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Abstract f

‘A tvo-phase thermosyphon flat plate solar collector

V:system charged with Freon. R=T1 vas tested outdoors and
results obta1ned are comparable vxth those of - a convent1ona1
hydron1c system that vas tested sxmultaneously. The

iut111zatzon of latent heat to transfer energy keeps the.

-

collector temperature low“and close to the temperature ’

~. -

'of vater xn the hOt vater storage tank.

bgt _ An 1ndoor'un1t of the thermosyphon system was/trsted by

electrxcally heat1ng the absorber plate to study the effects'

of the lzquxd charge level, input heat flux to the absorberf
f\plate, expans1on tank accumulator for separat1ng the 11qu1d
- ‘and vapour, and coolxng water flow rate on the thermal

performance. The vapour qualxty generated and the Freon mass :
rflow rate through the collector appear to be the govern1ng*"

;parameters in evaluatzng the performance of these’ systems._

’_E'The pressure drops across the collector panel and the heat

a

.exchanger are well correlated v1th the Lockhart-Martznell1‘._

—;'parameter. The average heat transfer coeff1c1ents of the .

- collector tubes calculated are vell correlated w1th theib |
hLockhart-Martlnellx parameter and the Convectlon number.<i -
A pre11m1nary study on. flow v1sua11zat1on of the o
tvo-phase flov patterns in a s1ngle 1ncl1ned test tube shows

| that a hzgh l1qu1d charge level delays the trans1t1on to
'i.annular flov regxme, and a lov 11qu1d charge level causes ‘
'1slug flov reglme. Forced c1rculat1on of the Freon in the .

‘ ;_test tube tends to prolong the bubbly flow regzme.'
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1.1‘ Background lnfor-atzon . ) 'f7~._ o

‘1. Introduction . 6 SR

a\The_concept_oi_a naturally c1rcu1at1ng fluid

transferr1ng heat from‘a heat source to a heat sxnkfv1th the '”

fluid returnlng by grav1ty is not nev- the thermosyphon
reho1ler of a chem1cal d1st111atxon column andxaolar vater
.heaters employ1ng thermosyphonzc flov are tvo examples of-
_processes ut111zxng thxs 1dea. Serzous 1nterests in
tvo-phase thermosyphon f1rst arose vhen thxs process vas
used to cool gas-turbzne rotor blades. ‘More recently, th1s
'-process vas studxed for use in the preservat1on of
:permafrost because it acts as a thermal rect1f1er, capable“
‘of transferrxng heat only in one d1rect1on. Tvo-phase
thermosyphon is presently fxndxng application 1n solar
.1'collector systems s1nce it is capahle of transferr1ng heat

from one place to another vxth small temperature_

| ﬁd1f£erences.b‘

‘In non-freezxng clzmat1c regxons, thermosyphon flat
| ,plate solar vater heaters' rely on the buoyancy force,_"[
',1nstead of a pump to transport heated water floving 1nithe‘

f;collector tubes to the*top of an elevated storage tank

‘fCoIder lxquxd at the hottom of the. tank then returns to the

_collector. Thls method falls 1n cold reg1ons unless

‘_'dra1ndovn freeze protectxon xs mainta1ned vhen the

ta solar collector system in thls thesis shall’ reter to
. only flat plate solar collector system unless spec;fied S
: .otherv1se FE i@% , o




temperature drops below freez:ng poxnt [1]2. Employment'of’a |
pr1mary loop usxng a lov freezing temperature fluzd e g.,

s111con l1gu1d and- propylene glycol ‘as the "heat transfer:

.med1um solves the problem but ,not vxthout drawbacks, the .-
. higher v1scosxty of such fluigd, espec1alIy at lov‘ |
,temperature, results in a very lov flow rate and hence low
‘~thermal effxcxency. An alternate approach is to use a flu1d
'that will undergo phase change upon heatxng, thus |
transportxng energy in the form of latent heat 1nstead of
‘sens1ble heat to the vater. Doron[2] suggested a test1ng
_,procedure 1n 1965 for passxve phase change systems but .
nattracted lxttle attentxon then. More- recently, the
: feas1b111ty of this 1dea was verlfxed [3 8], along vlth some.
field testxng us1ng re£r1gerants [9-11] and hydrocarbons |
[12- 13], as vell as fxnding applxcat1on in solar’ vater pump '
Ll o IR
| A closed loop refrxgerant charged solar collector

,system 1s essentxally a system n1th an evaporator and a

| o condenser coupled together° the refr1gerant 1n the collector,'

_tubes, the evaporator, flovs upvards due to the bouyancy

force caused by densxty change upon heatzng by 1ncom1ng
”'solar 1rrad1ance, vzth bozlxng occurrzng axxally because of:
- qhe lov saturatxon temperature- the vapour g1ves up its ,_”’
ylatent energy 1n the heat exchanger, the condenser, and the |
condensed l1gu1d then returns to the evaporator via gravity,:

thus completxng the loop. The utxl1zat1on of boxlzng and

2 numbers in sguare brackets denote reference numbers at the“
.vend of the thesxs S cel . S .

'y e



condensatzon heat transfer 'in the evaporator and conﬁcnser,
'respectxvely, lowers the collector plate and fluid -

temperatures due to the enhanced heat transfer
) R

‘character1st1cs..The phase change character1st1cs result in
. \L

'a fa1r1y 1sothermal absorber surface and hence a reductxon
in heat loss. - _ ' ‘.

Analyses by Down;ng and Wsldzn[4], and by Schreyer[B]
'.shov that certa1n fluorocarbon refrxgerants, notably Freon f~
,iR-11 R-113 and R-114 vxth thexr low heat capacltance, ‘low"

saturat1on pressure w1th1n the operatzng temperature range
"of solar vater heaters, low freezlng and bozlzng pb1nt
appear to suxt th1s role vell . Advantages of such systems
1nclude low operat1ng cost slnce no pump andscontrols are
frequzred e11m1nataon of £ou11ng, scalxng and freez1ng

problems, lov toxxcxty and a theorectxcally hxgher thermal .':

"dperformance. Compat1b111ty and stabxlxty of Preon R-11 and

',‘rR-114 vxth steel and copper have been addressed by

E Dovn1ng[15], 1nd1cating favourable results v1th1n the :

operatxng cond1tzons of solar vater heaters, although hzs

' _results also shov that Preon R-11 decomposes rap1d1y in the

--v;undeslrable durlng stagnat;on.e-

,;presence of copper at hxgh temperature vh;ch vould be

4 DeAngells and’ Nordham[7] provided an account on the
','other var1ables 1nherent in deszgnzng and 1nsta111ng these'

‘7collectors, e. g., pxpe sxze, materlals and sealzngs '_-’-]5_'”

"compatxble v:th refrxgerants as vell as leakage preventxon,,v"'

‘along v:th cr1ter1a for choosxng the vorkzng fluxd. A SYStem S



usxng Freon R-11 ‘with no lxquzd separator and a- heat -
.‘exchanger located inside the storage tank above the
-collector was later tested by Dekngel1s et al [11]. A stated

‘eff1c1ency of 35 percent, 1nc1ud1ng tank losses, was

achleved. Schreyer[B] used the same flu1d ‘but w1th a l1qu1d
-separator and secondary loop for water, and obta1ned an’
;energy recovery of 66 percent based on total. da11y solar o
rflux from 6:00 a. m. to 6 00 p. m. durxng the test month of
August 1977 K1ssner[6] reported the advantages that are.
. poss1ble thh phase change collectors in cold reg1ons and :
- ested vlth Freon R-114 [10] | | l—‘ | | g
| A working flu1d other ‘than refrxgerant was tested byl}"
Davic. and Bol[13] usxng n-butane. It was stated hovever, o
‘tfthat the use of n-butane 1s only to prove the feasxb111ty ofn*
,'such collectors and 1s not. recommended for dcmestxc use.

Sozn et al [12] worked v1th acetone and pétroleum ether

L _40»60°c and managed to reduce the scatter1ng of the1r

' results by an 1ntuit1vely mod1f1ed Hottel-Wh1111er equatxon.'o'

;s

A theorectlcal model for a flat plate collector w1th

flu1d undergo1ng phase change was 1ntroduced recently by

'-_Kaushxka et al [16] Th1s model takes 1nto account the

. 5e££ects of mass flux,vlatent heat of vapourxzatxon and

”lxquxd phase length 1n the collector tubes. Complete'i
“vapourlzat1on vas assumed and maxxmum ef£1c1ency was V.ir'
‘Qobtaxned vhen the saturated vapour state vas attaxned at the{f

(collector ex1t The suggested collector e££1c1ency equatzon

o
. o .

"-reducea to the Hottel-Wh;lller-Blzss equat:on vhen l;quxd



.fxlls the vhole tuhe Chaturved1 et al.[17] proposed an ‘<.
‘ analytical model valxd only for horlzontel tubes because ﬁ" B

" ‘the gravxtatxonal pressure drop vss neglected appllceble to

Jtvo-phase exxt cond1t1on. The latter model vas developed

primarily for collectors coupled to_
‘hsuperheatzng 1s deslrable. Both models requ1re an 1terat1ve
”procedure to reach a solutlon sznce the flow rate, pressure:

1 drop and ex1t qualzty are unknovn quentxtzes.‘n'

1 2 5cope Of The Study o |

" The. performance of thermosyphon solar vater heeters dff
lviw1th water as the heet removsl medlum has been 1n use forn"
ffmany yeers and extens1ve reseerch stud1es,vboth analyt1cal '

“ and exper1mental are avezlehle in the 11terature. ln'* d_
'A;contrast thermosyphon systems uszng a medzun that undergoes .lf
%jphase chenge have recelved relatxvely lxttle attentxon \ar!r;_
although several comnerczal unzts ere avaxlable [18-19].v‘

s The present study 1nvolves 1nvestxgetxon vhether avpk:l’ ot
v{f'thermosyphon solar vater heater system charged vxth Preon.il}’.

.lR-11 can be operated eff:olently 1n cold reg1ons, £1nd1ng
:f]:the des:gn perameters of. such a system and hov each o
"iparameter affects the overall thermal performance.~‘

) The fxrst objectzve ves ach;eved by s1nultaneously

:*‘:testxng. under cleer sky and no-drav cond1t1ons,'s'7>
‘conventzonal hydronxc unxt usxng propylene glycol and the ‘f;f
t‘thermosyphon un1t. 51multsneous testxng ellows dxrect | R

comperlsons betveen the thermosyphon unxt and the much

t’,‘ - ’ : ! ’ ) : ~ Y



exam1ned (Chapter 3)

proven hydronxc un1t (Chapter 2) The second obJectlve was

: ‘_ach1eved with an . 1ndoor test un1t heated electr1cally from

the back of the absorber plate, thus allov1ng tHe control of

heat flux onto the collector. The amount of wall heat flux
affects~the vapour quallty—and—pressure—of the—system as—the_
subcooled l1qu1d enter1ng the: collector panel ga1ns sen51hle
heat and beg1ns to boxl vhenﬂthe saturatxon temperature 1s -
exceeded. quuxd carr1ed over to the heat exchanger v1ll |
affect the condensatlon heat transfer mechan1sm. The effects

of refr1gerant charge, expansxon tank l1qu1d separatzon at :

V'the collector ex1t v1th an. accumulator and coolxng vater

flov rate at the heat erchanger on thermal performance were f
s
., S1nce bo111ng heat transfer 1s the predom1nant heat
transfer mechanzsm 1n thzs process a study of the tvo-phase
pressure drop and heat transfer 1s 1n order. Results S
obtalned vere compared v1th some ex:st1ng correlatlons vi_:
(Chapter 4).:‘.. .‘. [ R
Un11ke szngle phase flov, tvo-phase flov 1s further tfif
ub-dzvxded 1nto dxfferent flov reg1mes dependzng on’ ;;_'
parameters such as tube saze, 1nc11natxon angle, vapour
quallty, voxd fractzon mass flux etc. These flov reg1mes
dxffer 1n heat transfer and flov characterzstlcs._h5f.
pre11m1nary v1sua1 study of this phenomenon vas done by vay
of a heated 1nc11ned Pyrex tuhe, fllled vzth Preon-11_ under
dxfferent system pressure,,refrzgerant charge level and vall |

heat flux (Chapter 5)., o



‘1 3 For-at Of Presentatxon o
In v1ev of the d1fferent aspects of the 1nvestlgat1on
E undertaken, 1t was decxded that each chapter wdgld be

'jwrxtten so as to be self—explanatory. References 1n a’

R SR

__;_chapter_tc_thosemin_other_chapters_gj“the thes1s wrll be

‘ "avo1ded unless[unnecessar1ly long repet1t1ons render th1sb
H1nappropr1ate. Each chapter w111 cons1st of an 1ntroductzon,'

:fiplts results and conclus1ons. A flnal éﬁapter w1ll then l1nk
;fdthe separate f1nd1ngs together, prOV1d1ng an. overall result

of the study. o ‘ | o |
The data acqu151t1on system and the assoc1ated

dnlnstrumentatlon used 1n d1fferent parts of thzs study are_‘,

'out11ned in Append;x A for reference.'



2. anultaneous Thermal Performance Tests On Hydronic And

Refrxgerant Charged Flat Plate Collector Systems

{

;._'Sunnary

S1mu1taneous test1ngs under similar test cond1tlons of

a conventxonal hydronic system and a two-phase thermosyphon

o system charged with Freon R-11 show the latter to be a

'.v1ab1e alternatlve to the commonly used 51ngle phase

b"systems. Thermal eff1c1ency based on the usable energy

--ga1ned by the we*er in the hot water storage tank were
- compared Operatlng characterlstlcs of the thermosyphon
system are plotted-and major results tabulated for
E:’comparlsons Operatlng parameters of ‘the thermosyphon system°
"’changed durlng the test pero1d were the llquld charge level“
'and the clos1ng of the downcomer from(the accumulator.»Low
llqu1d charge w1th the downcomer closed resulted 1n |
'r,superheat1ng of the vapour at. collector ex;t. The absorber;('
pplate temperature of the thermosyphon system is generally i
h'lower than that of the hydronlc system because energy is
'.jtransferred in the form of latent heat. H1gher eff1c1ency is
gachleved wlth the thermosyéhon system at the beglnnlng of

’,jthe day when the water temperature in the ‘hot water storage o

"715 lov, thus keeplng the Freon temperature low..



2.1 Introduction °
The applications of flat plate solar collector systems

for;dgmgstic'hot.vater heating in cold regions éencounter .

g

additiqnal problems relating‘tojfreezing and large heat
losses‘due to.low ambient temperature.‘The use'of~ ' .
_convent1onal solar collector technology appl1cable to mild
climatic reg1ons is supplemented w1th such - prov151ons as

: ut11121ng low free21ng fluids and dralndovn freeze‘
vprotect1on, Thus, the avallabllxty of phase change - collector
systems offers an attract1ve alternat1ve‘to the'conventzonal.
llqu1d systems.,The refr1gerant charged phase change |
collector systems utilize b0111ng in the collector tubes'
upon heatlng (evaporators) and condensatlon 1n the heat
_exchanger ‘to transfer heat to the water. Hzgher heat
transfé?“ESEff1c1ents in the tubes can be attalned wlth
vphase cnange thermal process than " szngle phase flov.lA"
comp’etely pa551ve system is poss1b1e if the 1nsulated hot
water storage. tank w1th a heat exchanger 1ocated 1n51de canh-
be accommodated above the collectors.,Otherwlse a secondary
vater loop w1th a pump is requ1red to c1rculate the coollng
" water from the- storage tank to the heat exchanger.

‘In order to study and compare the thermal performance
~of the convent1onal hydron1c system and the two phase
thermosyphon system, a series of s1multaneous exper1ments

. were performed under 1dent1cal condltlons. The use of B
vapourlzlng/conden51ng fluids. 1n solar appl1catlons is-

'relat1vely new and at present only 11m1ted publlshed datapon



</ o ‘ ' S -0
fleld test1ng is avallable. of these, there are only tvo
vhere comparat1ve test1ng betveen the tvo cases mentloned

%
_here were performed sxmultaneously. The flrst is by

LFI.Bottum[20] uS1ng Freon R-11 as the vorklng fluid. Identical
'collector systems vere used ‘for both cases. The results shov
that the thermosyphon system has a cons1stently lower

»absorber plate temperature and h1gher thermal ef£1c1ency

. under both clear~and cloudy sky condztxons. These results

represent testlng over a. per1od of fzve years. The other

vork 1s by Cheng[19 Chapter 3] vhere Revere“ collectors verev.
‘used for botnzsystems. Freon R-113 yas_usedlln this case and
‘rthe tests lasted from March 9'to~ﬁay 13d 1981' It~uas'

b

reported that the system efflczency of the hydron1c system
'vvas at least ten percent hzgher than that of the . .
thermosyphon system. The large d1screpancy may be due to the
collectors not de51gned for two—phase operat1on and the heat.7
?'exchanger be1ng located outdoors. |

The present study represents an extens1on of the
iearlxer work [19] A Refr19erat1on Research" tvo-phase
»thermosyphon collector. was. 1nstalled v1th Freon R-11 as the
‘7work1ng flUld and Revere“:collectors fllled with: propylene
' glycol solut1on vere used for the hydronzc system.v‘

Slmultaneous test1ngs allowed d1rect compar1son betveen the

two systems.
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And Testing Procedures

3

a‘2.2 Experimental Apparat:

2. 2 1 The Collector Syste-

: Tvo d1fferent commerc1al collector systems were used

'~ since each 1nvolved a dlfft ent thermal’ process in
transferr1ng heat Th1s lea;s to dszerent ‘absorber plate
51zes and cover plate mater1 ls, ‘but also e11m1nated the

| poss1b111ty of a partxcular esign favourable to one system
'belng used for the other. ‘ ’ ' |

| The schematlc d1agram.of the hydronlc system is shown
in F1g. 2. 1 The uorklng fluzd used. was sixty percent |
'propylene glycol/vater solutlon with a freezlng po1nt below .
-46 C. Each of the two solar collectors measured 90 x 197 x
1.5 cm’ and the copper Tube-In-Strlp absorber plate has |
black chrome selectxve surface treatment The cover plate

| ons1sted of double low iron glass. The vater storage tank
has a capac1ty of 248 11tres with a co11ed 1ntegrally
1f1nned copper tube heat exchanger bu1lt 1ns1de the bottom’
sectxon of the tank Tvo collector panels were connected 'in
parallel v1th a total absorber plate area of 3.24 m?. A 31"
ﬂ-vatt centr1fugal pump 'was used to c1rculate the worklng
f1u1d_betveen the collectors and the heat exchanger. A
*edifferential temperature controller vas'used'to activate'the
‘pump when the temperature d1fference betveen the f1u1d at

u“the collector outlet and the temperature 1n the tank reached'

