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Thls the51s deals w1th an %xperlmental study carr1ed out on a-
' un1d1rect1onal two phase therm051phon heat exchanger using R—ll as thef
worklng fluld‘ The objectlve of this study was to. 1nvest1gate the effect
of unegual heatlng -of -the evaporator tuhes and of unequal charge .
dlstrrbutxon between adJacent tubgi on the eyaporator heat ‘transfer: -
performance -; The evaporator unlt con51sted of three coplanar tubes,.' g

nomlnal 3/8" dlameter which were 1nd1v1dually water jacketed and jolned-

to a. common vapour header. ) The condenser was 51m11ar to the evaporator

Fl

'-1n de51gn except it was’ made of nomlnal 1/4“ dlameter .tubes. \.The

! evaporator and the condenser unlts could,be 1ndependently translated

vertlcally, ‘be rotated 1n the vert1ca1 plane about. a horlzontal axis n

normal to the tube plane and be 1nc11ned from the vertical  while

ma1nta1n1ng thelr vapour headers horlzontal

-

x.

The heat transfer caoabllltles OF the evaporator were found to

.

'-be 1nsen51t1ve to static charge dlfferences of as much as 3 to 13%

+

' between adjacent .tubes for sdurce—51nk temperature’ dlfferences of 20Cc T
and 16C.

Tests were carried out whlch showaj that'“the total heat:' -
transfer ‘rate for unequal evaporator heatlng was (45-7%) better than“
- that for the corresoondlng equal heatlng case. Most of -the’ data for the:
average evaporator neat transfer coeff1c1ent were found to lle w1th1n .
. ) J

103 of the curve for the equally heated tubes. However, it was found'

that the tubes subjected to the hrghest and the lowest source fluid:
" . . 'iv : .- R . . .
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CHAPTER I .
INTRODUCTION - -

- 1. GENERAL: e SR

A' tho 'phase therm051phon c01l loop. heat exchanger,‘ WTthl:
separator and llquxd recarculatlon 11ne, 1s shown schematlcally in.jﬁ
Fig. 1. Such a system transports energy between a hot and a cold reglon:l
.:through the flow of an. 1ntermed1ate worklng flu1d between an evaporator
. and a condenser The vapour flows from the evaporator to the condenser_’
.due to a-saturation pressure dlfference whlch arlses because of the fact-.
that the 11qu1d vapour 1nterface temperature 1n the evaporator and _
hence the saturatlon pressure 1s alheys hlgher than that in the:
"condenser. The geometrlc conflgurat1on must be such that the condensate,
can flow back to- the evaporator by v1rtue of grav1ty. The presence of a:_

separator and- a 11qu1d rec1rculat10n line allows a hlgher charge 1n the-
evaporator in. order to suppress dryout w1thout the penaltles assoc1ated
with llquxd carryover 1nto the condenser For the system to operate,
l1qu1d must alheys be present in. the evaporator co1l. If the or1entat10n
of the system is such that liquid is present at all tlmes in both. c01ls“
-‘then the loop can: transfer heat in e1ther dlrect1on. - Such an

'installat1on 1s'sa1d-to'be bidirectional However,'1f the llquld dralns

'completely from one c01l when the system is 1noperat1ve,’ as is the case -

" in Elg. 1 thenrheat can only be transferred 1n ‘one dlrectlon and the
: system is sa1d £o. be un1d1rect10nal
Twoﬁphase thermosiphon loop heat exchangers are currently-being :

used as solar collectors'for' hot water.syStems:. Another pOtential'areaf
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of applidation .is:-in the 'reclamation 'of' waste edergy. In their
applzcatlon as a typlcal a1r to air heat exchanger the evaporator and
the condenser coils would be placed in the exhaust and-supp}y air ducts

interconnected by liquid and vapour headers as shown_in Fig. 2.

Cbmpared to forced c1rcu1at10n 51ngle phase CDll loop systems,,
two phase coil loop thermos1phons may be the de31red ch01ce for

reclalmlng waste energy between 1nlet and exhaust a1r/gas ducts whlch ‘

_are not,adjacen; to one another. For such §ystems there-ls no neednfor-
an external seuree of pbwer since they do net require a-pump and: drive

'. motor. In addiriqn, belng only partially fllled w1th a worklng flu1d

i

such  systems are " lighter - in welght than , 51ngle . phase c01l
loop heat exchangers.

