)

2790 FOR I=1 TO 100

2800 v1(I)
2810 v2(1)
2820 v3(1)
2830 NEXT 1
2840 CLEAR 709

4

2850 FOR I'=1 TO 100 - P
2860 OUTPUT 709 ;"AC96VT3" | ‘

2870 ENTER 709 ; V1(1) i %
2880 NEXT 1 s . ’

2890 FOR I=1 TO 100 |

2900 OUTPUT 709 ;"AC95VT3" :

2910 ENTER 709 ; v2(I) ‘

2920 NEXT I . , ,

293Q FOR I=1 TO 100 ' ’ *

2940 OUTPUT 70% ;"ACO1VT3" ' ' :

2950 ENTER 709 ; Vv3(I) ~

2960 NEXT I S _ ,

2970 A=0 C=0 D=0 S , | Y
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R ;980 FOR I=1 TO 100

: - 3990 A=A+V1(I)

L, 3000 C=C+V2(})
% 3810 D=D+V3(I)
PR “3020 NEXT I : '

v, tw.s 3030 A=A/100 C=C/100 '

- 3040 D=D/100 : N

i . 3050 A1=Ax*M(17)+B(17) S

L a;30601c1—C*M(16)+B(16) :
’ " 3070 Di}=D*M(12)+B(12)
‘ 3080»9R1NT USING 3090 , -
3090 IMAGE‘//,17X,"COND",5X,"DC“,5X,"PRESS" .
3100 PRINT-USING 3110 ; x(23),x(24),x(25) ‘
3110 IMAGE /,5X, "DOM
FREQ", 1X, 2D. 3D, 3X,2D. 3D, 2X,2D. 3D, 3X, "Hz"
3120 PRINT USING 3130 : (29) (30) X(31)
, - 3130 IMAGE /5X,"TOTAL RMS",1X,2D.3D,2X,2D.3D,2X,4D.3D," USER
- UNITS. ‘
3140 PRINT USING 3150 ; A1!,C!,D1
“» 3150 IMAGE /,5X,"MEAN VALUES " ,2D.D, 3%,2D.D, 3%, 4D. 3D )
' 3160 A2=0 C2=0 D2=0
3470 FOR I=1 TO 100

3180 A2=A2+(V1(I)-A)*

3190 C2=C2:&\Vv2(1)-C)?

3200 D2=D2+ (1)-D)?*

3210 NEXT. I

3220 A2=A2/32 C2=C2/99 .

3230 D2=D2/. .

3240 X(26)=A2xM(17)

3250 X(27)=C2*M(16)

73260 X(28)=D2*xM(12)
3270 PRINT U%ENG 3280 ; X(26),X(27),%(28)
. « 3280 IMAGE /RXy "{/ARIANCE",2X,2D.4D,2X,2D.4D, 2X,2D.4D
4 3290 PRINT USING 3300 a
<3300 IMAGE 2/
3310 PRINT USING 3340 ; o -
X(1),X(2),X(3),%(4) ,X(5) x(e),x(7) X(8),%(9),x(10)
e 3320 PRINT USING 3340 : .
“X(11),8012) ;%(13). x(14) x(15),%x(16),%(19),%(18),%(19),X(20)
13330 PRINT USING 3340 X(21), x(22) (23) X(24),X(25),X(26),
X(27),X(28),X(29),X(307,X(31) ‘
oe 3340 IMAGE 10(3D.3D)
' 3350 PRINT USING 3360
3369 IMAGE 5/ . ¢ X
3370 GOTO 740 -
3380 END '

o
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C PROPERT{ES* OF LIQUID WATER

C ' ARGUMENT OF EACH FUNCTION IS WATER

C TEMPERATURE IN DEGREES CENTIGRADE

c VALID RANGES MAY BE FOUND IN REF. [20]
C . OR CHECKED FROM TABLES :

¢ - DENSITY, KG/(CU. M)

FUNCTION WDENS(T)
WDENS=((1+8.7E-6%T**1.85)%1.0E-3)*x(-1)

RETURN ‘ )
END ' )
C . ABSOLUTE VISCOSITY, KG/(M S)

FUNCTION WAVISC(T) ’
WAVISC=2.4E-5%10.0%%(251. 0/(T+135 0))

RETURN

"END ’

o CONSTANT PRESSURE SPECIFIC HEAT, J/(KG K)

| FUNCTION WSPH(T) .

WSPH=4179.0+7 .9E-5€(T-10.0)*%2.9
RETURN .
END" :

C 'THERMAL CONDUCTIVITY, W/(M C)

FUNCTION WCOND(T)
WCOND=0.6881-4.0E-6*(135.0~- T)**Z
RETURN

END

- C . COEFF. THERMAL EXPANSION, 1/K

FUNCTION WBETA(T)

A1=-0.06427E-3

A2=8.5053E-6

A3=-6.79E-8
B1=A1+2,.0%A2xT+3,0%A3*T*%*2
B2=1+A1*T+A2%Tx*2+A3%T%%3 :
"WBETA=B1%B2 -

-~ RETURN

END
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PROPERTIES OF FREON R-113 >

FUNCTION ARGUMENTS ARE TEMPERATURES
IN DEGREES CENTIGRADE
UNLESS OTHERWISE INDICATED )

VALID RANGES MAY BE FOUND IN REF. [37]
OR CHECKED FROM TABLES |
7 ‘

o o
¥xxx*x%*% LIQUID PHASE PROPERTIES **%*ﬁ**#*

DENSITY, XG/(CU. M)

. FUNCTION FLDENS (T)
SV=(0.617+6.47E-04*Tx**.1, 10)*1 OE-03 g
FLDENS 1.0/SV
RETURN ‘ |
END j «

" LATENT HEAT OF VAPORIZATION, J/KG
FUNCTION FLATE(T)
FLATE=(1.611-3.10E-03%T)*1.0E+05
RETURN '

END

AN

, _ e .
CONSTANT PRESSURE SPECIFIC HEAT, J/(KG K)
FUNCTION FLSPH(T)

- FLSPH=(0.929+1.03E-03*T)*1.0E+03
RETURN ' '
END

P

f@
ABSOLUTE VISCOSITY, KG/(M S) o /

FUNCTION FLVISCNT)
EX=503./(T+271)
FLVISC=1.34E~-05%10, %
RETURN - -
END ‘

THERMAL CONDUCTIVITY, W/(M C)
FUNCTION FLCOND(T)
-FLCOND=0.0802-2.03E-04*T
RETURN
END
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C’ ABSOLUTE VISCOSITY, KG/(V S)
(X

P
ot
i
. }
i

C %%x%x%% VAPOR PHASE PROPERTIES - %% % % %

'FUNCIION FVVISC(T) e« o
. FUVISC=(0.920+3.0E-03*T)*1.0E-05"

RETURN
END
C SATURATED VAPOR DENSITY, KG/(CU. M)
C EP = ABSOLUTE PRESSURE, KPA
. FUNCTION FSVDEN(T,EP) - N '

ERP=EP/3413.0 2
ZS=(1;O+O.636*ERP**O.816)**&-1.0) :
FSVDEN=187.39*EP*1000.0/ZS/8314.0/(T+273.15)
. RETURN C ‘ '

END 5 : . .