8.3°C.
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| P | .
The Refrigeration Research" phase change solar

collector system used consisted of two loops. The prxmary

loop for the naturally c1rculat1ng Freon between the

an 1ntegral lov f1nned c011 1nszde, was located 0.63 m above
the collector.iThe-collector has th1rty-tvo steel tubes
brazed to thelsteel platevwith a surface_areaaofa3.39.m’.
Steel tubes~vere used because Freon'R-il'decomposes in the
presence of copper at. h1gh temperature.\Water was c1rculated
‘1n the secondary loop between the 248 l1tre tank and the
heat exchanger vlth a 66 watt centr1fuga1 pump. A
'.d1£ferent1a1 temperature controller was used to start the
pump when the temperature of Freon at the collector ex1t and.
the vater temperature in the:tank exceeded 6° C. F1g. 2. 2
‘shows the schemat;c dxagramrof the thermosyphon system. The '
';?water loop vas pressurlzed to prevent air gap 1n the pxpes
above the storage tank, and the flov rate adjusted u51ng a
| by- pass. The heat exchanger -was located outdoors and the )
| storage tank located indoors. quu1d Preon at the collector
‘exxt vas separated from the flovxng vapour us1ng ‘an |

'accumulator. The lxquld return l1ne from the accumulator .

could be closed off with the globe valve 1n$talled allov1ngf

5 tvo-phase mixture to enter the heat exchanger. ' ~ !3_

Freon R-11 was used because of 1ts combxnatxon of lov
Spec1f1c heat, low vapour pressure and hzgh specific latent
heat Lov speczflc heat allovs the flu;d to’ reach saturat1on>

temperature quxckly, and h1gh latent heat is’ de51rable to -
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:'preVent complete vapourization of'the‘fluid in the collector‘
tubes. Conszderatxon of vapour pressure 1s for the safe | .
operatmg 11m1ts‘ the collectors A"ﬁunxng and Haldm[ﬂ |
presented_comparlsons_among_rreonAR_J1,_3 12, R-113 and
R-114 for use in phase change. collectors. ‘

The solar collectors.were installed facing due South.onl
top of the east ving oflthe Mechanical Engineering Building
at the Unzverszty of Alberta (latitude 53° 34').‘The' o
collector txlt angle was set at 68° from the hor1:onta1 for';
both systems. A summary of the ma1n physxcal characterxstzcs
- for both collectors. is presented in Table 2.1. All |
connectxng p;pes vere 1nsulated wzth Armaflex pipe -
.‘1nsulat1on and heat tapes wvere used to: protect the water .
,lene from freez1ng at nxght. ' | B |

All ‘the connect1ng Joznts of the thermosyphon system.
vere s1lver ‘soldered to prevent leakage. Leakage test1ng vas f_
done v:th Snoop (11qu1d leak-detector) and. halogen leak |
. detector by pressurleng the collector w1th Freon n-1z.n

Pressure testing vas fzrst ach1eved wzth a1r (420 kPa) and

then thh nxtrogen (870 kPa) for 24 hours._The vhole system

‘~ vas then evwcuated v1th a vacuum pump for 12 hours before :

charg1ng vzth Freon R—il The system pressure vas aluays
kept above atmospher1c pressure, but’ it d:d fall belov that .
' on cold nxghts. Durzng the course of exper1ments, the L

collector vas occaszonally charged fully and some Freon vas ‘

purged from the top to release any a1r trapped 1ns1de.
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- 2.2.2; Instrulantation

Sheathed iron-constantan (0 7 mm o. d ) thermocouples
vere used to measure fluxd bulk temperatures v1th mesh

screens 1nserted.to dxsturb the flov Just before the

thermocouples. The vater temperature 1n ‘the tank, collector
tube vall and absorber plate temperatures vere measured

| usxng 0.225 mm o.d. 1ron-constantan thermocouples.‘ﬁ

:sheatbed thermocouple located behxnd a collector panel vas

4'.'used to monztor the ambxent temperature. W1nd barr1ers

:anstalled beslde thxs thermocouple el1m1nated v1nd effect.-
e.All thermocouples were ca11brated using a quartz thermometer{n
'connected toa HP2801A devxce.,A total of f1ve thermocouples
flwere attached to the absorber plate surface of the hydronxc

/’

'system and forty-nzne thermocouples on. the thermosyphon-

. system to measure temperature/dxstrxbut1on over the absorberpiv~

'5;_plate as well as - the collector tubes. The reference junction

iused vas an Omega Ice-Polnt cell The error in temperature‘}
i’measurements u81ng a least square f1t is 0. 3° C.

v - Flov rates of the workzng flulds vere measured with'
1ppturb1ne flow meters. A rotameter was used for the water loop'
of the thermosyphon system. The cal;brat;on of the turbzne'ﬁh
bflov meters vas ach:eved usxng Preon R-113 and - vater s1nce

Freon R-11 has a- lov bo111ng point (23 B‘C) at atmospher1c

-fdfpressure and room temperature. The errors in flov rate

hmeasurements are est1mated'to ‘be $0.5 percent for the

"turhxne flov meters and 13 percent for the rotameter.-i



The system pressure and pressure drop across the '

collector panels for the thermosyphon system vere measured

' us1ng Valxdyne pressure transducers with dxaphragms of 12. 5

ps1 (87 3 kPa) and 5. 0 psx (35 kPa), respect;vely. The

pressure transducers were calxbrated usxng a hand operated

pump and mercury manometer. A reference pressure tank f1lled-

‘vxth compressed air provxded the dszerentxal pressure

4requ1red to operate v1th1n the range of the 12. 5 ps1_‘vf~c5‘

d1aphragm, as shovn in Fig. 2.2. The pressure in the

'reference tank vwas adjusted accordxngly dur1ng experlment.d

The atmospherlc pressure vas read from a barometer.

L4

The pressure drop readlngs were dxscarded because the f

densxty of Freon in the long\connectxng tub:ngs between the

© N

pressure tap and pressure transducers var1es v1th respect to

the surround;ng temperature. Long connect1ng tub1ngs vere 2

used because the 1nstrumentatzon has to be located 1ndoors.

Furthermore,'1t vas not known 1f the tublng vas completely .

S leled vlth lxqu1d Preon. d;.l."‘-‘ ff,

~

" An Bppley pyranometer 1nstalled parallel to the o

o collector panels vas used to measure the 1nstantaneous solardf

radxatxon 1ntenszty, I._The cumulatxve solar energy, Q,-,,

between the t1me 1nterval t. and t; 1s calculated from

‘Qy_-'é - Ac '(tjz-'t‘,)"'('I t\‘i.‘_"I'.t.z‘)/Z. T (2.0 -

v

The t1me 1nterva1 used vas f1ve seconds. The 1ntegrated

‘": value at the end of edﬁh test1ng vas found to be less than

.';5 0 2 percent off from the value obtaxned from an Bppley
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-prec1s1on 1ntegrator.
U All measur1ng dev:ces vere connectlng to a HP3497A data |
'acquxs1txon un1t. Monxtor;ng vas achxeved via a HP85

][mxcro-computer, v1th data stored on magnetlc tapes as well -

“as’ prxnted out on hard cop1es.

"“2 2 3 !xparxnental Procedures o ‘Q, _

| The thermosyphon exper;mental set up alloved changlng
of the Freon charge level and c1051ng of - the downcomer from _'
mthe accumulator.,The 11quld charge level was set at one of
sgthe s1x 1evels noted in. ng. 2 3 dur1ng the n1ght to avo1d .

: vapourrzatlon in the collector. Only levels 2, @ and 6 shown

| ';were located w1th szght glasses, the rest vere estlmated

__betveen the s;ght glasses since no l;quxd level 1nd1cator
. was’ 1nstalled., »h | BRs " "
| Both hot vater. storage tanks were fllled w;th equal
h'amounts of cold tap vater and all measur1ng dev1ces along

:vlth assocxated equ1pment vere sv1tched on the n1ght beforé'?‘lb

b Eveach experzment The data acquxsltlon system was controlled'lﬁv

-vxth a timer vhzch vas. set to start the experxments at 7. 00'

“'a m. each morn1ng and terminate at 6 30 p m., or when the ;_f,f‘

s‘d1fferent1al temperature controllers turned off the PUmps, _;g

'The computer program trzggered the scanner (HP3497A) every S:eﬁf

;3to 7 mxnutes to take all measurements tvzce consecut1vely B

B |

f;and ‘the averages vere used for computat1ons. The

”7‘1nstantaneous solar 1nsolat1@m was taken every £1ve seconds.:j“



. LIQUID QUTLET -

" TOP WEADER OF COLLECTOR

1....

FREON Lxquio C} L

LEVEL -

" -_"-.'.P1g.'A 2. 3 Schemat:m dzagram shovmg the relat1ve dxstance

‘between the collector ‘and heat exchanger and the ‘,

llquzd refngerant chatge levels.
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Readxngs not monxtored v1th the scanner were . recorded
;manually. These read1ngs 1nclude the reference pressure tank-'
readlng, value from the Eppley prec1s1on 1ntegrator, |

'~fatmospher1c pressure and the rotameter readxng for the water.

'loop. The water flow rate changed by 3 ml/s durlng a day s ff
'h}experiment due to the pressure change in the tank uponv
theatxng. Both storage tanks were draxned and f111ed v1th

'-fresh cold tap vater after each exper1ment,
2.3 Systems Analfes
v”¥2 3.1 The Tvo—Phase Thernosyphon Systeu

Tvo cases, for the openzng and closxng of the

' dovncomer, are to be conszdergd The f1rst case 1nvolves theV'

'f_ﬁ7flov through the heat exchanger as vell as the rec1rculated ﬂf

"flov via the dovncomer from the accumulator, denoted by m,,*571

fand mlz, respect1ve1y. m(z is’ totally lquId but Doy

on51sts of hoth vapour and lxquld, m,, 12 and m1, (, due to

c-h;the lxqu1d ent/alnment 1n the vapour flov. The vapour 70

“.vqualltxes at the collector exlt, xo, and heat exchanger

~1h;nlet, x,, are therefore g1ven as

-

e _=.~.a;;,;;y'_-_.‘ /m b))

xi =B e A3

When the dovncomer 1s closed m(;-o 0 and xoax,v1f the heat r_d?~

loss along the connect;ng llnes 1s neglected.



S22

Heat gained by the vapourizing Freon in the collectors

“is thus given as o
»f T v

g = iy [0 (TsTe ) + Xoheg + Cpy(Teo=Ts)]  (2.4)

h.Thefthree5terms'on'thelright»hand side represent liguid
.sen51ble heat galn,,latent heat ga1n and vapour sens1ble i

:‘heat galn, respectlvely. The last term drops out when there

is no superheatlng of the vapour at the collector exit since

.TCO-TS..Heat released by the Freon 1n the heat exchanger is.

R ‘Qh '=yfa\;,[ 'cP,vrs-rrh;,») f.x,_;hfg + Cpy(Th -Ts) 1 (2.5)

“and heat-gain;by the{coolinglwater is

N . |

Y owo= B CPW(Two-Twi) . (2.6)

.

S D1ff1cult1es arlse 1n calculat1ng the collector heat

f”galn because the rec1rculated flow Mez via the downcomer was

‘fnot measured A flow measurlng dev1ce was not 1nstalled .

o 1because 1t mlght have 1mpeded the flow and affected: the -

thermal eff1c1ency of the system. ThlS -was further

chompllcated by the unknown llquld entralnment in the‘vapour

fflow._In an 1dea1 case where there 1s no vapour superheatlng

"fand heat loss from the heat exchanger 1s neglected i e.,'by

D

= assumlng Qh-Qw an 1deal1zed vapour quallty at the heat

- exchanger 1nlet,‘x,, can _be’ obtalned us1ng Eqs (2 5) and
. . O .

:h (2 6) glv1ng
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= [(f/Be1) *COWTwo=Twi) = CPo(Thi ~Tho)1/h¢g (2.7)

|

For the.case w{th a closed downcomer, Qc ot Eq.(2.4) can be
approximated by using x} and asSuming no collector heat
losses;'This latter assumption;is errOheous but does offer a
way to approximate an idealized'collector heat gain., If theb
heat loss character1st1c of the system is. known, thenf
correctzon can be made to improve Egs (2. 7) and (2. 4) .

| In a f1ct1tlous S1tuatlon where all solar insolation
incident upon the absorber plate is transferred to the Freoﬁ
and the collector ex1t quallty Xo=1.0, then‘an‘ldeal flov-

rate m( can be expressed as.

SR | Y -::,-,,A-c/.[.',c:p,.prco-rr?;) * hg] - (2.8

Th1“¢value would serge as-a check for the measured value

* - ' & | -
m{,.r _ B S
i Slnce determ1na¢10n'of Qc vas not posszble 1n these
exper1ments, the 1nstantaneous system eff1c1ency wall be
defined %s1ng the heat g&zned by water flowlng through the
heat exchanger, | '

POk Yo

w C apsok /A (2.9)

The cumulat1ve system eff1c1ency 1s defined us1ng the usable

energy galned by the vater in the hot vater storage tank o

' .ﬁ-:év}(Cpt-'f”t;- Cpi -ii)' ; ( Act 1 ar) (210) |

P
koAt

e EL
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where the subcripts t and i refer to value at time t and the

value at_the’beginning of experinent.

)

© 2.3.2 The Hydronic System |

Analyses of hydron1c systemsvare well documented and
'~ can be found in, standard text such as Duffle .and
Beckman[21] In order for the comparlsons w1th the
thermosyphon system to be compat1ble, the 1nstantaneous
b-eff1c1ency here ‘is deflned as the ratio of heat loss . by the -
propylene glycol solut1on flow1ng through the heat exchanger

" and the 1nstantaneous solar 1nsolatlon

~and the cumulative system efficiency is similar to that of
Eq.(2.10).eicept‘thacheat éain'is calculated from the

storage 'tank of the hydronic system.

2.4 Results And stcuss1on _' : -
A total of 22 tests lastlng from August 14 to September'
'17; 1981 vere obta1ned. Table 2.2° glves ‘the test condltlons
as well as the veather cond1t1ons. Two' operat1ng var1ables :t
‘are noted the Freon charge 1evel and clos1ng of ‘the S
‘dovncomer, besides comparison of thermal eff1c1enc1es v1th
\those of - the hydron1c system. Major results of each test of

uthe thernosyphon system are given 1n Table 2.3 with the

*The thermosyphon and hydronic systems will be denoted by
' R-11 and P-G, respectlvely,'1n the tables and.flgures
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correspondxng comparxsons v1th the conventlonal system :

presented in Tables 2.4 and 2.5. y

Tahulated_results in_ Table 2 3 show the much lower flow )

rate at charge levels 1 and 2 (see F1g. 2. 3) did not affect

the cumulat1ve eff1c1ency szgn1f1cant1y. The" reason"eing

that energy is transferred predomlnantly\1n the form of

latent heat The increase in flow rate through the heat
xchanger v1th respect to charge level ‘is expected since for

levels above the accumulator, the l1qu1d carrled over by the

flov1ng vapour 1ncreases. Closxng of the downcomer of the

aCCumulator ‘decreases the vapour quallty by forc1ng the

: 11qu1d flow through the heat exchanger. | |

f» Table 2 4 shows that the thermosyphon system compares

| well vith the hydron1c system. The  former has a hlgher e
thermal capac1tance ev1denced by the'slower startlng t1me,

| desplte the lover temperature dszerence requzred to,;

actrzate the pump (6.0°C to 8.3°C). It should be noted that-

“,_Nth//absorber plate area of the hydronlc system 1s sllghtly

’,

smaller, therefore a d1rect compar1son of the vater tank
temperature r15e 1s not. valld. The cumulat1ve system
e£f1c1ency of the thermosyphon system‘s» sllghtly lower than
that of the hydron1c system 1n most cases as l1sted
However, 1t is 1nterest1ng to note that the . average
water temperature in- the tank of the thermosyphon system is
hxgher at - 1330hr 1n most cases, even though 1t started N
operatlng later. Fzg. 2. 4 deplcts the varylng 1nstantaneous

eff1c1ency and cumulatlve efflclency for test,run on.SEPTOS;
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' the thermosyphon system is. ‘seen’ to operate\more eff1c1ent1y
'f at the beg1nn1ng. It appears that heat losses are hxgher in :

th1s system as temperature 1ncreases or the-dlfferent coverm

plate and absorber plate mater1als used may nave resulted—in
d;fferent amount bf solar energy absorbed. The cumulat1ve
l eff1c1ency used here then offers a value for comparlson. .
‘f between the tvo systems under the tested condxtxons but ~does
not reflect the upper 11m1t of operetxng effzcxency of these
| collectors.'_b B j ' f{" , o o
Tabulated results in Table 2 5 shov that the absorber
B plate and work1ng f1u1d temperatures vere much 1over 1n the"”
thermosyphon system. Thxs ought to reduce the heat losses 1f
‘both collectors share sxm;lar heat loss characterxstzcs. A -
1ov l:quld charge 1evel v1ll cause vapour superheatxhg vhen 3.
‘ there 1s no llquzd separatzon devxce at the collector ex1t,
as in test runs on SBPT15 and SBPT16 v;th the h1gher
l absorber plate temperature. f:; ‘ Zps'~v" LT
o Table 2 6 shovs the absolute errors 1n the
determ:natxon“of the 1nstantaneous and system eff1c1enc1es. =

;p_ _The absolute error of the system effxclency calculated 1n

‘*tthe test fun~on SEPTOS would be 4.3 percent.

o

'5}*1F'f Test run on SBPTOB v111 be used as a representatxve N

| case 1n shov1ng the typzcal operatxng character:st;cs of the o
thermosyphon system. Trme varxatron of the system pressure,‘

- solar 1nsolatzon and Preon flov rate are. dep1cted 1n Fzg.

2, 5 The fluzd hulk temperatures at var1ous locatxons are.

plotted 1n ngs. 2. 6 and 2. 7 The 1n1t1a1 fluctuations shovn



Table 2.6

Instant@ngous Bfficiency

2

Absolute errors in the 1nstantaneous and’ system

effrcfcncies —calculated.