* The performance “of two pﬁase coil loop thermosiphons with
evaporator ‘tubes which’ are equally heated and whlch have the same charge

of worklng flu1d has been prev1ously reported (1 2).

1.2 OBJECIVE OF THE PRESENT STUDY: -

T

In a typical.application for recovering waste eneréy, ‘the

'evaporatdr ‘of a two phase thermosiphon coil loop system may'eonsiét ofp

‘several rows ‘of tubes interconriecting common liguid and vapour headers.

‘In sueh_systems, as the source fluid passes through the evaporator coil
" it cools. Thus each successive row of tubes is subjected to a different
"source fluid temperature and hence a different heating condition. In

addition, -any temperature variations of the hot gas .over -the cross

sectional area of the duct will also cause tubes in tthe same row to be
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I

'PIG. 2: Schematic elevation view of coil loop-themeSiphon_

heat exchangers.

(a) Bidirectional installation. Loop can transfer

heat in either direction..

- tb) Unidirectional. installation. Loop can transfer

heat only from B to A.

L4



_—
"subject to uneéuel'heetihg:- In ce:taln appllcat1ons, 1f the evaporator
B 15 1nstal;ed wlth 1t§;header horlzontal but w1th its tubes 1nc11ned from
the vertlcal, then each row of tubes connected to a common header will
‘_:have a- d;fferent charge of workxng fluld., None of the prevxous

.experlmental studles have explored the-effect of these condltlons.

1

The objectlve. of the present study is to 1nvest1gate the
behav1our of the evaporator of a. two phase therm051phon loop heat
jexchanger under the followlng condlt1ons- )

i) Unequal proportlon of the worklng fluld in eadhn

’ evaporator tube. . T

ii) Unequal heating of the evapbrator'tubee.

1.3 PERFORMANCE RATING: -

The oyerail conductance for a thermosiphon heat exchanger is -
defined as rthe amount of.enetéy ttansferred per uhit area . per unit
" temperature difference . between the source and the sink  fluids. . The
external geometry of the eystem, the presence of fine, ahd the'type and
properties of ‘the source/sink fluids all pla§ an important role in _the
evaluation of .thie parameter .since the external resistenCee are"an.
integral cbmbonent-qf the‘total tesistance.'Thus, ho generel tabulations
are possible; | Fig. 3 shows an eiectricalbanalog,of en idealized. two
phase thetmgsiphpn coil loop. It shows the hot ene ‘the ~cold eide
resistances and .the loop resistance which may»be diuided iuto three

parts namely.‘

i} the b0111ng film resistance
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#  if).the transport -resistance . ‘

. 1ii) the condensing film resistance -

~

A

For an indepth discussion of these resistances the reader is referred to

. reference (3).

-

~

Since the thermosiphon loop conductance is independent of the
source and sink ‘external resistances it has been used as a criterion

-

to measure the perfoimance of equai'ly beated . coil> loops (1,2). The

rcriterion used in this sti'idy to compare: the performancé of the

evapofato£ ‘under different operating conditions is the average

_evapérator heat transfer coefficient, _



‘CHAPTER 11 |

.. N

" 2.1 PREVIOUS' WORK:

<A 11terature survey of earller research work on the performanceii“

'*characterrstlcs of two phase therm051phon heat exchangers subJected to a .

constant temperature boundary condltlon is presented in: thls chapter Tb .