.

mpedcpar/Acirar

3

OC.

AT

10

15

20. 25 30

4
o

5n. « 1003 R |

$8.7 $6.7  $5.7 5.1 4.7

F -

o~

. - 1

ng = MwCp AT / Az /1 ar

: Sysiémﬂﬁfficiencyi1

ec S AT

D aa]

15

20 '25,‘, 30 35

Mg -

.
Is  x 100%

£14.5 8.4 :6 4. £4.8 ¢4 4 :4 113, 9.'
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TEMPERATURE

CooTe e 188 . M 158 1788

( °c)

" COLLECTOR OUTLET

'HEAT EXCHANGER .. . /
" OUTLET (R-11)_
" HEAT EXCHANGER
| OUTLE'I‘ (WATER)

//“‘HEAT EXCHANGBR
- INLET (WATER)

1 SRS B 1

' TEST RUN: SEPT09 -- R-11 SYSTEM

 TIME OF DAY ( hr )

thermosyphon system.es-

Fig. 2 6_ Temperature of the water. and Freon lznes of the‘i



X

TEST RUN: SEPTO09 -- R-11 SYSTEM .

'HEAT. EXCHANGER - / /.

tec)

| TEMPERATURE

" m z E _‘ . l R PY [ » L<‘ e

| . TIME OF DAY ( hr) .~ . .=

‘_F1g. 2. 7 Temperatul'e of the Fteon lme of the thermosyphon]”' T

system. a
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in allfthree graphs were‘caused by the activation of the

'dcoollng water pump upon reachlng the pre- set temperature

e

'-’dlfference. ThlS cooled the Freon and reduced the pressure

in the collector,7wh1ch 1n turn 1n1t1ated b01l1ng 1n the

;vcollector tubes~and caused amsurgeman Freon flowwrate as

hfﬁshown on F1g. 2 5. ‘The coollng water flow then’ stopped due

o to the reductlon in Freon temperature. Thls is- assoc1ated

‘w1th burstlng type . of b0111ng in the collector tubes. The .

‘whole cycle was then repeated untll reachlng a qua51 steady

*,state at hlgh solar 1nsolat1on. Thls phenomenon was

"V;repeated to a lesser extent near the end of the

.

3'_exper1ment. Flg. 2.6 shows that the Freon and water

temperatures remalned at approxlmately 5 c dlfference'v

throughout the test ThlS characterlst1c is- favourable 51nce.;

'1t reduces the heat losses. The drop 1n temperature between

’ithe heat exchanger ex1t and collector 1nlet shown on Flg.

2. 7 suggests a large heat loss v1a the conneét1ng p1pes in.

Lfsplte of the 1nsulat1on-used A combxnatlon of heat loss and

S

freductlon 1n saturatlon temperature due to the hlgher

”elevatlon resulted 1n.a sllght drop between the collector

“V,exlt and heat exchanger 1nlet temperatures.

'ojhlgber worklng f1u1d temperature of the hydronlc system.rw

a-‘vtemperature drop from the" collector ex1t to- the heat

Comparlson between Flgs. 2 6 and 2. 8 shows the much

;fHeat 1oss in thlS case was 51gn1f1cant as seen by the_-

*7exchanger 1nlet shown in Flg. 2 8 Flg. 2 9 shows the

51gn1f1cantly hlgher absorber plate temperatgre of the '

-

[ AP I P I L

il et D
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. TEST RUN: SEPT09
;13 . -
ABSORBER PLATE e
* MID-POINT %
. . /-/.--- _‘.
m.
U -j
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— g =
m ‘
] :
oo .
£ .
= -
SR _ :
. _ «
- TANK MID-POINT
e | e
.t
w ar " (P-G)
_ - _ o IR
: . d ¢ ) . . \
’uL{ L "., 1 ‘ 1
708 008 117 1208 1500 1708 1000

4l OF DAY (L hr )

'Pig. 2.9 Cémparison"Of.thé.temperature characteristﬁcs
' " ._between the thermOsyphonfand,hydronicfSYStems.
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hydronlc system.’ It is 1nterest1ng to note that the water )
tank temperature of the thermosyphon system reached a .

maximum value earlier, while the hydronic system was st1ll

gaining heat. This observation is also dep1cted in the

' eff1c1ency plot in F1g. 2.4.

The effect of charge level 1s best shown wlth the

~ instantaheous efflc;enc1es of Egs.(2. 9) ‘and (2 11) since the :

collector eff1c1enc1es are not known. The results are
- plotted in Flg 2 10a and 2. 10b for openlng and c1051ng of
.‘the downcomer from the accumulator,‘respect1vely. For the
. test cond1t1ons spec1f1ed charge level 4 appears’to be most
ﬂleffect1ve at the beglnnlng of the tests, but tralls behlnd
‘the other charge~levels as the<water.tank temperature |
.lincreases. sufficient liquid charge‘is.required to prevent
Lcomplete ;apour1zatlon but too much will. cause more llgUld
b-to enter the heat exchanger. Lover lquId charge also
;?reduces ‘the thermal mass. Furthermore, the flov pattern and
-heat transfer character1st1cs are dependent on the amount of
’1vapour generated, and are affected by the amount of 11§u1d

'charge in the system.

»

F1gs. 2 11a and 2 11b show the temperature prof1les of

a collector tube outer wall dur1ng tests at charge level 4

‘with the dovncomer valve open ‘and closed, respect1vely-_F1g.

2.11¢ ‘shows’ the case of lower charge level where

'superheatlng occurred Bolllng started f1rst at the top

;sectlon of the tube because of . lover pressure. Thls 1s shown

- by the lover temperature at the top before 0900hr on Flg-

Cy,
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C2.11a. The relatzvely 1sothermal surface vhen boxl1ng was.
1nit1ated is shown by the: sudden drop in temperature from ‘
0900hr to 0925hr on. ng. 2. 11b v1th hlgher temperature at

.~ the bottom sectlon of the tube because of the lower

‘~.51ngle-phase heat transfer coeff1c1ent Fluctuat1on 1n

_temperature vas caused/by the turnzng on and off of the
-water pump as*explazned earller. ?1g. 2 . 11c shows ‘the
1ncrease in senszble heat and slxght bo1l1ng at the top up
;tlll 0930hr, and then a drop in temperature with boxlxng
started lower dovn the tube. Superheat1ng of the vapour
_"occurred 1n the upper sect1on of the collector tubes at
‘trh1gher solar 1nsolat1on as shovn by the temperature prof1les :

~

after 1200hr., |
The Freon flow rate is 1nherently small as shown in
l7F1gs. 2 12a and 2 12b because of the hzgh spec1f1c latent _
uﬂheat. The 1deal qualzty calculated u51ng Eq (2 7). 1s seen to .
vf'be much lover than un1ty, meanzng heat loss from the heat |
».;exchanger was h1gh and llqu1d entraznment was sxgnxfxcant.fh‘
:rvLower qua11ty is expected vhen he downcomer 1s closed as
B shovn 1n F1g. 2 12b because no lxquxd separatlon toob placeg
i after the collector. Even thoughrtheorectxqally ‘the Freon
"h*flov rate should vary v1th respect to the solar 1nsolat1on};.
b'dur1ng the day,_measured values vere relatxvely constant. )
BThe reason ‘is not clear but it could be related to the o
19r151n9 llquzd L{Efl as the vapour qaalxty 1ncreases in the;-:‘

ftrcollectot tubes.:-
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T I " TEST RUN._SBPTOG - R-11 :

wh. ] R:11 PLOW RATE

IDEAL VAPOUR QUALITY -

i
.
~N-

PREON FLOW RATE ( mi/s) -~

TS W _.:‘_11'7 T
. TIME OP DAY ( hr ) '
a s accumulator dovncomer open

 735?-803~ szpros -~ R-11

‘3J°*usasunsn g—11 FLOW. BATE.

i
. -
®© .

IDEAL- VAPOUR QUALITY

‘ IDEAL R-11 PLOW RATE
~7 _:“\‘\

l‘- s

“"”‘\ Q \,

| PREON FLOW RATE ( ml/s )

W wo s w1
TIHB OP DAY ( hr )

b; accumulator downcomer closed " -'

Pig. 2.12 Conpanson betveen measured and 1deu11zed values
: of Freon flow rate and vapour quality,
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v‘-‘
In order,to determxne the ﬂeat loss character1st1c of

the thermosyphon system, tests vere performed durzng the

- night by using electrzcally heated vater. to heat the Freon .

that was forced through the heat exchanger. The schemat1c

.

’

o port1on of stagnant fluxd &
rshown in F1g. ‘2. 13, The;pro
‘fden51ty of the cold flﬁkd in?

the tubes 1mmed1ate to th’

dxagram is shown in Flg. 2. 13 Temperature dxstrlbutxons

across the panel show that the Freon flowed upwards only 1n

fn, leaving a la:ge,A“
4n8 right section as

T\

hiﬁ ctor*ihbes re51st1ng

h.“thevupwards flow\ofgthe_heated Freon w1th l1ghter dens1ty

’ffrom the.hottom manifold. This top—heavy 51tuatlon resulted.
'in flow only in portion:oidthe‘tubes. It is ndt known if
flow recirculation oCcurred'in the stagnation reg1on.4Panelv;7df~“

'temperature d1str1butxons show a'decreasing trend upwards in .~

the tubes where Freon flowed through because of heat loss,

o and a sl1ghtly decreaszng trend downwards 1n the stagnat1on

reglon. A llkely cause of thlS is. heat conductlon downwards

'i"from the heated Preon flowxng through the top\header. The
'heat loss characterlstlc 1s 1ndeterm1nate because of the_‘
’,stagnat1on regzon encountered. It is bel1eved thlqutOblem*'

'can be . overcome by forcxng the Freon flow. downwards, i. e.,

/

Igreverszng the flow d1rectlon shown on F1g. 2 13 Th1s w111 f’d

-:,from'the bottom of the_collector,au’

-

'allow the heated Freon to flow from the top, looses heat

’:,.along the tubes downwards and return to the he A\t exchanger'_g.gi-

@of thﬁs is the hxgher.d"'
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2.5 Concludxng Re-arks
Szmultaneous testlng of - thermal performance of a

“c%nvent1onal hydron1c system us1ng propylene glycol solutlon

Lfand a tvo-phase thermosyphon System charged with Freon R—11

.:vas carr1ed out to‘determlne“the feasrb:lity of*operatxngw-+¥%———
‘.the latter 1n place of sxngle-phase systems. Results |

'obta1ned under the same test cond1tlons are comparable for

‘f~both systems, but phase change systems charged V1th Freon

a:offer other advantages such as totally pa551ve, ma1nta1nance |
._free operat1on..f’ '_ R | . R
E 3 Heat losses ﬁrom the thermosyphon system ought to be'~
'-;lower s1nce the absorber plate temperature 1s lower than the |
.hhydronxc system tested. Results obtaxned are contrary to |

' ‘that The probable causes are the-dxfferent cover plate and ;7
;;absorber plate mater1als used resultlng in: dszerent amount
:-gof solar energy absorbed or poor 1nsulatzon glv1ng h1gher f
f:heat losses. Tests carrxed out to determlne the heat loss
‘._character1st1c‘of the thermosyphon system were unsuccessful.:
'h}Measur1ng dev1ces 1nstalled 1n the thermosyphon loop could

" have 1ncrea§Ld the flow re51stance and contrlbuted to the_fd"
J;'P°orer performance.-f' | . " | “ ‘ h_

i The thermosyphon system performed better 1n1t1ally at :,
tlover vater tank temperature but traxls beh1nd later 1n theq
day..Thls aga1n 1s related tokthe hlgher heat losses at hlgh
temperature. ngher thermal performance can therefore be '

DO Q’zﬁ‘\_ ‘ oS .
reallzed if hot water 1s dravn off durzng the day.

. .'—'). .
;' ..
-~



,:;\
L)

]Theteffects”of charge level ‘and clOSing of the ..ﬁi -
downcomer valve are not conclu51ve because the solar
1nsolatlon 1s not 1dent1ca1 in-all cases.v;ﬂhus understo\d

FEEN

that llquld separat1on at the collector exrtfls de51rablei

¢"~_—for two reasonSL—flrstly the—rec1rculated hot_Freon-llquld_.“__

separated from the accumulator will keep the temperature at -

‘»the 1nlet hlgher, therefore reduc1ng the sen51ble heat ga1n

'v,frequlred to 1n1t1ate bo111ng, secondly h1gher vapour quallty

'enterlng the heat exchanger reduces the chances of

"ljdeveloplng a 11qu1d f11m on the conden51ng surface. For thef

VLtests carrled out xcharge level 4 appears to be most

”effect1ve. '”"»o

\

Toesooon .f .:'-‘: - ': - . : . - “

. Measurrng dev1ces§ dstalled 1n the thermosyphon loop

S were kept to the m1d1mum\for fear of obstruct1ng the Freon -

i

1flow and affectlng the thermal performance. Th1s prevented a

te

'deta1led analy51s of the collector characterlstlcs of the

"thermosyphon system. Further compllcatlon arlses because of

u;-,

f:h the uncontrollable sélar 1nsolatlon. An 1ndoor testlng

o
b

'ffac1l1ty of ‘a 51m1lar phase change thermosyphon collector

N system heated electr1cally w111 overcome these drawbacks.,

: :faccumul tor and l1qu1d charge level u51ng an rndoor testlng

‘a“ v,

’facxllty 1111 be presented 1n Chapter 3 ' ";. '”h"v é

'study of the effects of system components such as

ow "3"{ .

,@i

‘s-‘. -

Y s - AR |
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3. So-e Oparat1ng Characterxstzcs 0£ A Tw o-Phase

Ther-osyphon Solar Colloctor Systc- Us1ng rreon R-11 By*

Indoor Test R et . e

Su-nary '

s

The operatlng character1st1cs of a two- phase

[

) thermosyphon solar collector system wlth Freon R-11 as the

w‘.

workxng flhld were examaned by electr1cally heat:ng the
wabSOrber plate 1n an 1ndoor test fac111ty _The effects of
““the'lnltual l1qu1d Freon charge level ‘1nput heat £1lux to! .l«,.isé_

the absorber plate, expan51on tank accumulator for ?

S
) . .
- e S

separat1ng liquzd and vapour,'and coollng vater flow rate on o

{, thermal performance uere studlea Qomparlson of results

between thermosyphon and forced c1rculat10n tests !re

presented Thé governlng parameters in evaluatlng the“; L

\ .
. oo

performance of these systems appear ‘to be the vapour




3. ] Iﬂtroductxon

e ," N 7

whe refr1gerant charged two*phase thermosyphon systems

v N .
: .

'd
fo& flat-plate solar collector appllcatlons 1n cold reg1ons

’) A .

ton?hot 2dﬁér or space heatln§ have,recelved much 1nterest

"attfﬁglon 1n recent years 4Cur§$ntl§ 1n the Unltﬁg
: ’(vt.,,.r o /;A_, -
vSp tes'there are severar'commerdgal un1ts avallhble %ome

A“" J.'l,
*sysgems were repo

‘.h,‘"-*"‘ , Aot . Qa ’,/,_ “,.

thermai processes in®

f'-z\r-

‘ located'above ‘the solar collector are of ooi
O s SR

r prac}nbal and theorect1cal 1nterest in the'des1gn1ng of such
q h systems.‘Because oftthe 1nterm1ttent nature of the solar

radrat1on dependlng on. weather condltlons, 1% 154not
. \ J
practlcal to study the " varlous operatlng parameters on the
: ,n‘é )" .

thermal performance of the thermo‘*phon solar collector
u51ng an outdoor test fac111ty In v1ev of thms drawback an

ﬁndoor test facxlzty vas 1nstalled to carry out baszc

ey
-stud1es of the eifects of var1ous parameters on; two phase

.
;C’.
)

flov and heat transfer, Fot\these sysgems, energy

- transported 1n the form of latent heat 1n contrast to the

. ' ? . .
sen51ble heat 1n the conventzoq%l solar collector systems,.v\

Voo v1th the collector,;ubes actzng as evapqtators and the héat

1

g exchanger as a condenser.- . .aﬁ_, '.4-;_ e 5"“v

° . . J'.A

Th1s p&rt of the study is concerned vxth some operatlng

.

characterlstlcs;of the tvo phaSe thermosyphon system vlth

;)

FfeonhR—1§ as'ﬁbrklng fgu1d u31n§ an: 1ndoor test faczllty

Solar collector panels and heat exchanger developed by the
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Solar Research Division of Refrigeration Research;‘lnc.'were
utilized in the primary loop. - SR

v . .
Only‘stemgv'state operating concit’ ns considering the

effects\of the 1n1t1al 11qu1d refrlgerant charge level

pover 1nput to the collector panels, expans1on tank

accumulator ‘for separat1ng liguid ‘and. bapour, and coolzng
water flov‘rate 1n the heat exchanger were examlned The |
lsystem was de51gned s0 that forced c1rculatlon tests could
ealsokbe_performed. The forced c1rculat1on test results wvere
‘;omparedlagainst tnose of thermosyphon tests.

It should be stressed tﬁgt the present study is- only‘

concerned v1th the effects of some components on the system

:'operatlon and not dev1sed for ratlng collector performance._

&

: A prqper solar 51mulator, recently addressed by Streed
'iet al. [23] vould requlre conformzty v1th regards tg%solar

spectral dzstrlbutzon and sky temperature, among others.'

o -
o o . . CoL e ’, 2
. : . o ' \

: LW o o

T\ -

“ L %,. :
. . <

>

v

e 3 2 The Ther-osyphon Indoor Test'rac111ty e ;

J
[P

AThe lxperxnental Kpparatus ' _:.‘pﬂ

Jf b schematxc d1agram af. the 1ndoor test faczllty is o
shown ' in Fzg 3.1, The detazls of the Refr19erat1on
s

3Research" two- phase thermosyphon solar collector:system can )

".be found zn [2Q422] The £acalaty conszsts of four 0. 9 m"

modules connected 1n pa:allel and" each cover measures

't” _approxxmatelv 0. 54 o vzde by 1 86 m hzgh Eadh panel has 8

'sweel tubes (8. 5 om d d.; length 1 75 m) The heat exchangerfﬁ

$ .