,_the author's best knowledge,' work 1n thrs area has been carr1ed out.'

exc1u51vely at the Department of Mechan1cal Engzneerlng, Un1vers1ty off_{: B

'Wlndsor 4 major research progect sponsored by ASHRAE t1t1edu:-'

“Developnent of performance characterlstlcs for two phase thermos;phon‘k'u

loops" (4) was undertaken-by the-therm051phon research group at the"

Un1vers1ty of W1ndsor Due . to the complex nature of the varlables wh1chf

" affect the performance of such loops, the major thrust of th1s researchf':

.fpro;ect was the development and’ valldatlon of a computer program ‘to"r .

simulate the behavrour of two phase thermosrphon heat exchangers. A flow. L

‘vrsuallzatron and an exper1mental study were carrled out concurrently on
" two separate 51ngle tube, ‘two phase, thermos1phon, heat exchangers‘to
gain a better. understandlng of the b0111ng and condensatlon phenomenon

and. to gather data for the valldatlon of the computer program.- :

Huang .and Dicfbcio(S) 1n1t1ated exper1mental work 1n thls‘;.
'_field Thelr studles were on 51ngle tube two phase therm051phon loops,,.
| shown schemat1cally in’ F1g. 4 (a & b) respectlvely. The two loops could ‘
‘be charged to any des1red percentage of full capacrty. Each of the loops.
i'were mounted on a plane and ‘could be orlented in any fash1on -in - the

) grav1ty f1e1d
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'I!he loop des1gned by D1c1cc10 was primanly mtended for flow
h v1sua11zat1on but was 1nstrunented to measure wall telnperatures and the.'
energy transferred by both the evaporator and the condenser._ The N
evaporator and the condenser were’ concentr1c tube heat exchangers wlth' .

the mner surface consistmg of 1/2" _copper tubmg contammg ‘the. source :

ard the smk fluids and the outer sheath bemg 5/ " mside d1ameter

glass plpe. The evaporator_and the condenser were 2 feet 1ong and the' _-

mterconnectmg headers were 1 foot long.

'l‘he loop - de51gned by Hwang (), was prmarxlyused to gather, '

experlmental " data. The evaporator and condenser were 4 feet long -

-

con‘c::entrlc tube heat exchangers 1nterconnected by 2 feet long vapour and |
'condenser . headers.. The heat exchanger loop had 3/8“ d1ameter copper .
tubes as the evaporator and the condenser The source and the smk ‘ :
‘fluids were c1rculated through the annular Jacket around the evaporator .
- and the condenser. Three copper-oonstantan thermocouples, embedded in _-

the outs:tde surface of both the evaporator and the condenser, measured" .

the wall temperatures. 'I‘wo therrnocouples measured the temperature of the

. workmg fluld at the top of the evaporator and at the bottom of the '
condenser. Also, water 1nlet and outlet temperatures in the evaporator -
and the condenser unlts were reécorded to evaluate the amount of- energy. k

transferred. A refrigerant pressure gage measured the system pres_sure.'

They studled the performance of their loops by varymg. the

' followmg parameters:

i) the average temperature difference be.tween 't‘he
e‘}apor_ator source and the condenser sink‘tluids

ii) the inclination of the evaporator and the condenser -

1@




iii) the charge quantity and distribution

- iv) the working fluid

_ The performance was found to depend strongly on each of the
above factors. Their results showed tha£ for a given geometry and
source-sink fluid temperature an'optimdm charge exists which yields the
maximun'pérformance. It was found that the loops peiform best when the

condenser is nowhere flooded and no dryout occurs in the evaporator.

Ali (3} Eeveloped " a computer simulation program for
determinihg the performance.characteristics of such loops. The computer
program was capable of genmerating performance characteristics for loops
of the type shown in Fig, 5, ali tested the program by simulating the
tests carried out by Hwang and Diciccio and found the predictions of his

. Qroéram agreed with the_~experimental data within the limits. of
‘4'.é§perimeﬁtal error. The capability of the program to sucessfully predict
per formace characteristics pertaining to two different loop geometries
and types of charges served as a severe test of its versatility. ali
also rep&rted the predictions to be least reliable when -éryaut‘ occurs

over a significant portion of the evaporator.

The sucessful validation of the'computer simulation program

T

enabled” Ali to study effect of those parameters whioh”@ould be very

tedious to vary in an experimental study, e.g. the effect of the
evaporator and condenser tube diameters and their lengths on the loop
conductance. He reported that, for a given geometry and temperature
difference between the source and sink fluids, the peak performance was

a function of tube diameter and tube length. The peak performance, which

was found to be most sensitive to changes in the tube length, decreased

11
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The evaporator,.condenser, vapour and condensate tube lengths and
diameters must be specified as well as ""g., v_and Z, the apgle of
inclination of the evaporator and of the condenser from the horizontal
and the elevation of the condenser base above the evaporator base
raspectively.