Q : .
.has a cont;nous lov-£1nned copper coxl (15 9 mm osd., llnear‘
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length 7. 317m) iithran outerisurfagevarea of OrQJam"and

- 1nner surface area of 0.25 m?. Coolxng water was pumped

Mﬁi'through the inside. of the coiled: copper tub1 ng. (°°11

: dlameter of 0 106 m) remOV1ng " heat from the condens1ng FreOn

on the outs1de surface. The collector panels were set at

:1nc11nat1on angle of 68° from the horlzontal

The prlmary refr1gerant loop is pass1vey
requlred in the secondary loop to c1rculate the coollng
‘water between the large cold water tank (volume=1 27 cu. m)

‘=jor a 248 lltres hot water storage tank and the heat :

‘that ‘forced c1rcu1at10n tests (act1ve3
system) may also be onducted. The heat exchanger was gf‘s
mounted 0 63 m above theﬁtop of the collector. As shoun 1n
1F1g. 3. 1 an accumulator w1th sight\glasses was. 1nstalled |
above the collectdr to separate the ‘vapour. and- 11qu1d as f

-Lshown gn F1g. 3 1. The 11qu1d from the accumulator can be

Y

'Hﬁreturned to panel 1 or 4 and the return l1ne can be shut off.

Ky

to allow a two-ph?se mlxture to enter the heat exchanger.

"Copper tub1ngs of 15 9 mm 0. d ﬁere used for all the

(;..

:nlconnect1ng tubeﬁ.epsept the bottom man1£old of the collector7n

4:

é{vhere a 12 7. mm tub1§§ uas usé

smt ffr flowigéfuallzat1onf An expanszon

’i"'

1;at each collectoﬁ"

. .,‘*

tank and a l1qu1d recezver each meashr;ng*Ouaz m dzameter

L‘*)

: and 0. 41 m he1ght veresalso conn;ctedaﬁifthe pr1mary loop

;‘fThe cold vater~storage tank vas used when the vater

| temperature at the 1n1et of. the heat exchanger vas to be -

»ﬁ‘fi

-pump (1/4 HP, 1725 rpm) was 1nstalIed in .

A sight glass was 1nstalledA
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kept constant The hot water storage tank was used only for
4h sxmulatlon tests under‘a no—draw cond1t1on, as in the tests
o outllned in Chapter 2. A 6.3 mm o.d. Pyrex tub1ng was used
;;"**““—Tto—IndIcatefthe—rnrtral—llqutd—refrtgerant—charge~level %ll—u—eee
“connecting'tubes'uere insulated.wlth hrmaflex~tubing
- 1nsulat10n. System pressure measurements were taken w1th the
. help of a small reference preSSure tank to prov1de the_
necessary d1fferent1al pressure requ1red.
~'In each collector panel . flvb alum1num sheathed rod |
»’heaters w1th a comb1ned heatlng capac1ty of 1750 watts were
“used to heat a.-3.2 mm ‘thick alum1num sheet,‘whlch Jn .turn
tfheated up the absorbermplate. The heaters, each meaéurlng
6.6 mm. o0.d. and 2.32 m long,'were spaced evenly and t1ed to

8- :
’te was then

-~the back of the alumlnum plate ﬂhe alum1num .

"‘attached to the back of the absorber-plate watﬁ’alum1num":'

/ .
) v, “{

ﬁrlvets and the gap between the plates was f111ed~w1th heat _”g&;g;

[

- transfer compound wlth hxgh the{mal conduct1v1ty (product of
o ZESTONo, grade z 10) to prov1de un1£orm heatxng. The B

.','back51de of the heaters vas 1nsulated vxth 38 mm th1ckness

'each of glasswool and styrofoam as shown 1n F1g. 3 2 A _*f.jg:,'
,thermopxle w1th 25 unxformly dlstrxbuted Junct1ons vas'_‘. |
“attached- across a 3.2 mm thlck alum1num plate and then

1nserted betveen the,tvo layers oﬁ.znsulatxon 1n panel 1 to

B

\-1measure heat loss through the backﬂ A sxmzlar thermopule vas _:f;:

also 1nsta11ed on the styrofoam 1n§£latlon layer, 1nstead of

.. an alum1num plate, for each of the rema1n1ng three panels.r >}

_\
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_.——HEAT_TRANSFER_CEMENT__
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. _DIMENSIONS ‘IN em =~ . '

v  F1g.l3 2 Cross sect;on o£ collector and heatet arrangenent
v : " and pgan ‘view of a?heatxhg element dep1ct1ng the
dxnenStons.«As- L L ‘ v : i

‘ v

§N{f0r panel 1 onlybﬁ‘..
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The heatxng power for each panel vas set usxng a

p controller with a maxxmum output of 1500 watts and the total e

"rvattage 1nput was measured vxth two d191tal wattmeters, one «47‘

“‘fs:dzstr1bution at’ a total ot fourty-nxne locatxons, nxneteen

‘1}on panel l and ten each on the renaxnxng three panels. Room

,,y

vattmeter measuﬁed the heatzng pover input. of one fxxed

”plate and collector tubes to measure the surface temperature

-ﬁtenperature and all fluxd bulk temperatures in the przmary :gt*

' and'secondary loops vere measured usxng 0 7 mm o. d..sheathed

';etotal heat 1nput. .(

iy

an

‘.panel vh:le.the other the 1npu$s of the three remaznxng
'ufpanels by ﬁﬁxng sv1tch1ng devxces. There 1s an error of
7':0 5! 1n vattage measurements due to the pover 1nput
Q7controller and alko a :2% wattage fluotuatxon caused by tQE)

‘:l1ne voltage fluctuatlon in the’ bu11d1ng

"ib” Iron-constantan thernocouples (0 225 mm o. d ﬂiv1th

;\

‘glass fzber cloth covers vere spot velded onto the absorber _}i

A

B4

N

E- "

v 2p1ron—constantan theruocouples. All thermocouples vere
t3f1n1t1al1y calxbrated usxngaa quartz thermometer (HP-2807A)
i uaxxmum error usxng a lfhear correlatxon betveen output

';voltage and teaperature 1s tO 3 C.ll fffﬁ f o 'f.fﬁ,‘f'j,:;

) =K
. The. thernopxle neasurements at: the back of the

f{:collector panel shoved that the heat loss through the back
"1s approxxmately lxnear vzth respect to the heat 1nput (0 2

~¥-o1 1. kw) and thxs heat loss vas lesa than 10 percent of the

T,
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ISystem presaure was monitored vith'tvo pressure;gaugesﬁ
\
one at ‘the top beslde the heat exchanger and another at the

bottom on the same level as the Ereon c1rcu1at1on pump

A Valxdyne" dxfferentzal pressure transducers w1th sens1t1ve

dxaphragms &ere used to ‘measure the system pressure near the'

heat exchanger as vell as pressure drops across the four

collector panels and the heat exchanger for the Freon and'

: water loops. For the pressure drop measurement across the

four panels, the transducer was. located at the top of the

collector panel and the connectxng tubes vere cooled w1th

7: water dur;ng exper1ments. S1ght glasses were 1nstalled 1n‘

" the connectlng tubes hear the pressure taps for v1sual

RSN

‘ confxrmatxon of lxquzd 1n the lxnes.lShort connectxng tubes

'were used to mlnxmzze the statzc pressure changes on the -

dxaphragms vhxch affect the 1n1t1a1 pressure offset o B
read1ng, caused bY a densxty change of the lxquxd in the

connectxng tuhes. All transducers were ca11brated usxng

T,
r

[5 vater or mercury manometlz} depend1ng on the d1aphragms ‘t

q',; <

“1,kpa,g 4j o 1e»j;__.,- o ’;, ‘rf‘

;fg Flow measurements of l1qu1d Freon flov rates from the ;fﬁ

heat exchanger and the accumulator, and the cool1ng vater

flov rate 1n the heat exchanger vere achxeved us1ng turb;nefj;-; .

flov meters. These meters vere calzbrated usxng water and

Preon R-113 sznce Freon R-11 vapourxzes very easxly at roomy-fw

'P

l‘ temperature. Rotameters (flov rate 0 05'-'0.40 Water GPH)

1nstalled 1n1t1ally to measure flov d1str1butzon to each

.
- A

L e

e



collector panel vere subsequently d1scarded due to severe .
'sflow restrictions and lower accuracy. ‘The turbine flov

_.meters measure 11qu1d flow rates 1n the range of 3 - 60 ml/s

'vxth 2 :0 5 percent error._'

,'s.twltskgn,fcr-eacbsm°°°“F°°‘5

xxperxnantal Proceéure . o
~ The evacuat1on of a1r, leakage test pressure testlng
.at 500 kPa (72 psxg) and the chargzng of the lxquxd
f.refrxgerant 1nto the tvo—phase system folloved the usual
refrxgeratlon pract1c§%4The system was occasxonally charged

'_fully vxth lxquxd Freon ‘in order to purge any air trapped in

the system before the exper1ment ‘The experxmental

f'condxt1ons such as the system pressure and the 1n1t1a1

B llquxd charge level vere. set a day before the experxnent.f
‘The 1arge cold vater tank vas fllled just before the' .

N\
o

R rexperxment vith cold tap water.'."

-

RN

"
Y

Data under the set 1n1t1al cond1t10ns vere taken at the.

~ start of each exper1ment to ensure pppper functlon1ng of all '

nglectronlc\devxces and to.obta1n the 1n1tlal read1ngs. The
vater c1rcu1atxon pump was then turned on v1th the heat1ng

d.pover set at a pre as31gned value. Data vere subsequently

iidtaken every five: mxnutes untzl reachxng steady state. The

"fvheatlng pover 1nput for each panel vas sgt at the same;2

’value. Steady state vas conf1rmed by a constant system :

;pressure at. the collector outlet.,At least ten readxngs vere )

NG obtazn ‘the average value.xA

| HP485]ﬁicro;computer:and' HP-3497A data acgu131t1oggsystem

=)
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vere used for data collect1on. All the read1ngs are stored
on magnetlc ‘tapes for ‘further ana1y51s. The above procedure
. was repeated up to .a heatrng-power 1nput of'1 1-kw per panel"

‘or unt11 the exper1ment was termlnated when “‘the heater‘

?rsurface temperature exceeded 130 C“In—order to operate'
_fw1th1n the safe range of the electric heaters. Measurements,.
.,rsuch as 11qu1d Freon and coolzng water flow rates angd system
ljpressure, were recored on str1p chart recorders for' |
observatlons on tran51ent behav1our and the conf1rmat10n of
hsdsteady state dusing the exper1ment.a" ”_ ._ -
 Two series of tests vere carrled out. The flrst ser1es.,

1nvolved constant coollng water flow rate whale varylng the -

heatfng power 1nput to tﬁ% collector panels. The effects of i

the 1n1t1al llQUId refrlgerant charge level expans1on tank ’

downcomer from the accumulator and the 11qu1d Freon ' fj*:@’

’."e

B returnlng to panel 1wor 4 frOm the aqcumulator were studled

4,.

_Only thermosyphon condxtlon was . cons1dered 1n these tests.

Ce wooe

U.'The second ser1es of " tests was performed wzth a constant

a i g

livheatlng power 1nput wh11é varylng the coollng water flow.“'

RV
g

’»rate for both natural and forced c1rcu1atxon cond1tlons. The.:.

”"1n1t1a1 charge level was maxntalned constant except ‘for the =

-

fucases where superheatlng at the collector tube ex1t was

'__ldes1red._Forced flow operatxon requlred that the downcomer_'_-

hﬂfgom the accumulator be closed off and the by pass valve
‘shovn on Plg. 3. 1 vas used to control the Preon volume flow

jf:rate through the heat exchanger.li



3. 3 Systen Characterxstxcs And E££1c1ency
Under steady state cond1t10n, the total heat transfer

rate Qc to the Freon 1n the collector tubes 1s gzven by

Qc = ml[CpJ(Ts —thi) +%x°hfg'+ cpy(Teo - ?5)] §(3,1)_

T TR

The terms on the r1ght hand s1de represent sen51ble heat of
11qu1d latent heat -of vapourizat1on and sens1ble heat of
SUperheated vapour,‘respectlvely. ‘§ince the true value of .
the vapOut mass qual1ty Xo at the exlt of the collectors

cannot be determlned readlly 1n the. exper1ments due to

llquld entralnment 1n ‘the vapour flov, an approxlmated value.

- of Qc can be obtalned by consxderlng the heat transfer rateﬂ

Qw to the coo11ng water in. the heat exchanger, def1ned as

Y
TR

s

,, Q.‘.‘v- av_;,epr-”’(rTwé‘_'- Taid . s

T TR,

> i,

ﬂ£Not1ng that the total heat 1nput is Q1-Ac, a system _[

L e
. 1"’

\V

Dl

- efflczency ns of the two—phase thermosyphon system can b@"

deflned as _5‘,¢x“

o L o S

“of

RPN g : L
B l v Q}‘\ @ .
The ahsolute error “in- calculat1ng s depends on the

temperature drop of the vater flovzng across the heat

exchanger, ATw. For Amw-10 c~ the error is 19 percent- for -

T«

ATW-ZO C the error 1s 16 percent.n

’.‘5?. .

. 4}(4-
the heat exchanger and accumulatory m,, and m,;

S _h?i_t | Tn§“? Qgi/v(g;.x¢>;, 2;" - ,h,r‘;(j.il;”'

e

In th1s study, the 11gu1d Preon mass flér\rates £rom fh}fh:



respect1vely, were obta1ned from measurements u31ng turbxne

flow meters. Thus, the experlmentally determ1ned vapour

qualxty at the collector ex1t could be evaluated by

*;;*;.a,;;/(a,; + Bys) f B & 3

s

lfneglect1ng the heatfloss from the heat exchanger qﬁg all

e

A better approxzmatxon 1s de51rab1e because some l1quld was

»expected to be carr1ed over from the collector to the heat

exchanger, espec1ally vhen the lxquld level 1s h1gh By

.
.

e‘precedzng connect1ng tubes, the vapour qual1ty x, at the 5

?;“entrance of the heat exchanger was estlmated by

. . . B A
P W \ o . . R
. S o [ . L ATt .

TQConsidering‘the,liQUia’entrainmentWpart;fﬁzu can’be,vrittenfyﬁ

e

EITELN VIO

N .-

"vhere the subscrlpts v and l s1gn1£y the vapour and l1qu1d

"Tentralnment part respectrvely,‘resultlng in a- better

ifapprox1mat1on for xo g1ven ‘as’

{ S St

-

%o +~64{,§-7viﬁ(3 + Myz) = xEex, (3.6). .

L
.

"ffThe true quallty therefore l1es betveen xo and xo, v1th xo

b“ .

"approchlng xo vhen the collector exzt vapour quallty is i

Y

B A . . . ) . . s . - S ‘- ) . L e

*

‘fff’{éﬁfi,to;chz(rhfeg,Tho)li/]hkg,; ,;f,(3,syhi.f”'



o hxgh.

Lo

Theﬁaverage heat transfer coeffnc1ent in the‘tollector
te 3 ‘

'tubes uiay\;be defmed as [ R P S

‘u‘
2y -

'\
%

4 - .Qc,/"(At‘AT) R o (37)

ﬂ? heat exchanger. A 100 percent charge therefore means the .f

":5shell of the heat exchanger was half fllled wlth 11gu15

. where thetlogarithmic{mean temperature difference AT is - L

. ) o . - '. S . -r a
defined as - .
BUZNRS R ‘

) ln [ (Tt'Tc] ) / (Tt—TCO) ]

w_¢} the:Shell1ana'coiifheat‘exchaﬁgef,fthe overall heat

transfer coefficient, U, is given as

| ‘Uii.Qw;/ (A“fAT)

L e (ThemTwi) - <’Th..Two> e

AT = ——————————— — T

ah

Ly

(Tt—Tc| ) (Tt_Tco) 7 : ’ - § ‘3 .

e
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T:lamu ffﬁctuatlon at hlgher heAtrng pouer 1nput vas ohse%ved the f?:-‘\

. - . :.1 ‘ s gdﬂ . . - 65 : -
o v ai Lo .
3. 4 Resnlts And stcussxon L . X R o ;\** B
,‘ Iy s " . - ‘ ‘ r'y"u I "f' i :
L Sd-e Exper1-anta1 Observatxons ‘?_” L },}& IR .
- . . \{’ . : v . ’ \' ‘.. [ ., - . .
T The present exper}mental set up uas de51gned so that ,
thggflqu1d separated at the accumulator can be returned to"* Ca

A v

the maqlfold near panel 4Qor be mearged with lzquld return

u £

gzﬂf lrne from the heat exchanger to the bottom manxfold entrance e

.

g_near panel 1 as sthn in- F1g 3.1, When the hot Freon l1qu1d
@ from the accumylator was returned near ganel” , an. uneven
flow dlstrlbutlon for each panel and system pressure :

h

hzgher vapour qua11ty can arso be seen ;hrough the 51qp-

"""1
glasseéwAt the collector eﬁat and 1n somevcases,,dry out
&

‘P

Y condltlon in panef@ 3 and 4, The pressure f10ctuat10h ﬁay be i_’_

.'ar"v B

’

4"caused Hy the ¢op-heavy 51tuat10n due €B the hlgher xp'7 5:':=“""mg
. RS ) - .."“@ R
. temperature,,and hence 1ower deh51§§&§ﬁg the separated hot SR

'illquid returnfng to the bdttom of the c lector tubes. The"

hlgher temperature of the returned 1qu1d ¢rom %ccumulator L

g@ halso resulted 1n hlgher ‘exit’ vapour qual1ty 1n these panels.:-

' When the hot Freon lldzzd\irom the accumulatofywas mlxed A

N -

i'a thh condensed cold 11qu1d,from the downcomer of - the heat' ',. ff

s IR cox.

e exchanger, the observed 1nstab111ty problem was seldbm L

'wencountered., e ;3‘79’%;”-5, 7”».7: «H' | ;7’3“““ﬂ”flfw'a

«-», ;oo s C e o e T

sl e MY ol S

A small amount (140 gm) of 1nterna1 refrlger%ptfleak -

.fv1sua1 observatlon through the 51ght glass 1hstalled at the ‘fg“‘f

e Lo

sex1t of each collector panel Wlth the aﬁdltlon of dye,-the'

E llthd refrlgeran% appears reddlsh in colour. Slnce the dye

Lo . o, . - I . LI .. .
\ - Lo e T S - ot ' <N T
. Y PP . M i . . - N . . i 3
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o . _ .