FIG. 5 Thermosiphon loop simulated by the computer program
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with length.

" Ali compared the loop performances for unidirectional and
bidirectional cases. He found that the performance of the bldlrectlonal
loop was poorer than that for the ugidirectionai loop operating between
the same . set of conditions because the floéding of the qﬁg?enser
reduced the area available for condensation. The loop conductance versus
static charge profiles for bidirectionalwloops wére much flatter than
the corresponding profiles'fér unidirectional loops due to their larger
overall resistance. In bidirectional lpops, due to condenser flooding,
the condenser resistance is much largerbthan the boiling film and the
téansport resistances and changes in the latter two resistances have a
neglijible impact on the overall resistance. 1In unldlrect1onal loops
the/iiquid carried over to the condenser has to be thefmally pumped to a

/_A/
/*H\\\‘*’/ higher

significant increase in the transport resistance with increasing charge.

1

elevation resulting in a substantial pressure drop and a

The intere;tiné findings of ﬁP:I;G’prompted ASHRAE to allocate
additional funds for research in this area, ras‘a result ASHRAE project
RP-~188, “Multiple tube evaporator and condenser loops: {7}, was
initiated. by the thermosiphon research group at the U?iversity of
Windsor. The major aspect of this study was to investigate the bebaviour
ard stability of a two phase thermosiphon heat excﬁanger system with
multiple evaporator tubes and liquid recirculation on the evapofatoé
side, and also to compare tﬁé predictions of the computer simulation
program‘against additional experimental data. A new multi-tube two phase
thermosiphon heat exchanger with separator and ligquid recirculation was

designed and built and performance ratings for unidirectional and

]13



bidirectional loops were investigated.

. The multitube heat exchanger designed by Sampath has been
reported in (8)., However, since this draft is not readily availgblé and
since a few components were modified, details of the design can be found

in the latter sections of this thesis. The major aspect of his gesign

was the inclusion of a separator and a liquid recirculation line in the

evaporator resul;ingA in a significant decrease in thg_ transport and
condenser resistances. The pfesence of a sepéraior and a liquid
recirculation 'line suppresses the onset of dryout by permitting:
i) a higher charge to be . present in the evaporator
without the penalties of 'liquid carryover;
;;ég) a larger flow rate in the evaporator dve to " an
additional flowpath because of the évaporator recirculation

tube.

For a unidirectional loop Sampath-found that a tilted condenser
works better than a vertical because of the substantial reduction in the
condenser resistance due to improved heat transfer coefficients for

‘condensation. For a given set of conditions, he . found the loop

conductance to be relatively insensitive to. condenser inclination angles”

between 15 and 75 degrees. However, a. substantial improvement in
performance was observed between @ and 15 degrees measured from the
vertisal. He found that the presence of the separator resulted in the
generation of much flatter curves of loop conductance versus evaporator

static charge compared to the earlier findings of Hwang and Diciccio.

-

For a particular level of static charge he observed that the

loop conductance was less sensitive td changes in the temperature

14
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. . - ,
* difference between the source and the sink for a constant mean

tempefature. Sampath reported that the use of a separator permits
improved operation at low temperature differences due to the absence of
liquid tarryover, also dryout could be suppressed by  increasing the

charge in the evaporator,

Ali(l) modified his original comquér simqlation program so
that the new test facility coula be simulated; He also investigated the
effect of evaporator tube diameter and length on the loop conductance
~for a given set of conditions. He fipund that as the evaborator tube
diameter increases, the maximum loop conductance decreases and shifts

to higher tube lengths.

Sampath(2) found that for bidir;ctional loops the variables
which affect the loop conductance most are the charge and the angles of
inclination . The greater sensitivity of the loop conductance to charge
was due to the increased condenser resistance with increasing static
charge due to condenser flooding. Inclination of the condenser tubes
from the vertical with the vapour header remaining horizontal resulted

in improved condensatien coefficients and thus improved performance. The

bidirectional éﬁﬁfigu;ation was found to be relatively insensitive to
temperature differences between the evaporatorland the condenser due to
the absence of liquid carryover and less susceptibility to dryout, the

two essential factors which can make the loop conductance very sensitive

to imposed temperature differences.