.s,.has a@hlgher boxllng p01nt thané?he refrlgerant, one expects

v ‘ l' Q(
that only small.amount o£-d§¥ _due to lxquxd entralnment

\‘l

’ panel 4 a deep re Jg%gbr shov1ng h1ghly conceptrated dye
. v _‘ LN
- was: seen through the 51ght glass at the q#zt.ofﬂpanel 4.and

o i

"occa51onally thréugh the sy@h{ glass of panel-3; hf;'"_';
by RS A

i

lto the clear§bubb11ng lqgurd seen gn the rema;nlﬁgﬂ”l h \ vllfazjl

glasses. When hof Freon l1qu1d eas ;etgrned to‘the mahﬁté%%ﬁf;
e ' Hnear panellf"thrs phenomenon w&s :eldom obsg ~ed agwevg h 
‘ when lt}Fld dccﬂk,.the red dye concentrat1ontcduld occur 1n‘°‘ Ly

Lo P{y“ - . ce &&& ."~~";"1
d P . - .

‘ﬁa .

3any o& the four)panels. The exact cause oP'tﬁ

FR .

.

d -a' CNERY
\hlgher Gye %oncentratlon 1n ~one. panel one,";""
i‘)'v‘:.' v‘&‘_‘,ﬁ .\f_",__ } o '»1-. ; ‘. ;."é'_" ? . g S )
' ?@rncrease of collector tube wall tempe;ature and)superheat1ng ;;- Ja
PN i ‘/ é‘) ‘ ’
of Freon at %@é top sectlon oi ths)tubes. The phenomenon o

"I@fithermal 1nstab111ty 1s beyond thb‘scope of th1s‘study :f{ o . M

. o : .

‘..' ' ,. .i}".'.'v-'- .'-. :' ." ‘l : VJ; j .> ..“' "' a '.“.f‘ '. "'. "”!‘?.‘.vs'
Effect of In1t1a1 quuxd Re£r1genant Charge Lebel w_ff

“

B

N :uv“if‘ Referr1ng to F1g.u3 1 a charge level of 75 percent
RN RPN . 5 . """_.

. ._"correspohds to the level.of the;51ght glasses above the 3{;' ’gd,

élﬂ‘5’collectog panels, 71 percent correspondsfto half Way bet6@§P ._#_(
f{,i-ﬁithe two 51ght glasses of the accumulato;;‘67 Percent ‘: Cw T
lé..représents the level of tg% bottomﬁ51ght glass of the’ -{
';eu.r accumulatof and 59 percent represe Sr»‘%ﬁfel below the ?‘g}p
| 7meewmiator. L Tog e T T s ,_

tan.
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“is‘ the ax1al gﬁpperature dzst zbutxons along the rop surfacc of _ ,
| T, one 'epresentat1ve < liecto tubc for three vaul heet fluxes o
rw'nf' - ,

- ﬁfpto the absorber plate. A thOugh the tube c1rcumferent1al

R

emperature rs not unxform gxnce h@ating vas doneofrom the e
V. - S L »

o ‘pack of tne absorber plate mensurements sbgg#that the Rl
odi -

-oh °.

4,.'!“'

,:h;dlfference in temperature betﬁeén the top qﬁqﬁh@ Stegl
S o :

Collector tube aﬁﬁ the pure copper bond n"
. R}# . Py

";§‘,}.ﬁlate 1s less than 1 5 ¢ Thus Q{he axzalhﬁﬁmpera
< . 9 .

. 3 0 K H n
%dlstrlbut1uns provzde,&*@ood 1nd;cat1on$gf the two-phasé* v
" "

/:‘A. -

" ,'ﬁ
flov patterns aﬁgﬁﬁeat,transfer rgéxogs 1nsﬂge the col%fCtor° R

8

. f }‘-"&p-"_ . LAt
t » tube t"'I“he tube,ﬁalb temperature 1ncré§ es from tk m@bostom T T

"',v

"
/’manlfold up tq~£&§ Qeg1nn1n§ of’bubbly flow,-andereachég a
_ falrly un1forﬁ temperature in- the saturarbd nucleate bolllng, T
. é“'l-\cj'u ﬁ” LR 1..0 o
reglme.;slnce the fluug pressure decreases axlaléy,‘the Hall e

Bl : B ; B IR PR
s - B :

teéperature alsa decreises axlakly s1gn1fy1nu

-
.. " -_ ‘ i

v Jheat transferred occurred 1sotheqmally as seen by the-*‘ sy.ag;

et relatlvely constant temperature over ‘two th}rdsgof the ;flf"'.fj
S 2 | :

:v oollector surface. At hlgher charge lgvel the system_ f :f‘xg ;

PR SO L.
L E pressure 1ncreases for a glven heat1ng power 1nput hence/

tﬁz saturatlon temperature and the wall temperature 1ncrease¥*

s 7 :

}‘7{7; accordlngly. It 1s noted that hlgher collector tube wall A:,fff

. * [>Y
temperature leads to hzgher heat losses. Apparently, the
. effect of the 1n1t1al 11qu1d charge level also depends on

‘f the value of the 1nput heat flux,:Q1. : j,v:jﬁo : ;f,
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v

~+ ' The etfect of charge level on system eff1c1ency, ns, is”

| shovn 1n Fxg 3 4 It 15 seen’ that at 11 percent charge o

lever ns is - faxrly un1£orm over a range ‘of- 1nput heat

vl % .

g——;—!luxesw—hbove—»he—value_oimQ,_!_O B_ku/m Gl_percent_chargeef;;;e

f~ level g1ves better performance up to a tested value of Q1 -T

2o
g

15 kW/m A; 100

\\

P rcent charge level the heat exchanger T

'1s flooded and n, A’ change of the

.

Uilover as expected »
l‘1qu1d gvel 'upon heatmg and evaporatmn ~may have caused

.,the hxgher eff1c1ency of 37 percent charge at hlgh Q1.

ep1ng in. mlnd that the 1n1t1al charge of 71 percent 1s at'j
‘.‘.' '. o h ,'.u) “'
w the h;dd- ‘%ﬁithe accumulator, vapour vdfﬁpe may mbpe pushed

| enie £eoi o ¢ (54 s :
.T thxs level:™; chd the‘accumulatoéb h %ﬁfgi?d the vapour %

L ke

. -
3

L

quallty gozﬁg 1nto the‘heat exchanger. Thls‘éﬁggests that"

the‘thermal:performahce 1s}dependent on the}locatfon o£ the 3

EE TR

latent heat of vapour1zat1on..a.. el ﬂbg,a?

Co Effect of Eﬂé@hsxon Tank 75?; ‘:'f_i. oL e \\\;;
o 9\‘ N R L . ',..‘\,}
' j;,i The system preSsugf of a c!bsed loop thermosyphon is \

dependent on the cool1ng rate at thé*conden51ng end The

S pressure wlll 1ncrease unt11 saturatlon temperature, Ts,”

} : R RN
exceeds the coollng medlum temperature, TW. An 1dea1 -fi:»v'
E : a',.' : R L

"y sztﬁatloa‘would go keep Tstclose to TW, and thls may be
. "nA -.; f“a? xqf..!? 443»5«%@»& :
£ chleved by addlng an expan51on tank to %he system. F1g. 3 5

shows the results for ns and system pressure oi,the system 1~J

operatlng w1th and w1thout an expan51on tank at. 100 percent o _.f

charge At hlgh 1nput heat flux, h1gher b0111ng,rate causeSS' T

. [T
A . PO P . . - . g : X
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. ] _ ) . o
the pressure to rxse and n, ?ncreases to an asymptotxc
.o valg? ‘The lover1ng of pressure 1n the former case is due to.

the?éompresszble volume in the expan81on tank _result1ng in

@y
.t

Yoo

'da decrease 1n effectxve 11qu1d charge vhen predi&;e

ST

"*1ncreases. Thxs 1s analogous to the effects of d1fferent

-

,hf"1n1t1al 11qu1d refr1gerant charge in, the system. Dur1ng the

Pri Sl

1n1t1al stage of heatxng at low-Qig,a periodxc burst1ng
N )f&"yw o P

pheno‘bnon characterlzed by a“suﬁden 1ncrease of the system
éf.; pressure was observed These fluctuatxons are damped to some4"-

extend thh the add1t1on of an expanslon tank. The flow :4t;ff‘v~

TN :
S D i

v1sua11zation study of th;s burs}'ng phenomenon was reported

. by Cheng et al [24] ’ K tl>“f *
. . ' _ -f : &‘;a SR TSP .fi‘;f;
;af Effect of qun;%bnownconer Fxom the{AécumuIator o ’ t.’ B
” Whenwthe downcome%’frOm the accumulator 1s closed the .
vapour 11qu1d)m1xture w1ll be forced up ‘the. heat exchanger ’
%ﬁm : and the pressure drop 1n téewco;gectlng tube between the

: heat exchanger and accumulator 1ncreases 'ue to two-phase'
> . A "'6
: Sy VEBL E

flow reSultlng 1n a. decrease 1n eEf“ t1ve mass flow- rate

R

s

jh through the collector. The lower q&hlxty wi
Yo

¢{cause a drop

heat exchanger xThe effect of thedg::___i

accumulator downcomer on the ax1a1 temperature proflles of a

1nkheat transfer 1n‘
_collector tube 1s depncted in Flg. 3 6 for two charge_x .',fj,
levels, 59 and 75 percent, w1th Q1 at’ 0 228 0 684 and 1 04;
kw/m .»At charge level of 59 percent and wlth dowﬂcomer
’ \iclosed superheatlng 1n the reglon near the upper manlfold

1s clearly shown. The tube wall temperature near the bottom

‘ A
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‘ , ' i«"“'ﬁsl
s ‘mr@'&‘;{n;,

f;.}v1th the dovncomer close

ffect is . lese promxnent at 75 hercent charge because the

x1n1t1a1 llﬁﬁld charge at th1s level 1s already above the

nb‘accumulator. The: h1gher subcooling of—l1qu1d—at—the—1nler oxf;.”

Pthe collector leads to a longer sect;on of s1ngle phase heat‘

'”.transfer 1nwthe collector tubes. Wzth the downcomer open,.:; DU
-the hot quu1d Freon separated at the accumulator 1ncreases iqgs}°
.‘the 1nlet temperature and the llquxd therefore reaches Tsr-_ B
.rnmuch sooner.,_ _._.~‘“fn~lr{'"-'_,‘ Vc:“q‘,ﬁﬁ . o , o
The effects of the dovncomer on the collector ex1t o o
ke . . _KL“ J

'~.temperature, Tco, system pressure ang system eff1c£ency, ns,

“iare shown in F1g 3. 7 for the same'

| ’=functxdh'bf 1nput heat flux, Qx.;~,.4g.

iﬁp?percent charge and wlth downcomer closéd the collecton exlt ‘VQQ
d-:iitemﬁerature is: relatlvely hzgher because of superheatlng._ - ’ﬁ‘in
‘:Th1s 1s caused by the hlgher pressure 1n the system when the e
?h downcomer is- closed. ThlS reduces the rate of b01l1ng and
h;;generata'n of vapour,,and 1n turn lowers the eﬁépg; §§ .‘\-?Q;
_':IIQUId Ievel ;n the tubes. T . :f'our of ns depends'a&so.;}gi
‘f‘;9“ Qi “whj ch dlrectly affects the vapour*q,silty 1n the".é'_ff.i:
}‘%,i'tuhes.v.,a‘ i ‘:-'. '  : : i : . {.’; ‘ ,
SR e et

r }Etfect of Cool1ng Water Flowﬁkat'{ oy

/ 'I'he ovef‘alﬂ heat transfer co
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Effect of 11qu1d separatlon at, collector ex1t ,
wlth an accumulator, upon the system performance* ,
(tool1ng water flow rate at. 40 ml/s) _ B T



. value-computed using the arithmatic meaﬁjtemperature” ‘
.‘ difference,‘ . L v ; -_" ".“’-4’: . .o . .

. . . - . . e
. o L e

TE [Ty +Tag) = (Twi*Twe)] /2

’l¢ g1ves the same trend as that of Eq (3’8) thereforeieitherfﬂ

'f{
3 8 shows that some tran51tlon phenomenon occurs at 01 x 0 7

- kw/m Although the cause of thlS 1s not clear, it 1§ : éuff"j?f
ra _ g I S e
M‘ apparently related to heat transfer and flow pattéﬁn reg1me ?

fif caused poss15l\\hy a change in" l1qu1d level 5pon£%eat1ng‘ "g;wv “J
‘fﬁ Thﬁh1n1t1al lxqu1d@level at thls part1cular charge is- half S

-

“'way between the ‘two - s1ght glasses of the accumulator and»the afgﬁﬁu

'r1se 1n 11qu1d level at h1gh 01 may have resulted 1n more

llqu1d entralnmeht 1n the Fredh vapour flgv to the heat }~tjfk¢;{f¢;
C:sfchanger. Fo Q1<0 29 kW/mz the effect of cooblng waé%r ”

flow rate on- -1s relat1vely small as shown on F1g 3 9 The

- wil f iy
B behav1our of U w1th respect to water flow rate at Q1 1 15 ~;$ii-av.,
3p;£kW/m _15 rather unusual' temperature measurements aiong the

mlf{tube wall‘revealzno superheatlng.and the vapour quallty at p

.3.

.._‘J;./.v :
’_'M the tollector tubes resultlng from the hfgher quallty,‘andffffﬁ. ’
tfhencé’a change an heat transfer character1st1c. Pressure o °.‘

measurement showed a ste&ﬂ? readlng at water flow ratev“7‘

greater than 40 ml/s, as opposed to ‘a’ decrea51ng tmend at&igf?}; :w

e
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Fi g 3 8 Dependence of overall heat transfer coe§f1c1ent on

the coolrng water flow rafe at 71 percent*tharge.
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other heat input. Results shov'that U tends to a max imum

value at all Qi, vhere the aHOunt of heat galned will not _

increase vzth 1ncrea51ng vater flow. These results are. of
partlcular 1nterest for determ1n1ng the optxmum vater flow
rate if. the magnxtude of Qi is knovn. - o )
The effect of dxfferent 1n1t1al charge level on U at
; constant vater flov rate of 40 ‘ml/s is shown 1n Fig. 3.10,
depxctlng the 1mportance of . Freon charge on the ‘thermal
performance of the heat exchanger. The results show the 'r
value of T decreases vhen the initial charge is above or
belov the accumulator, suggestlng the importance of the

locatlon of the accumulator.-The speculatlon that the

o<

tran51t10n shovn on Flg. 3 8 1s caused by the rlse in lquId_

E4

level above the accumulator upon heat;ng is further shovn
here by the d1p in the 9] value at only 71 percent charge.
?or the rest of the curves shown, the‘1n1t1al charge levels

vere elther above or belov the accumulator.'f , ‘1(7

i

Conparxson of Ther-osyphon and Forced Flov C;rculatxon Tests'

The results at a constant 71 percent charge level for,' R

- both_ thermosyphon and forced c1rculatlon condxtzons are
shown 1n Flgs.v3 11 to 3. 15\for vapour quallty at the
collector’ ex1t, axlal temperature dlstrlbutlons of the o
collector tube wall overall heat transfer coeff1c1ent U,
‘ average collector tube wall heat - flux to Freon, Qc/At, and

the average heat transfer coeff1c1ent of the collector

tubes,’h, as defined by Eq.(3.7). | ”il - "“Q

™



Lo " CHARGE LEVEL | 3

71
1% 59%

CkiW/n?-"C)

.
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14
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w
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~ THERMOSYPHON FLOW

U OVERALL HEAT TRANSFER COEFF.

A — -

® .3 .5 .98 n2 s

Qi INPUT HEAT FLUX C KW/m2 )

. Fig 3.10 Effect of charge level upon the overall heat
N transfer coeff1c1ent show1ng the trans1t10n at ‘71
percent charge. :
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3. 13 Overall heat transfer coeff1c1ent at d1ffetent

Freon flow rates; along with the effects of 1nput
heat flux and coolxng water flow rate. - .
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Pig. 3. 11 shovs that for forced r;rculatzon, the -
collector exit vapour qualzty decreases thh 1ncreaszng -

\ Preon mass flux. Thls is- expected s1nce sensxble heat plays

*an 1ncrsas1ng role as the Freon flow rate 1néreases, along
' v1th Iess nulceatzon as. the vall superheat 1s d1m1nxshed
The vapour qual1ty does not vary'huch w1th respect to
caollng"water flov at - lov heat 1nput However, at h1gher &
E heat;;nput,as represented by Q1-0 68 kw/m’v the vapbur s
- =
‘ qualxty as. vell as the Freoq mass flow 1ncreases as the
water flov rate 1s 1ncreased. Thzs can be exp1a1ned"by
| consxderxng the fact that h1gher coolxng rate causes a
system pressure decrease due to condensat1on of vapour, :
vhzch in turn results 1n‘more bo111ng. 1t should be noted."
- that the mass flux shovn for thermosyphon flow 1s only an{
”r, average value srnce the actual flov xncreases slxghtly as_‘,

the coolzng vater flov 1ncreases.”

Por Qx<0 8 kW/m‘ Flg. 3412 shovs that the collectorg;fﬂjif,-, .

tuhe vall temperature for thermosyphon flov 1s lover thandvf-f

that of forced flov tests. At Qi-1 15 kﬂ/m’, the relat1ve1y o

| h:gher tube vall temperature for thermosyphon 1s caused by
hxgher systen pressure resultxng from the hxgher vapour |
qualxty nentxoned earlier. One aay conclude from thzs fxgurel‘

that systen pressure xncreases u;th hxgher Preon nass flou..

Pressure in the forced flou case 1s greater than that of the.'”