The findings of ASHRAE RP-188 c%n‘be sumnarized as follows:

i) The computer simulation program predicted the performance

15



within closé.agreementiwith the expefimental results.

ii) The recirculatioﬁ tﬁo phase thermosiphon heat exchanger

' was found to have a higher loop conductance and
signifiéantly reduced sensitivitf to operating éonditions
than the non recirculation loop.

, 1ii) Advisability of having an inclined condenser so as to have

improved condensation coefficients.

‘2.2 CONCURRENT STUDIES:

Ali's original computer simulation program has been modified by
Mathur (9) to study the effect of the parameters which were varied in
this experimental study. Validation studies for the computer program,

based on the experimental results, are currently underway.

Experimental studies on a full scale two.phaSe thermosiphon air
to air heat exchanger, a typical design for commercial applications, are

currently underway: The test facility is capable of circulating

approximately 1.0 cubic meter per second of air through the evaporator

and the condenser while maintaining a 5@C temperature difference. Eight
rows of evaporator and condenser coils may be coupled to yield any

combination of one to eight loops.

-~
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.CHAPTER III

APPARATUS AND INSTRUMENTATION

3.1 LOOP ASSEMBLY: -

An experimental test rig, originally designed by
Sémpath(a), was modified and used in this‘experimental Wwork. Fig. 6

gives a schematic line diagram of the modified loop assembly. Since the

primary purpose of Sampath's study was to provide data which could be

used for the verification of a computer simulation program, it was
designed and built so that the effect of as.many variables as possible

could be studied experimentally.

In order to simulate air flowing past a vertical tube in a
cross flow configuration, a situation thch would arisé in a fypical air
to air thermosiphon heat exchanger, eéch of the evaporator and the
condenser tubes were heated or cooled by water flowing in an annular
jacket. The annulus was designed so that, for the heat transfer rates
expected, a turbulent water flow rate could be maintained and still have
a temperature change of approximately 1 degree Celsius in the source and
the sink fluidéll This was desirable in order to closely approximate. é
constant  temperature -and a reasonably constant source external
resistance along the length of each tube as would be the case in

typical applications.

The two heat exchangers were similar in design except different
diameter tubing and annulli were used., Either unit could be used as the
evaporator. Each unit could be inclined and/or rotated independently to

study the effect of charge distribution. The relative elevation between
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the two coild be varied to a maximum of .one meter for the loop .7 to
operate in a unidirectional mode. The condensate, before entering the
mixing chamber, 'passed through a flowmeter. The cqr;:ier.':sate and the
recirculation liquid came together in the mixing ‘chelurber. The liguid
mix was supplied to three éarallei evaporator tubes and the individual

. mass flowrate to each evaporator tube was measured. \

- The reservoir, installed between the l‘.iquid and the vapour
headers, could -be moved vertically to achieve any desired percentage
static charge in the evaporator when the system was not in operation.
During operation the reservoir -was isolated from the main loop assembly

by shutting the interconnecting valves.

3.2 EVAPORATOR AND CONDENSER UNITS:

The heat exchanger units are direct transfer double pipe heat
exchangers.™Both units consist of three coplanar tubes joined to a
vapour header with 7.6 an centre to centre spacing. Each tube has an
effective heat trans_fer length of 8.61 m (2ft)., One unit was constructed
of nominald 3/8" copper tubing ( 7.9 mm ID, 9.53mm (O ) and the other
unit of nominal 1/4" tubing ( 4.83 mm ID, 6.35ma D ). The tubes of each
unit were mounted concentrically within nominal 1/2" ( 13.84 mm 1D,

15.88 mm @@ ) and nominal 3/8" { 16.92 mu ID, 12.7 mm CD ) copper pipes

respectively to form six independent annular water jackets.