- thernosyphon flov up to a certain Q1 value, heyond vhxch thepL”V S

h:gher vapour volule in the latter case -ay cause a h1gher ]f

systen pressure.,..éﬁf7
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The overall heat transfer coeffzc;ent U, as a funct1on
- of cool1ng water flow rate 1s shown in F1g.43 13 for severall

Q1 values wlth the range of 11qu1d forced mass fluxes shown

'for reference. The 11qu1d mass flux for thermosyphon flow 1s

not shown here but .some 1dea can be galned from Flg.,3 15
:,The U values for both cases are roughly equal at comparable

"-flow rates for,the range of Qi tested, wlth U assum1ng a _'

decreas1ng value for further floodlng of the heat exchanger“f;Q‘tL

'at 1ncrea51ng Freon flow rate. Forced c1rculatlon at Q1-1 15h :
l kw/mz does’ not exh1b1t the same trend as that of 1," | ‘
thermosyphon flow because the hlgher mass flow resulted 1n
:;lower qual1ty and pressure. It appears that thermal '
"hperformance compared on. the ba51s of U eValuated at the,;"
fhcondenser alone is not suff1c1ent at hxgh heat 1nput sxnce'
3_there 1s a change 1n heat transfer and flow characterlstlcs
= at the heat source. The fact that forced flow shows no |
7, adverse effect suggests thlS behav1our 1s not caused by a i?’h"
.f_change 1n condensatlon character1st1c 1n the heat exchanger:f‘3-5
v The average tube wall heat flux, Qc/At, calculated '_
f,fus;ng Egs (3 5), (3 6) and (3 1) 1s shovn 1n Flg._3 14 as- a -
iﬁifunctlon of cool1ng water flov rate for several Q1 valueslf;“

hfffor both flov tondxtxons. The effect of forced flow rate 15 hf

_n'seen to be rather small and results for both thermosyphon

Tf'and forced flov tests are nearly 1dent1cal for Qz<1 0 kw/m_.~_h;
‘fThe Average heat transfer coe£f1c1ent, ﬁ for collector
> tubes as a functzon of llquid Preon mass flux in the tube is

'fshovn 1n F;g. 3 15 as a functxon of Qx. For thermosyphon j;afi
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flow the mass flux 1ncreases 1n1t1ally due to bozlxng ‘which 3
forces the llquxd upvards and later decreases ﬁt high 01 )
:,v1th h1gher vapour qual:ty. For forced flow R 1ncreases wzth . w“gq

11qu1d Freon flow rate for ‘a ngen heat 1nput as expegted./- e

is g1ven as
= Flra - Ul (Tg ¥T¢a)/2a~jf§;l/%ji':**l(339> -

fThe parameters F', Ta and U' represent the collector

“eff1c1ency factor, product of the collector transmlttance
v:and absorptance,iand overall conductance, respectlvely._;
: the present study,'a plot of ns agalnst AT/Q1, 1 e.,;,d,*

treplac1ng n versus AT/I of Eqg. (3. 9) is shown on F1g. 3 16.

;:JThe large scatterlng 1s belleved to be caused by the

‘._‘change collector systems. SO1n et al [12] 1ntu1t1vely

'chang1ng of var1ous parameters belng 1nvest1gated N

' qappears that Eq (3 9) may not be adequate for ratlng phase

".suggested a mod1f1ed Hottel Whllller equat1on by 1ntroduc1ng

'_ﬁthe llqu1d helght fractlon, L'. 1nto Eq (3 9) g1v1ng
n = F [fa ’.— u [ ('rc, _+'rc°)/2 'ra ]/1]7—\ (3 10) 2
.3;>

Ef‘Th1s mod1f1cat1on would requ1re that L" 1dent1ca1 to the

"f percentage l;qu1d charge used xn thls study, be known and

-i,equal to 1. 0 at the optxmum p031t1on. Results obta1ned w1th
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ldchargehlevels ahoée this optimum will not conform to
" .EqQ. (3'10)"Furthermore, a low charge value-vill give a
mzsleadxngly h1gh collector eff1c1ency value. Ident1£1cat1on

" of govern1ng parameters here is clearly requxred for the

__a___development_of an analytxcal model to pred1ct or rate phase
: change solar collectors. | |
| S L a
3. s Concludxng Ra-arks h Ty |
| By electr1cally heat1ng the collector absorber plate,'t
.,.the operat1ng characterzstlcs of a refrxgerant charged |
'f,thermosyphon solar collector system vere examxned’us1ng an
—'b1nd00r fac111ty ' The results can be summar1zed as follows )
11; An accumulator is. essentzal 1n separatlng liquid and -
‘”lvapour completely in. order to achzeve a- h1gh system 1
“ge££1c1ency.“ ‘f i | | el
1 *f,chfAn expansxon tank may be used to controlgthe system -

. -pressure and 1nd1rectly the saturatzon temperature.»The' 5
"iﬂexpanszon tank affects the tvo-phase flov and heat |
'"_;transfer regzmes and the amount of Freon cxrculatzng in-
o »”the system» R  ‘ | L '_‘_ | BT
: 373; 'Plov 1nstab111ty in the collector tubes may be 1nduced

‘."by return1ng the hot Freon lquId separated at the";
.accumulator dxrectly to the panel 1nstead of mxxzng w;th
.1fthe colder condehsed l;quxd dra;ned from the heat
",exchanger before returnxng to. the collector tubes; Thzs
xu':problem can also be caused by the presence of 1mpur1ty v,;”.
*nséfsuch as leak detector dye or mxxture of vorkxng fluxd



"~v1th different bo1l1ng p01nt.
'4ti;The 1n1tral amount of Freon charged plays a significant

.grole 1n the thermal performance of the system. The‘ﬂ-” o .

Opt1mum charge level depends on the relat1ve locat1ons A;

of the accumulator and heat exchanger with respect to o g

'the top of ‘the collector as well as input heat flux. An -

_excess amount'will’tend.to flood the heat‘ethangerfand
" an 1nsuff1c1ent amount wlll lead to dry out and -

. . * tow
. . : Y-

subsequent superheatlng of vapour in the collector B ool

tubes. The system pressure var1es w1th the cool1ng _ ;a
capac1ty of vater in the s&stem and the onset. of.-
' convect1ve b0111ng and two—phase flow patterns 1n the fl_« t

/

tubes are related to this pressure. :v ;gl 1L;e‘w
5; Increa31ng the cooling water flow raxe ralses the ?QIJA L~?§f"
overall heat transfer coeff1c1ent of the heat exchanger,#:f:'”
but the add1t1onal pumpxng pover requ1red must be R
ve;ghted_aga;nst'the ga1n 1n,thermal performance.? ,ﬁff%~;f;

Operatian of a phase change therm A-sgstem appe5£5,i¢~

to be a viable alternatiVe to'sin 'e-phase act' system.

“The complexxty of boll1ng and two—phas& flow 1n the‘
collector tubes is further compounded by the many varlables'ﬂ
present The major effects of the chang1ng parameters on thef
: performance of the test system are the system pressure, the p'

f,vamount of vapour generated and flowang 1nto the heat

"fexchanger “dnd the Freon mass flow through'the collectors.,

' Identzfxcatzon of the govern1ng parameters is essentzal 1n-\7r

“jiratlng of these collectors. A detazled study Of the’ pressure

'»"':/
It . S
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drop and heat»€ransfgr characteristics is in order and will.

be presented in the next”chap;gr." I




v

4. Pressure Drop And Heat Transfer Characteristics Of Freon -.
'_ﬁ-11»InA801ar Collectorubnder Thermosyphon And Forced Flow

! . . Conditions

 Summary |

A closed loop phase change collector system with Freon

" R-11 as the working: flu1d was tested 1ndoors to study ‘the.
pressure drop and heat transfer characterlst1cs. The

pressure drops across the collector€and heat exchanger were_

»successfully correlated wzth the Lockhart—Martlnelll R

parameter. Slmp11f1catlon was . ach1eved by treat1ng the

ent1re collector constructlon, 1nclud1ng all the bends and
1301nts,,as a unit and the 1nclu51on of the acceleratlonal
component. Saturated boxlzng predomlnates w1th1n the
operat1ng range . of phase change solar. collectors. An average"
two—phase “heat. transfer coeff1c1ent has been correlated in -
terms of 51ngle—phase flow us1ng the Dlttus Boelter V
equatlon, 30111ng number and the Lockhart-Martznelll_
parameter. Results obtalned are 1n good agreement with

Shah's correlatlon. The experlments 1nc1ude changlng 1nput .

heat flux, Preon and coollng uater mass fluxes.

!
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4 A lntroductxon

Unlike s1ngle-phase flow, there is as yet no exact '

»

“analytical solutlon to the pressure drop and heat transfer -

_in two- phase flow. The d1ff1cult1es ‘arise from the unknown

vapour 11qu1d 1nteractlon, thermodynamlc and hydrodynamlc'
1nequ111br1um, and in the case of heatlng the changlng mass
ratio of the two phases.<However, experlmental,data on
:1vapourization of'refrigerants are available 'in the saturated.
b0111ng and cr1t1cal heat flux reglons because of the wlde
‘spread app11cat10ns in a1r=cond1tlon1ng, heat1ng 1ndustr1es
and as a modelllng flu1d for steam-water m1xture. This leads
| to emp1r1cal or sem1-emp1r1cal correlatlons to predlct
'.'pressure drops and ‘heat transfer coeff1c1ents essent1a1 1n‘r
fthe de51gn1ng process and s1mulatlon studles.

D

Bo111ng of Freon in phase change collectors‘occurs
_ma1nly 1n the saturated b0111ng reglme if 5uff1c1ent work;ng N
'uf1u1d 1s charged 1nto the system to av01d superheat1ng of -
the vapour. Natural c1rculatzon depends on the buoyancy h

force to overcome pressure drops for energy - transport.‘
| Pressure drops across the vhole collector w1ll be affected N
.by the t11t angle,__er vapour quallty generated x, Freon”
_mass flov, m(,'the number of bends and jolnts, tube s1zes.as‘
"vell as the flow pattern in the collector tubes. It 1s
' :obvlous an 1térat1ve procedure is requ1red to arrxve at a.
‘:pred1cted flov rate 1n the collector, and 1t 1s 1mpract1cal

to do so by u51ng Just a s1ngle collector tube A study was .

‘;‘carr1ed out to 1dent1fy the domlnant factors from the large
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number of varxables that character1ze the flow. The use of
'dxmenszonless numbers such as Lockhart-Martxnellx parameter,
Xevr and 30111ng number, Bo, reduces the number of changlng

parameters to be dealt with in both.thefpressure drop and

heat. transfer analyses.
The exper1mental set-up 1s as. descr1bed in Chapter 3.
The present analyses w1ll only deal w1th those data taken at

a flxed 1nt1al liquid refrlgerant charge 1evel of 71

u

:»_percent The chang1ng parameters are the Freon and cool1ng

| water flov rates, m, and mw, respect1vely, and the 1nput

» heat flux Ql., L 'Q ¢
4.2 Governing Equations

-4 2 1 Pressure Drop Analys1s |
» . Most studles on pressure drops of bo111ng ‘flow in
»’c1rcular p1pes are. concerned v1th only hor1zontal and
vertlcal pos1t1ons,'w1th both upwards and downwards flov.vf~>‘
dIncllned tube conf1gurat1on is. usually approxxmated by , |
'correlat1on5Vder1ved from,horzzontal or vertlcal tube
‘ stud1es. Tvo models - ‘the homogeneous model and the'
’separated flov model — are videly used in. evaluatlng o
'Itvo-phase flov pressure grad1ents. The homogeneous theorj
t;lassumes a vell-m1xed vapour l1qu1d flov v1th a mean den51ty,'

L A\
p;~and v1sc051ty, n, to characterlze the flov, g1ven as

'1/5:;-..;"’ “ /oy v Gmx)/pd (e
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1/; --[x/uv-*l(1'!)/#(]' .(4.2)

‘Other proposed definitions of p and g are outlined in

_Coll1er[26 p.33]. The separated flow model, as 1ts name

v1mp11es, assumes the two phases “are flow:ng separately“wlth—‘"—
1ndependent veloc1t1es. A further assumptxon is the o
non—1nteractxon between the two phases, leadxng to
dxscrepancy in results when the voxd fractxon is derr;ed
:7us1ng th1s model as reported by Ch1sholm[27] The accuracy
. of these two models is 11m1ted by flov pattern but thelr
‘;s1mp11c1ty in appllcat1on makes them attract1ve cho1ces 1n
"modelllng Interact1on between the two phases 1n the latter
.';model 1s accounted for 1n some semz emp1r1ca1 correlatxons.
iThese are descr1bed in detaxls.by Wall1s[28] u o
Follov1ng Colller[26], ‘the fr1ct10nal, accelerat10nal

' ?
yand grav1tat1onal components are g1ven, respectzvely, as

j-a‘p/ae_;f f"2-fth6l/D T RERCREI
e 1‘3_4dp/dz}a*;_Gfidﬁ/dz_"iv o (4.9)
‘~dp/dz|g \g-‘sine_/ 5 . (a.5)

)
[

H‘fhgitwo;phase friCtion factbr,lft; taken teremaim coﬁs£55ffg:;
fk over the tube length may be. expressed by the Blas1us L
“'T,equatxon where the bo111ng flov 1s alvays assumed to be 1n

urbulence ‘
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£, = 0.079[G-D/a1-°-3% T (4.6)
The use of homogeneous model wxll be ‘shown to be va11d for

most cases vhere Freon mass flux, ml, is h1gh and suff1c1ent'

—%émmevapouruls generated_to cause*turbulent flow, 1t fazls, on

¢

the other hand, at low vapour qua11ty, Xy when the 1nput

heat - flux, Q1, 1s low.

Mart1ne111 et al. [29 30] successfully correlated the1r,,'

'fresults by 1ntroduc1ng a tvo-phase fr1ctxon multlplxer, #2, ;

h_def1ned as .’

 ap/az|¢ . - o
TR e~y S

T aegae s e T
3 & — - (4.8)

-~

vhere &% o represents the total flow be1ng taken as 11qu1d

flov and L 31 represents when only the 11qu1d phase alone is

"fassumed to’ flow 1ns1de the tube. The subscrxpts t and s

' tdenote tvo-phase and 51ngle-phase flow, respectxvely. The

"‘parameter Q’ 1s further gzwen as a functlon of X.., def1ned fp

>

: as. the rat1o ‘of pressure gradzents of the 11qu1d and vapour -

© flowing alone in the tube e

' x‘ a = ( dp/dzl(/ dp/dz | v )° .
ROV SO (up i)t (ou/pg)®*  (4.9)
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Tvo pressure drop readxngs vxll be conszdered here° one 2
&

' across the four collectors" APc, vhere heat was added and

A

" the other“across the heat exchanger,“APe,lvhere heat vas. 'h?.

",extracted APc represents the total collector pressure drop

L]

and the'gravxtatzonal component is subtracted uszng

Eq (&. 5) A constant vall heat flux, Qc/At, 1s a83umed and ‘f;

t~-the collector tube length l,, where on1y£s1ngle-phase '

| —

R exxsts is approxxmated by heat balance betveen the vall heat

IS

‘£lux and the sen51b1e heat galned by the Freon, g1v1ng

| ',"'is"," ;@sz('rccs—"l‘cs_;’)”/ (t-‘D'-*Qc/At_)- L (4.10)
. 'here‘ LN . . B e . | ». ., | oo . )
Qe = gl Ce(Too~Tei ) * Xovhgg 1.~ (4.11)

: {,.The sxngle-phase length ls, vas found to be close to 3 5 cm‘

"~at max1mum m, for a total tube 1ength of 1 72 ‘m. The actual f;
‘~f length vould be hlgher sxnce sllght superheat1ng was. o
ltjgfrequlred to 1n1t1ate boxlzng, along w1th h1gher saturatxon o
_fﬁ temperature at the bottom of the tube. For a 11near change

“_1n x ( dx/dz-constant-xo/(L-l,) ) along the rest of the ﬂx_hﬁv

: tube L-ls, the grav1tat1onal component 18 obtazned by Zf‘él;g

RS 1ntegratlon of Eqs (4 5) and (4. 1) over the length

2
. .v'. ’

Lg . e o o R | o

S g s1n6 (L-ls) : ‘ et
Apclg = _' —— 1n[1+xo(-v’_‘fg/v()'] _ ' (4-12)
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jSince the heat exchanger vas in a. horizontal posltion, no -
pAPelg correction is necessary. i ,,’;v{d. 5 | -\li
B The acceleratxonal component of APc .was found to be

'._less than 0 02 percent of the frlctzonal part us:ng the,

'_-'homogeneous model hence 1t 1s assumed to be neglig;ble and

not excluded from APc Thxs assumptzon vas also done by
: Schrock and Grossman[31], and they used a sxmple model to
~show the 1nsxgn1f1cant 1mprovement achxeved vhen the |
'hacceleratxonal component 1s subtracted It should be noted
e hhovever, that Lockhart and Mart1nell1[29] correlated only
the frzctxonal component. o | ' ;' |

The’ tvo-phase collector pressure gradzent 1s therefore o

1 calculated from

L

3 ; (ap/az| ) dz. = BPc - APc|g O an

g

"h<j’The s;ngle-phase fr1ct1ona1 pressure drop, dp/dzls} was: \ﬁ:i'”

l~ffmeasured by pumpxng the Freon through the collectors T

”1sothermally._ 2

. 'i)‘."'