The tube wall temperatures at five locations; 1@, 348, 5@, 70
and 96% along the heated/cooled length of the tube, were measured by

copper-constantan thermocouples. The thermocouple junction was formed

- £
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by making grooves circumferentially on the tube approximately 2mm apart,
then silver soldering the wires in position, as shown in Fig. 7. &
thermocéuple placed in the vapour header measured the temperature of the
working fluid. The working fluid temperature upstream of the evaporator
was measured indirectly by measuring the well insulated tube wall

temperature approximately 1 foot from the entrance to the evaporator,

Two thermocouples positioned at the entrance and exit of the
annular jackét measured the source and the sink fluid temperatures
flowing past the evaporator and the condenser respectively, Fig. 8 shows

the arrangement of an evaporator tube.

The rightmost of the original nominal 1/4" tubes’ had. to be
replaced. The compression fitting at the inlet to the header was found
to be leaking. In an effort to'sfop the ieak the fitting was bent when |
overtightened. The evaporator header and the " separator were also
redesigned since they were found to be leéking. When these changes were
being made it was decided that an additional 2" of evaporator tubiég
would be introduced between the evaporator tubes and the header by a
coupling Jjoint, so that, if deéired, the effect of the length of
evaporator tube protruding above the liquid surface in the evaporator

header could be studied.

3.2.1 HEADER:

The three 3/8" dia evaporator tubes were connected to a common

header, 26.7 amn in length and 5.7 am in diameter, as shown in Fig. 9.
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The 1/4" 'dia tube vépour header ‘was slightly smaller in length. A
baffle-separatdr, present in the vapour beader, minimized any liquid
carryover to the.separatpr. Excess liquid in the vapour header was

carried away by a liquid return 1ine located in the boétom of the
header. The working fluid temperature was recorded by means of a copper-
constantan thermocouple in the vapour header. An add1t1ona1 thermocouple
measured thé tube wall temperature at the entrance to the liquid return

line.

3.2.2 SEPARATOR:

As the npame implies its purpose is to prevent any 1liquid
cerryover to the. condenser._ The separator, positioned over the
evaporator header is 15.2 am in length and 2.8 an in diameter. The
~ separator poeitiohed over the condenser header, 1/4% dia tubes, was
slightly larger in diameter. As shown in Fig. 9, the separator is
mounted over the header offset by 45 deé. to the vertical, so that when
the unit is tilted its function is not hampered and liquid could still

be readily drained to the recirculation line.

3.3 CONDENSER LIQUID-HEADER:

As shown in Fig. 18, a condenser liquid header[ 2.6 am  in
length and 2.9 om in diameter, was mounted below the condenser tubes. In
addition to channelling the condensate from each condenser tube into the

condensate return line, the condenser liquid header was utilised to
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purge noncondensables from the condenser tubes. It was kept cool by. a

-

‘moist cloth such that it was the coolest region in the entire assembly

in order to maximize the concentration of noricondensables.

Al
i

3.4 FLEXIBLE TUBING:

One of the important parameters in Sampath's work was to study
the effect of relatlve elevatlon between the evaporator and the
condenser on the loop performance. It was essential to use flexible
tubing to achieve the aforementioned objective. Insulated, transparent
teflon tubes, being inert to fluromethanes, were used by Sampath, The
1iquid’level in different sections. of the loob assembly could be easily

observed through slits in the covering insulation.

When the present study was initiated in 1982 it was found that
the teflon tubimg had become porous to R-11. As a result its replaéement
became essential. It was decided not to continue with teflon tubing
becaﬁse of their cosé and their non-standard sizes which caused
considerable difficulty in joining them to the copper tubes. Based on a
manufacturer's catalog:(lﬁ) Polyflo(polyethlyene) tubing was selected as
‘the best alternative due to its low price and very high chemical
resistance to Freons. Aanother great advantage of using Polyflo tubing
was the availability of flareless male and female tube fittings so that

they could be conveniently connected to coéper tubes.