':;ff‘hi 2. 2 noat Transfer Analyszs :

S1mple correlat1ons for flov b0111ng 1n the saturated
3":inucleate reg1on have been proposed by SChrock and o

"‘Grossman[31] and others 1n the formgr°

-_;¢i~*ﬁv¢/nus'—‘A('Ba*f'E?X§;F)E; ey

©where the single-phase Nusselt mumber, Nus, is given by the
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Dittus-noelter equatxon with the total flov bexng taken as

the liquzd part only .:

: s . R
Nug = 0.023 Re° . p:"’ (1—x)° o s
Qb /hAt i )
G‘h_fg, o

whe£§5
“;rThe Boll1ng number, Bo, 1s 1nterpreted physxcally as the

hvapour generated per un1t heated surface area flov1ng

,through the collector tube cross sectzonal area. The term Qb

"11;represents the latent heat galned by the flow1ng Freon 1n

"vthe collector tubes. At low quallty or large X(‘,. hei}f,

Wﬁtwo-phase convect1ve effect 1s negllg1ble and ¢ 1s dependent

| h“ﬂ;only on Bo. At low X‘,, e g., n“the case of annular flow

B where the surface 1s fully wetted wlth a th1n layer of

| R 11qu1d and bubble nucleatlon suppressed ¢ becomes less

S dependent on Bo.,In between the pure nucleate and pure .p;mi |

”convect1ve reg1mes, both the parameters Bo and X‘, govern.ty;fﬂ

"f'ﬁgTh1s is 51m1lar to Chen s[32] effectzve two-phase Reynolds

"?number, F and bubble growth suppre551on funct1on, S Chen

”(f.has glven F as a funct1on of X.‘ and S 1n terms of F in. hlS

*7‘ifpaper. However. Eq (4 14) appears to be more attract1ve than hxh

' '7{ the superpos1t10n equatlon by Chen or Bjorge et al [33],

f‘where the convect1ve and bo111ng parts of heat transfer are

"hiassumed to be add1t1ve, glven as



SRR
g=gle+alb N,

because the latter correlatxon for q]b requxres accurate
evaluatxons of phisxcal propertxes of the nlxture._f_
L Schrock and Grosaman[31] correlated their results using
f-——-aq (4—44)—v1th ~A=7400;-C=0- 00015wand—n-’2/3-to_uzth1n~:3ﬂ__m;;;;
o percent. hah[34] proposed a chart correlatxon and ) |

. 1ntroduced a Convect1on number, Co, defxned as

 co = (1/x 4,1)°-'1(p,/é,)9:'”‘7‘fﬂq'.;(4?17)7f"

Por vertxcal £low, Shah dxvzded the correlatxon accord1ng to flk
| , dztferent flov regzmes and gave the follovxng equatxons and 5./
Q*fff; cond1t10ns for ¢ AT : | |
o For Co > 1 0 ‘ e _ - v L
w' - 230 Bo° - :';f,,noﬁ>;q;0oopstu_ :[f{4$18)fﬂiﬁ
‘fW'jé'J*45i3993'5i ',‘géhg.o,oodojtl';_Ar(§;1§i5,j
For 0 1 < Co < 1 o ",f | T ER
| W' = *Bo°-* exp(2 74 Co'° ')  ;[,'[514;2¢>?f?
'fij Por Co s o i8 ‘:ﬂffl?”,l”fc’fﬁ”}lf° ,p-j;;f ,
| | ' W' =P Bo° 8 exp(2 47 Co‘° ;):»_:flpii(§;21;ff}f
P e ﬂ,;fgf;ijgijfﬂff', .’ o z o 0011
:-,pf;;f5;431~}!,o' Bo < o 0011

In all values of Co, w 1s equal to the larger of ﬂ' or W" B

'p vhere W' is. g1ven as .
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' 4.3 Results Andlbiscussionh

3 1 Prassure Drops nasults.u.

It is felt that separate cons:deratxon of the collectori.‘

‘and heat exchanger pressure drops 1s requ1red because one;'

102

i1nvolves boxlxng with pos1t1ve qua11ty change and the other__';~

,1nvolves condensatxon vhere heat is extracted Furthermore,‘g

"t&? Freon £low has a h1gher vapour qualxty,_x,, and.

' experxences a sudden large expansxon and then contract1on ’tu,lfj

" when enterxng and leavxng the heat exchanger. K
,.‘: The total collector pressure drop, APc 1s shovn"'

":“plotted aga:nst xo'xn F1g. 4 1 It 1s 1nterest1ng to note‘

hfthat the pressure drop durxng thermosypbon operatxon rema;ns o

.:) relatxvely constant at al1l’ 1nput heat flux, Qx.'The 1ncrease ”f«*

"53»1n xo, vh1ch should also 1ncrease the pressure dfop.'13

.hjaccompan1ed by a slxght decrease 1n Freon mass flov, m(,_f,}‘Vf

-5tend1ng to keep APc constant regardless of flov cond1t1ons.;};~*“

5‘ry_Also dep1cted on the fxgure are the effects of m, and Ql.,}dff"'”'

R The dovnvard turns of the lznes of constant m; at lov xo,f7f3 o

If?values are caused by the reductxon in statxc pressure head<: S

'lff5upon 1n1t1a1 heatxng. vhere the £r1ctxonal effect is less.ﬁifﬁﬁﬁh‘

'iﬁChangxng coolxng vater flou rate at the condenser resulted{ff

"fofxn 1ncreased qualzty and hzgher pressure loss as shovn by‘fftﬁ}h:

the close to vert1ca1 var1atzon at each speczfxc Qz and m,.



INPUT HEAT FLUX = o S
Qi W/m?® ) R-11 VOL. FLOW RATE
1145’» 36 (ml/s )

~ FORCED-FLOW -
-—f‘xncnzASiNG
~ COOLING -

WATER
FLOW—RATE

“APc ', TOTAL COLLECTOR PRESSURE DROP ( kpa ) - *

11 N | R

x,, COLLBCTOR EXIT VAPOUR MASS QUALITY

‘"" Eig;54;1 Tctal collector pressure drop as a functxon of the'TFf‘”

collector exit vapour mass qual1ty showing the e
effects of Preon tlov rate and 1nput heat £1ux. -;v~,«r

 ’*'   '
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F1g. 4. 2 shows APcoplotted agalnst 1/X.. of Eq. (4 9).

The 1mprovement over Fzg. 4.1 ach1eved here 1s the better

"icorrelated curves of constant Freon flow rates. The

‘f.‘var1at1on caused by the cool1ng water flow 1s seen to be

better correlated w1th X,. than xo, although the

| uthermosyphon flow data rema1ns fsolated from forced flow

data. It Wlll be’ advantageous 1f the thermosyphon data can

be predlcted usxng forced flow data 51nce the latter case

‘needs. 1ess measurements and computat1on5° the downcomer from‘

!

Tthe accumulator 1s closed for forced flow operat1on.,

Thls 1s made p0551b1e when the pressure gradlents:

.g';ratIO, @10 of Eq (4 7), 1nstead of APc, is plotted agalnst:,p‘

.1/x.‘. The l1nes on. Flg. 45 3 are of constant Q1 1nstead of
:7m4, w1th the effect of Q1 clearly dep1cted The larger"'f“”"'°‘”

':scatterxng at low Q1 is felt to be caused by the d1fferent

v:’fhflow reg1me where 1t may be erroneous to apply the

r[:homogeneous theory 1n correct1ng for the grav1tat1ona1

_component ThlS reasonlng 1s further relnforced w1th Flg., -,~f

| 1;4 4 when Q’ 1s plotted 1n place of Q,o. The 11nes of.

R

r;'The effect of flow reg1me 1s further establ1shed from the

-;;constant Q1 are seen to merge together w1th the exceptxon of

urthose of Q1$0 46 kW/mz for thls part1cular collector des1gn;_ff”

“f'merg1ng of some data at Q1-0 46 kﬁ%m‘ w1th the rest, ,
Tiwpartlcularly those atch1gher qua11ty caused by h1gher T;h

‘3ncoollng vater mass flov, and those at h1gher Freon mass fluxh;' ;

"';f(lover 1/X.. due to the lover qual1ty)
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F19._4 2 Total collector pressure drop as a funct1on of, the
: ‘Lockhart-Martinelli parameter showing the effects

®

- 4Pc , TOTAL COLLECTOR PRESSURE DROP ( kPa|) =

0% " THERMOSYPHON
Bf :
8 1.7 ! . R TR S e
et 2 48 8 182
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COOLING
WATER
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of. Ereon,flow rate and input heat flux.
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18 r

$}o , RATIO OF TWO-PHASE TO SINGLE-PHASE COLLECTOR PRESSURE DROP

25

Fig. 4.3 Correlation of the ratio of twdiphase'to'
T single-phase pressure. drops (assuming total flow
"as liquid phase) across the collectors in terms of
the Lockbart-Martinelli parameter. ’
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The s1gn1f1cance of Fzg. 4.4 1s 1ts usefulness in
desxgn and the s1mpl1f1catxon 1nvolves. Flrstly, the
successful attempt suggests that the entxre collector

constructzon‘“dnclud1ng the- bends Jo1nts -and- accumulator,i

can be treated as one un1t 1nstead of separate tubes as have
been done by prev1ous workers in two- phase flow.,Desxgns of
~ phase change systems w111 undoubtedly str1ve to attain the
lsaturated b0111ng reglme 1n the tubes to max1m1ze heat
'transfer, resultzng in needlng only a few pressure
fmeasurements in the saturated reg1on to obta1n the pressure
drop characterlstlc whlle 1gnor1ng the flow reglme at- low
Qi. The second 51mp11f1catlon is the fr1ct1onal and
acceleratlonal pressure components need not ‘be treated
lseparately. Schrocr and Grossman[31] showed in the1r paper
the 1ns1gn1f1cant 1mprovement when the acceleratlonal
. gcorrectlon 1 made Moreover,,the use of homogeneous theory
g1s only va11d at well-mlxed h1gh mass flux condltlon, wh1ch .

.

”,1s ev1dently not true at low Qi. 3
| Another parameter wh1ch affect the pressure drop is thelf
tcollector t1lt angle, : wh1ch is not accounted for by X‘,.
hBeggs and Brllls[35] showed that for upwards flow ‘the llqu1d‘f
ihold—up increases from the hor1zontal 0=0° to 9=50° where
the grav1ty effect is hzgh, caus1ng h1gher sllppage veloc1ty'
_and- hence hlgher shear between the two phases. Above 0=50°
}the l1qu1d is concentrated at the bottom, 1ead1ng to .;FA775

'reductlon in 11qu1d hold-up. This factor w111 alter the

: pressure drop characterlstlcs. However, 1t 1s not known 1f
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_boxlxng flov v111 exh1b1t sxmxlar trend since Beggs and

tBrxlls experlmented with axr-vater mixture flov1ng

.1sothermally, rul1ng out phase ‘change along the tube

correlat1on of the" form
83 =1+ C/X( o + 1/XE, 0 . (4.23)

Coll1er[26] recommends a value of 20 for c’ for

'_turbulent turbulent flow, although Lazarek and Black[37]
,used C 30 to f1t the1r data of- bo1l1ng Freon R-113 1n small
-dlameter vertlcal tube. An attempt to obta1n a curve f1t for

most - data on F1g. 4 4 resulted 1n“

| _6} =1+ -13‘/xu - o.qxxz‘-.4",o.‘s/xe;5;

’A fit 51m11ar to Eq (4 23) 1s unattalnable because the large
.number of bends and 301nts 1ncluded has resulted in a h1gher
.pressure drop. | L o _' o

Flg. 4. 5 shows the heat exchanger pressure drop, APe,‘ .

*exh1b1t1ng the same characterlstlcs as APc when plotted

. aga1nst the heat exchanger 1nlet vapour qual1ty, x,. APe

varemalns, s1m1lar1y, relat1vely constant for the thermosyphon‘l”

‘scase.‘It 1ncreases sharply at hlgher mass flux, probably due .

f.to the 1arge momemtum change at entry and exit. Three

f{separate curves emerge when Q’lls plotted agalnst 1/X,, as
‘shown in F1g. 4 6. The parameter Q’ in. th1s case 1s .

-calculated US1ng Eq (4 8) w1th APet and APes, and X,. us1ng
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R-11 VOLUME FLOW RATE

( kPa )

36 (ml/s)

FORCED-FLOW

/

!

ieTOTA PRESSURE DROP ACROSS HEAT EXCHANGER

rAPe,

ri Hr'. . |  _ | ) . . |
- . Xy , VAPOUR MASS QUALITY AT HEAT EXCHANGER;&NLETx

—

' Fzg. 4 5 Pressure drop across ‘the heat’ exchanger as a

function of the vapour mass quallty at the. heat'ej

exchanger inlet. - =~ = .
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' FORCED-FLOW

'INPUT HEAT FLUX |
Qi W/m’ ) |

230
460 |-
575
- 800
1030 ' -
1145, - 1 = _5;"

”~

’{_RATIQEot.Two=pHAse.Tb,;INQLE-pHA537HEAT“EXCHANGER_pREsSURsfnROP-

18

-e*+§xb_&

4 ]
-
-

3
i

F1g. 4. 6 _Ratio of two-phase to: szngle-phase pressure drops
‘ .across the heat: exchanger as a- functlon of the'
Lockhart-Mart1ne111 parameter.__j.- . :



112

“eEq (4 9) w1th Xy replacxng xo. Thermosyphon data gave a
rseparate curve from forced flow data, and those at Q1-0 23
| kw/mz takxng a completely d1fferent trend because of flow

‘pattern. The two curve f1ts shown tend to asymtotlc values

’f“*because"as—xT“appproaches un1ty7~the—flow-w1ll—bev

s1ngle-phase w1th superheatzng of th§’vapour and the

correlatxon w1ll no longer be valld. Slmp11f1cat1on 1n ;}v'

'des1gn 1s aga1n poss1b1e w1th these fortultous correlatlons o o

"us1ng X“, even though arguably the momemtum change here |

does play a more 51gn1f1cant role than 1n APc.j

- 4 3 2 Heat Transfer ResultS"

z'W’f’ F1gs.'4 7 and 4. 8 show the changes of heat flux galned’auw”‘d

.h lby bolllng Freon Qc/At, 1n the tubes w1th respect to 1/X,‘d”
"ltfand Bo, respect1Vely, at dlfferent ml and Q1. Qc/At 1s *

» ’iobserved to depend on both Bo and 1/XH 1n almost all the,,»;
data’ taken. Llnes of constant My ‘are drawn on. both f1gures

~ "dbut values at low Q1, represented here by Q1=0 23 kw/m‘ do R
_h:fnot follow the same trend as” the others. Th1s 1s better K
_':'illustrated by Flgs. 4 9 and 4 10, where ¢ of Eq (4 14)
:hflnstead of Qc/At, 1s plotted Most of the data for Q1>0 3'

:‘_.‘.kW/mz are well correlated w1th those at‘lower Q1 values

5'gassum1ng a dlfferent characterlstlc._The most probable cause«ﬂ'h’*

is the lower vapour guallty and m, along w1th d1fferent flow'"”'

";Pattern,.resultlng 1n d1fferent heat transfer’:"
;-ﬁﬁcharacteflstfg; The dependence on boqh parameters used

'_suggests that\saturated bozllng reglme 1s domznant. ‘l'"ﬁlw SR
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| Re1tvon. FLOW -
U U RATE ( ml/s ) 3 ..
ATE (/)36 30 4,

f ;Figf?4€7

Qc/Ay , HEAT FLUX TO FREON IN COLLECTOR TUBES ( ki/m* )

~~800 -

o i-ijk/

;&ﬁPUf'HEAi‘FﬁUX;Q1 ,

| === —230 ( wm)

~ 1145 |

030 |

/ “THERMOSYPHON

i gl SESTR T Jl oL ! o

.;Jipf f

Heat flux to flow1ng Freon in the collector tubes%zf'*-
' "as-a function of the Lockhatt-Mart1nell1 AT
.,parameter.,v" : . o
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+ 0 Reti'voL. FLow

-—

oo s

1030 —~

- INPUT HEAT FLUX. [/
Qi w/m?)

- 680 ~

230

. Qc/A;, HEAT FLUX TO FREON IN COLLECTOR TUBES ( kW/m* )

| L Bo " BOILING NUMBER

Fzg. 4 8 Heat flux to flow1ng Freon in the collector tubes
as a functlon of 301l1ng numbet.: R P
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N

At lov heatxng and consequently lov qual1ty, nucleate

'~bo111ng predomxnates v1th W he1ng a functxon of ‘Bo alone-'at5:lw

o hxgh heat flux,,pure con@ect1ve reglme rezgns v1th v velld'
"jfcorrelated v1th x.' alone ( Shah[34] ) ovever, one must

'_keep in mind that Freon enters the. collector tube& at a

ubcooled state, reaches saturated temperature state qu1cklyd'F
| '»and then 1ncreases 1n vapour qualzty for the rest of the ,[ B

artube length Heat transfer, therefore, var:es along the tube."
”7:v1th chang1ng flov pattern, pressure and vapou& qualxty. An -
":average Nut has thereby belng used in calculat1ng w,-w1th

"the two-phase heat transfer coeff1c1ent, ﬁt, glven as,'

Chioc/eam T wan

'fg'where‘theelogarithuiC”mean:temperature differencefAT_iSm L

 ‘defined as -

A (Tt°Tm ) - (Tt’Tco) |
AT = = S
' ln [ (Tt-Tm ) / (Tt-Tbo) ] R

"_fConsequently, there ex1sts a reg1on at the bottom of the,
'"iftube where Bo predom1nates, w1th a poss1b111ty of pure ;f”

:’.convectlve reg1on at the top at h1gh heat flux. The well

o _correlated data shown on Flgs. 4 9Qnd 4 10 Suggest that the?:,_"" o

‘"j”assdﬁptxon 1s, to a certa1n degree, valxd w1th1n the tested

‘“e}range of Q1._The s1mp11f1caton 1n ¢ used here is. merely for'hlf”‘“

1,>ease 1n computatlons and appllcatlon such as des1gn1ng.n
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| Comparzsons of experzmentally obtazned v w1th those

‘ calculated from the emp1r1ca1 correlat1ons of SChrock and |

“;Grossman( Eq (4. 12) ) and Shah( Eqs (4 16-4. 20) ) are
‘presented 1n Fzgs. 4. 11a and 4 11b respect1vely Measured

“*values at Q1-0 23 kw/m’ are seen to be lower 1n both cases, f

;1t may be assumed that at such low 1nput heat flux, b01l1ng

‘-f probably occurs in’ the subcooled reg1on.‘Shah S method tlj%c : B

i appears to correlate the data much better, and over a wzder

' ‘range. The taper1ng at the hzgher end shown on both graphs

ﬁixs l1kely ca&sed by- the est1matlon of Qe of Eq (4 11), ‘where

'*heat losses to the surroundlng are neglected (see Chapter

':j73) An 1mprovement can certalnly be ach1eved 1f the heat

j;,loss character;st1c 1s knovn,_thereby correct1ng the heat

ga1n by Freon to Qc vhere

g

"‘j'w1th U'; Av T and Ta as,the overall collector conductance,,”"’

total collector surface,area average absorber surface
temperature and amblent'temperature, respect1vely It should:lf
"f:be noted that heat ga1nf1n phase change collectors occurs

.:rsothermally'1n'a'largefsect1on of the tubes, therefore the"

Coass L

.}pheat losses in relat1on to. heat flux 1s d1fferent to that offffva

f};the 11qu1d phase systems.fd

The des1gn of- phase change collectors can be greatly

51mp11f1ed 1f s1mple correlatzons s1m11ar to those used heref.iff

- c;are ut1llzed for the predlctlon of overall heat transfer h"*"h

Tﬂcoeffzczents 1n the collector tubes.,Neglect1ng 51n91e-Phase_37-

‘¢
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reglon at the lower sectlon of the tubes should not
1ntroduce any 51gn1f1cant error since heat balances show

———-that_ th1s_length is rather short and the sensible heat galnh'

is much smaller than. the latent heat gain. A separate
determ1natlon of the different reglmes by estimating the

tube length for each would be ted1ous, and in view of the

‘uncertainties»regarding calculating the hoillng heat
ttransfer.coefficients, the'impfovem;nt_mayAnot be.
significant, : o |

N e ‘~.