The use of polyflo tubing was -catastrophic since  the
refrigerant was fpund to élowly’diffuse through the tube walls. Since R-

11 is widely used in induStry as a cleaning agent, it permeates through
: Rt

Y
v
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-materials much more easily than other Freons. The misreporting on the'
- _part ‘of ‘the manufacturer resulted in a sxgn1f1cant loss of tlme, effort
and money. Another type of tdE1ng which could use flarbless f1tt1ngs,
Nyloseal, made of nylon~11, was tested in the labo;atory. Its phys:qal;”
- and chemical properties . were efound to be suitablel.for uhé test
conditions. The results 1nd1cated the des1rab111ty of using this type of
tubing, therefore, all the Polyflo tubing was replaced by Nyloseal

flex%ple colorless tubing. Fig. 11 shows a typical joint between the

19
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flexible ‘tubing and a copper tube.

[N

3.5 FLOWMETER ASSEMBLY:

It was decided to build a new stand for the flowmeters and to
redesign the entire plumbing network around the rotameters since the'
original assembly was highly .susceptible'to leaks due to several

i <7
unnecessary fittings.

Three SK 1/8-28-G-7 rotameters with  black glass floats having
a range of §-30 cubic centimeters of R-11 per minute, were used to
measure the mass flowrate in each tube. The flowneters have ' needle
valves to requlate ‘the flow if necessary. Another. SK 1/8-20~G-7
flowneter with a stainless steel float, having a range of @-75 cubic
centimeters of R-1l per minute was used to measure the total condensate
mass flowrate., The system orignally had a rotameter to measure the total
recirculation rate, however, this rotameter was inadvertently broken
while installing it in position, Since the absence of this flowmeter was

not crucial to the study, only four rotameters were used to monitor the

27




4 .
-

mass flowrates., All four floﬁﬁeters were calibrated pr{or to their use,

see appendix F for a calibration curve.

 Two filters . were inspélled, one .at the entrance to the
- ‘condensate flowmeter and one at the junction of the evaporator and the
condensate recifé&ia&iéh iihes,"tO'prevent any particles from blocking
‘the flowmeters. The filter also acts as-a drier and has the caéability
Sf removing any dissolved water in the refrigerant. It is also capable
of removing any acids which may be fo;med in the system, _After passing
through the conéensate flowmeter the working' flﬁid mixes with the
recirculation liquid from the evaporator and the condenser in a small
mixing chamber before being supplied to each evaporator fube
individuallf.; Fig. '12 shows a schematic of the piping in this region. l ~
Flared fittings were used at the entrance and the exit of thg/

flowmeters. 2

«

3.6 RESERVOIR:

-
\‘

AN

A glass reservoir 3.4 cm in diameter 30.5 am in length, with a
volume roughly twice the _total volume - of the evaporator aﬁd' the
condenser  tubes was~used—for storing the refrigerant. By changing the

evation of the glass reservoir, under non-operating coﬁditions, the
rcentage static chérge in the evaporator could be varied between 0 to
Gb%. The reservoir could be isolated frém the main loop assembly by

hutting the refrigeration valves. Fig. 13 shows the reservoir assembly

and Fig. 6 shows the position of the reservoir relative to the

= -
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3.7 HEAT SOURCE AND SIRK:

For most of the studies two commercially built constant
temperaiure baths, using distilléd water as the source and the sink
fluids, were used. -In order to investigate the effec£ of unequal heating
of the evaporator tubes, two additional source fluid bathé were used.

Four flowmeters calibrated priqr to testing measured the mass flowrate

in each eircuit.

3.8 DATA ACQUISITION SYSTEM:

A FLUKE 2240B datalogger was coupled to a TRS-88 RadfQ- Shack

' Colour computer. A data acquisjtion program was written to monitor the
temperatures at one minute intervals. The program evaluated the heat
transfer rates and the loop conductance values based on the average and
the current set of data. Five scans were made to establish a standard:
deviatiﬁn datum. If the difference in the standardldeviation of the loop
conductance (based on the average heat transfer.rate in the evaporétor
and the condenser and the average areas of these two units) between two
successive scans was'less than 3% of the current value of the standard
deviétion; further scanping was stopped, otherwise, it was continued
until ten temperature scans were made. Appendix B gives a listing of the
computer program usad for dat;';céuisition and evaluation, appendix C
gives a sample output. In this output the numbers in parentheses

indicate the standard deviations of the values indicated.
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3.9 LEAKAGE TEST:

It is imperative that any two phase thermosiphon system be leak
free, not "only to minimize refrigerant loss, but tq\?revent air from
flowing into the sysfem versely affecting the performace of the

condenser.