°

4.4 Concludxng Remarks

An experlmental 1nvest1gat1on of the pressure drop and
- heat transfer performance of a closed loop phase change
‘ collector system undergorng thermosyphon and forced flow -
| cond1tlons has been descrlbed The experxments 1nvo1ved a.
{fred amount of Ff%on 11qu1d charge 1n the collectors, whlle 7

varylng thedinput heat flux, Freon and cool;ng water mass
flow, as well as c1051ng the downcomer from. the accumulator.

. ,.. -‘

_The followlng conclu51ons may be dravn-
L)

1. THe acceleratlonal part need not be treated separately

g

'.p_,i:

'sfrom the fr1ct10nal component when examxnxng ‘the

o

collector pressure drop. Thxs pressure drop, after
' exclud1ng the grav1tat1onal component was found to be '-:,@
 well correlated.by the Lockhart-Martxnell1 parameter.‘f |

'The except1on be1ng those read1ng taken at lov 1nput ;
‘ heat flux, yezldlng lov vapour qua 1ty and mass flux

'where co:rectlon for the grav1tatlonal part usxng the_f?'

W
SR



homogeneous theory is 1nval‘e..
2, The analys1s of pressure drop across the heat exchanger

ye1lds three curves, one be1ng ‘the results at low heat

,flux, another for forced flow cond1t1on and the th1rd .
for thermosyphon flow. The acceleratlonal component is
"felt to be the cause of the separate curves for forcedv
~and thermosyphon flows, since the latter has a h1gher
vapour ‘quality. S . |
3. Saturated b0111ng was found to be the domlnant reglme,
“and the results vere found to be sensitive to both the

‘301l1ng number and Lockhart Martlnelll parameter. The

use of an overall heat transfer coeff1c1ent 1nstead‘ofA

estlmat1ng the local values at d1fferent sectlons of the .

_tube, 1s presented with the results belng in good
agreement with the. saturated boxllng heat transfer“
?licorrelatzon developed by Shah and, to a less extent
I;»Hlth that of SChrock and Grossman.\‘ F‘ _
The p0551b111ty of treatlng the entlre collector,f
construct1on as a vhole, rather. than taklng 1nto account of
each tube, would 51mpl1fy the deszgnlng of phase change

'rcollectors. The knovledge of a 51ngle parameter,¢the- S

o Lockhart-Martlnelll parameter, appears to be. sufflclent to ,

5'character1ze the pressure drops across the collector and the'

heat exchanger. An average heat transfer coeff1c1ent ean be
'_predlcted with some - szmple correlatlons, although the’ heat
loss character1st;csvmust be known -to obtaln an accurate’

solution at higherrheatlflux; The governing dimensionless

T
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, numbgrs,used‘heré,oniy require two flow variables to be

known, the Freon mass_flux_and_thg'vapour @ass"quhlity;




- Tvo-Phase rlov Patterns In A Heated Inclxned Tube -= A

Prelxnxnary Study

- - .

 Summary )

Flow v1suallzat10n study of the vapour 11qu1d mlxture .
“in a heated 1nc11ned*Pyrex tube was carrxed out. Heatxng was
ach1eved electrlcally at the bottom half of the test tube |
"Under thermosyphon cond1t1on, the effect of the 11qu1d Freon
| charge level was found to delay the trans1t10n to annular .
f_flou at h1gh charge level and to cause slug flow w1th |
_ burst1ng of the vapour bubble at lov charge level
Intermlttent annular flov vas attalned but cannot be
~susta1ned cont1nuously, w1th1n the operatlng range of the

~_present experzments. Forced c1rculat1on tends to prolong the .

',bubbly flow reg1me and prevents coalescence of bubbles.

123
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5 1 lntroductxon s

_ The formatxon of .two-phase mzxture by vapour generat1oﬁ

in a heated tube is most eas1ly studxed via flow

sw____v1suallzat1on_usxng a transparent tube. The heat flux added

alters the vapour quallty along the tube length and

subsequently ‘the . flow regxme varzes axlally too. The change

in flov regzme 1nduces varxatzons 1n the local heat transfer'»

coeff1c1ents. Ident1f1cat10n of the tvo=phase flow patterns
: therefore allows one to know wh1ch.reg1me predomznates under

g1ven cond1t1ons and thus ‘one may check 1f assumpt1ons made

1n computatlons are. va11d

Small Jets of bubbles grov from ppeferred s1tes on the L -

tube surface when the suface temperature exceeds saturat1on
temperature and cond1t10ns for bubble nucleatxon are |
bf satxsfled. These bubbles grov larger as they rlse because of A'f
the add1t1on of heat as vell as decreased pressure. The ‘
larger bubbles 1nteract v1th one another and v1th the lzquid

phase, caus1ng a churnxng turbulent mot1on. As the vapour'*

where the vapour flovs 1n the centre core with some small -
-Ventra1ned 11qu1d droplets, and a th1n 11qu1d f1lm belng -
'. sheared along the tube ‘wall. Dry-out can be avoxded if
h su£f1c1ent 11qu1d 1s charged 1nto the system or 1f heatxng%}‘
1s done belov the cr1t1cal heat flux. In cases vhere ‘high
B superheatlng of the 11qu1d 1s requ;red to 1n1t1ate bo111ng,h_
' slug flow may occur 1nstead of bubbly flov. Th1s 1s ' |

chara;terzzed by a s1ngle bullet shaped bubble expand1ng

qualzty 1ncreases at the upper sectxon annular flov occurs.i‘f
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along the tube. When the expansion rate is high,‘a‘bursting |
”type of bo111ng 1s observed. »'l: h E ﬁ,r‘7‘; , . ‘_f
Boiling in the collector tubes is similar to the

descrxpt1on outlxned above. Thxs part of the study wasn

’ concerned wlth the flow patterns in the tubes and the .
f'effects of llqu1d charge level and forced flov on the

boiling.

5. 2 Experxmental Apparatus - | ‘

The experxmental apparatus is sxmxlar to that reportedif
ovln Cheng et al [24] v1th the replacement of the Packless“
”‘condenser by Refr1geratxon Research" condenser and also the'°

'.‘,add1t1on\of an accumulator after the test sectxon. The :,'

f;schemat1c dlagram of the thermosyphon loop is shovn 1n Fxg.:n.
5. 1. The bottom half of - the 1, 22 m long Pyrex tube (31 5 mmi“t‘
To a. and 23 mm i.d. ) :as heated usxng exght steel and
‘1ncoloy sheathed heatzng elements.,These elements vere

.”ilnsulated leavxng the upper half exposed for flov

fv1sual1zatlon. Only 1 1 ‘m of the tube length vas heated and"

'V?pthe tube vas . 1nc11ned at 68° to the horlzontal.

Freon R-11 vas used as the work1ng flu1d The coolxng |

' Evater flov rate vas kept constant throughout thls serxes °f.jfiij";

'experxments. The llQUld charge level was ad]usted usxng theiyh
:ﬂ'expanszon tank and sxght glasses. The Freon pump vas used '1
' ;for forced c1rculatzon of the vorkxng flu1d. . .
| Temperature, flow rate and pressure vere measured uslng
idevxces descrlbed in Chapter 3 (s3. 2 - Instrumentatlon). it

o
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The use of a sxngle heated tube here only prov1des a

»_prellmxnary v1sual study of the flov patternsxunder'

’thhermosyphon and forced flov cond1tzons, but does not

«reflect the actual bo111ng occurr1ng ;n parallel tubes in

‘ “the solar collector un1t sxnce flov—dlstrlbut1on—1s—not

'i accounted for. However, the results obtaxned here w111 be

4'€:app11cab1e to szmllar apparatus used for vaste heat recovery,?

' ,and v1ll prov1de some 1deas of the tvo-phase phenomena

f.a 1ns1de the collector tubes.v

T

",'5 3 Results And stcussxon

: A mu1t1tude of names exlsts to descrlbe the varxous '

'a'tvo-phase flov patterns. In view of thzs, terms used here il

'”vxll conform to those descr1ptzons gzven in. Collxer[26 pp.

x-f'fB 9] to avoxd confusxon. Operatzng cond1tlons of&the e

.!'tvo-phase flov patterns depzcted 1n F1gs. 5:2° to 5 6 are |

';hatabulated in. Table 5.1.

, _ At l1qu1d charge level 1 1nd1cated in Fzg. 5 1, the ;b;
'~fftyp1ca1 flov patterns along the tube are: dep1cted 1n Fig.~.
;'5 2. BOlllhg vas fxrst 1n1t1ated at the top sectlon and |

'”moved dovnvards w1th 1ncreaszng heat flux. F1gs. 5. 2(a), K

‘fp( (c) and (d) shov the chang1ng flow patterns from bubbly";’;

'T];flow at ‘the bottom (a) to churn flov at the top (d) of the

d

’:5tube The vapour travels 1n a spxral mot1on ( see (d) )

E because of the secondary flov caused by heatxng only the ;f;.,’-‘

'sbottom half of the Pyrex tube. The transxt1on between bubbly=-ﬁ:'

*to churn 1s shovn v1th the photograph of a longer sect1on of"



' Pig. 5.2 | Flow patterns along tube .at h1gh heat flux ‘
S Lo and hlgh charge level : ‘

,.'.
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v;Fiq;S;B‘ Tran51tlon from churn flow to annular flow at..
ST hxgh heat flux. o
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‘Fig.’5.4 Slug flow v1th burstzng of the vapour bubble
A at low charge level and low heat flux.‘.f
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" Fig. 5.6 Prolonged bubbly flow under forced flow
Lo T T cond1t1on. '
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_ the tube in (e) ' Within the range of heat fluxes possible

for these exper1ments, annular flov vas not observed._

When the charge level was: reduced to level 2 (see Fig.

"-, 5.*), annular—flow was— attalned 1nterm1ttently._Ezg. 5. 3_mf__m__

'shovs the trans1t1on of the flov pattern from

, urbulent-churn (a) to: w1spy-annular (c), and f1nally to

‘ annular flow (d) “This sequence of events will lateri

'"collapse and the whole process w1ll be repeated 1t is.

apparent the maxlmum wall heat flux p0551ble here cannot

sustain a steady annular flow reg1me. The sp1ral motlon 1s

'..present Just downstream of the annular flow reglme as shown .

in (e) Annular flow is. p0551b1e in. th1s case because a S

‘reduct1on in llquld charge level also reduces the pressure,'p
}4‘along w1th a shorter 11qu1d column above the tube.,’ :

"'}f A further reduct1on of the lquld charge level to level. _

‘r3 cause&aslug flow 1nstead of small bubble jets when bo1l1ng‘}‘l

was 1n1t1ated at low heat flux. The probable cause 1s the'_'

' much lower statlc pressure, due to the shorter l1qu1d

_column, whlch causes the vapour bubble generated to. expand

rqu1ckly.}F1gs.,5 4(a) to (e) show the bubbles generated

expand1ng upwards,lpushlng the 11qu1d column above 1t hzgher‘”'

as 1t r1ses. A wake reglon w1th many small vapour bubbles

o

'was created because of the lower pressure behlnd the slug.

¥

'Burstlng occurs vhen the bubble reaches the top, follows by :
gthe 11qu1d column fall1ng back Th1s is shovn in" (e).;g
. Nucleatlon then stops momentarzly unt1l suff1c1ent superheats

:( is reached at the bottom. ThlS process (slug) 1s then -
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repeated and causes a fluctuatxon in pressure. SIug flov 1s
'absent 1n the f1rst tvo cases ment1oned F1g. 5t5 shows the
fluctuatxng system pressure and pressure drop across the

'Pyrex tube sect1on durrng the slug flow regzme. The4

frequency of the slug format1on 1ncreases ‘with hlgher 1nput
:fwall heat flux as shovn.u _ | a '
Forced c1rculat10n makes use of sen51ble heat change

“5more and prevents the coalescence of bubbles generated as

& .'shown 1n Flgs. 5 6(a) and (b) for thermosyphon and forced '

'flow, respect1ve1y, under the same cond1t1ons.,More t1ny
.Lbubbles are formed w1th 1ncreased heat1ng, aga1n w1thout
'coalescence. Thzs is deplcted 1n (c) and (d) n
.S, 4 Concludrng Remarks _ _ |
Under thermosyphon condltzon, the charge level 1s seen . ,.
fato affect the type of flow reg;me in the heated tube. A h1gh;;f
.-ﬂcharge level tends to delay the trans1t10n to annular flow o
"when compared to a lower charge level As the charge level j)=

%

}15 lowered much further, slug flov w1th burst1ng of the

' :vapour bubble occurs at 1n1tlal bo111ng. Thls 1s assoc1ated B

urhthh fluctuatzon of pressure in the SYStem. FOrced flowf*f"'

:fprolongs the bubbly flow reg1me and prevents the coalescence;fj~5;

of bubbles,[1 e., the flow remaxns 1n the lamznar reg1on o

f; t1ll a h1ghe5 wall heat flux when compared to thermosyphon
‘flou. e R N

fhe assumpt1on of homogene1ty of the vapour l1qu1d

'mlxture 1n these exper1ments wzll be valxd for most cases
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,vxth the bubbly and churn flov reg1mes. The except1on is

fwhen annular flow appears near the top sect1on under hzgh

- lov heat flux. . '
g | g

“~l vall heat flux or durlng slug flow at low charge level and

o

It 1s expected that the flow patterns w1ll depend on

tube s1ze, 1ncl1nat1on angle and heatlng arrangement.:In

: -order to study the convect1ve bolllng process 1n the

' 1{&1str1but1on,;1f any.,

.........

vcollector tubes, 1t 1s necessary to construct an apparatus

o w1th parallel tubes to account for non unzform flow



- 6. Conclusions 3

' 6 1 Scope Of Results

Results obta1ned from outdoor test1ng of the two-phase '

‘rj;thermosyphon collector system show that_the_system—is—a

¥

55v1ab1e alternat1ve to the conventlonal hydronzc system. ‘j
'vnProblems regardlng the stabxllty.of Freon R-11 are be1ng
'-;stud1ed by Down1ng[15] ahd Farrlngton et al [11]

“ The 1mportant parameters in’ evaluat1ng the thermal
lperformance of. a Freon charged two-phase thermosyphon flat )
-.plate solar collector system are the vapour qualzty _
A'generated in . the collector tubes and the Freon mass flow
lrate through the collector system. These two parameters are:

“affected by the 11qu1d charge level 1n the collector vall

~jbheat flux, lzquld separatlon at the collector ex1t us1ng an;'

'uaccumulator and the coolxng water flow rate.
Bo111ng 1n the collector tubes was\found to occur

' maznly 1n the saturated bo111ng regxme. An average collector

" tube heat transfer coef£1c1ent calculated compares well w1th']7'

"Shah's[34] correlatlon uszng the Bo111ng number and the'3

Convect1on number..The use of an average value sxmp11f1es

'-computat1ons by not hav1ng to account for vary1ng local heat{‘
‘7_ftrans£er coeffxclent along the collector tube length. The‘
: bcorrelat1on faxls at low wall heat flux because bo1l1ng has ;f"
not reached the saturated state.AComb1nat1ons of d1fferent y'°

' .tlzquxd charge level and’. wall heat flux to the Preon produce '

4pd1£ferent flov reglmes in the collector tubes, and l_f‘

‘
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';'consequently the heat transfer coeffxcxent varxes. The :

'-accuracy of the predxct1ons can be 1mproved if the heat loss
\ . : .

. character1st1c of the system is knovn..

Pressure drops across the collector panel and ‘the heat

—_———;exchanger_are_vell_correlated_nlth the | Lockhart-Mart1nell1 ”ﬁ

.parameter [29] Predxctxons of pressure drop can be . -

, sxmp11f1ed by treat1ng all the bends and ]Olnts along the
ut¢collector panel as a s1ngle un1t, and the accelerat1ona1
component need not be treated separately. The assumpt1on of f‘

s \ - :
vhomogene1ty of the vapour lxqu1d mlxture was found to be»<

B _fvalld the exceptlon be1ng at\low wall heat flux where slug

.flov regxme may occur. Annular flow reglme may exlst 1n only
"the upper sect1on of the collector tubes at h1gh wall heat o
”Elux, thus neglect1ng thls should not. 1ncur a s1gn1f1cant -

‘ error in assumlng homogeneous flow.

‘6 2 ruture Studxes | | .
Outdoor test1ng throughout the year needs to be}carr1ed:c.

h'out to ascertaln the feaszb l1ty of operatzng these

U:thermosyphon systems 1n cold regzons on a year round bas1s.

x"_ The successful correlatlons of the average heat

','transfer coeff1c1ents and pressure drops data must be |

| »_checked v1th results obtalned from outdoor test since heat

7]loss characterlstlcs are d1f£erent for the un1t tested glh
'_1ndoors. The 1mp11f1cat1ons 1nvolved 1n correlatxng the
'l1ndoor testgfzpults need to be valldated for outdoor test

T,ffresults.



'f- Flow visualization stud1es on the tvo-phase flow
“.patterns in parallel collector tubes v111 prov1de further
1nsxghts 1nto the bozllng phenomena as well as flow

d1str1butxon 1n the tubes.'n'.

The ab111ty of . the thermosyphon system to transfer heat -

:nthh a small temperature dszerence suggests the feas1b11ty
. oguu51ng these systems,to recover'lgw temperature wvaste v
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Appendxx A : Flow Chart ror Experimental Instru-cntatxon

+

The flow chart of the data acquxsxtzon system and the
. X

e

assoc1ated 1nstrumeptatxon is shown in Flg A..

Measurlng dev1ces,'e g., flov '%t rs and thermocouples,

are connected to the HP-3497A D/A un1t, and trxggerxng of
0

the un1t 1s done via a HP-BS m1cro computer. S1gnals that

']are requ1red to be mon1tored cpntznuously are’ connected to

-;vResults obtaxned at the end of the exper1ment afe then

chart rec0rders."l ~_‘v#g@;f

.l --/

Data &ollected are stored on magnetlc tapes in ‘the

- HP-BS and pr1nted out on paper through the prxnter as vell

« .

5fplotted.'”f _f , f'j‘“AW-]¢Ti j o ‘-c’ S
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