In order to check for leaké,' after reassembly, the éntire
system was charged with nitrogen to a pressure of 40 psig. The leaks
were initially detected using a soap solution. Those which went
unnoticed by this method were detected by introducing refrigerant into
the system and circulafing hot water in the evaporator to vaporize éhe
refrigerant. The system was then checked by a halogen electronic
detector which is capable of detecting leaks of the order of 1/2 oz per

-
2

year. '1-

Considerable time was spent in making the system leak free
since numerous leaks were encountered in the evapbrator and the

condenser units, and also near the flowneter assembly. Depending on the

nature ‘of the leaks they were fixed by the use of silver solder, Loctite

sealant or double strength epoxy sealant. At times, when it was

difficult to ascertain the exact location of leaks, the component was

dipped in a water bath to determine the precise location.

The use of flareless tube fittings for connecting the flexible
tubing to copper tubes was reassuring since few leaks occured in these
connections. The  system was considered suitable for testing when it

could hold nitrogen at 46 psig without any noticeable change in the gage
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reading for twenty four hours, Also, the system was evachated to 74.4 am

of mercury,

hours.

and it was found to hold the vacuum during twenty four
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/ - CHAPTER IV
EXPERIMENTAL PROCEDURE

4.1 CHARGING PROCEDURE:

In order to charge the system, a container of re%rigerant was
connected to a small circulating pump which in turn was attached to. the
chdrging valve beneath the condensate flowneter. The conta1ner was held
at an elevatlon of 3 feet in order to avoid cavitation in the pamp, The
two valves which isolate the reservoir from_the loop assembly were kept

open., The purge valve immediately_above the reservoir was kept closed

during charging. The system was charged until the reservoir, positioned -

centrally with respect to the évaporator, was almost completely full.

Once  the system was charged, hot and cold water were run
through the evaporator and the condenser sides respectively to veporize
the refrigerant and concentrate the noncondensables on the condenser
side and in the glass reserv01r. Intermlttently, the purge valves in the
condenser liquid header and on top of the reservoir were opened to drive
away the noncondensables. The condenser liquid header was kept cool by
ice cubes or a moist cloth. The system was left running in this fashion

for atleast twenty four hours before starting any tests.

In order to further minimize the presence of noncondensables;
for some tests a vacuum pump assembly was used to pull a vacuum on the
system, overnight before introducing the charge. At other times, while
charging the syséem the purge valve on top of the reservoir unit was
connected to the vacuum pump via two liquid nitrogen traps and kept open

for a few seconds to enable flashing of the refrigerant to drive away

34
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the noncondensables. The iTquid nitrogen traps, prevented the refrigerant

from. entering the vacuum pump.

It is important to point out at this stage that the

modifications hade to the original charging pfocedure discussed in the

first paragrapﬁ of this section did not show any signs of a substantial

decrease in the noncondensables, and therefore they were not repeated.

4.2 TESTING PROCEDURE:

i)

ii)

i1i)

iv)

v)

vi)

Position the reservoir such that the evaporator static
charge is atleast 10% more than the static charge value

for which the evaporator performace is to be studied.

Make sure that the charging and purging valves on top of
the reservoir are properly closed.

Place a moist cloth pver‘the condenser liquid header.
Program the datalogger to scan all temperatures at one
minute intervals.

Set the constant teﬁperature baths to the desired temper-
ature and run hot and cold water through the evaporator

and the condenser units. Leave the system running for
atleast half an hour and make suré that the constant
temperature baths have attained the desired temperature. In
the -peantime, intermittently purge noncondensables from the
system using the valve in the condenser liquid header.
Turn off the source hot water and after approximately five

minutes shut off the sink cold water , allow the system
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vii)

viii)

ix)

X)

xi)

to reach equilibrium and keep monitoring the temperatufe

in the evaporator header continously. When the

_ temperature reachés 25C (in order to keep the loop slightly

pressurized) move the reservoir such that the desired
level of charge is present agéin ih the evaporator |
tubes. L .

Isolate the reservoir from the 1qop aésembly by shut;ing‘.
the two valves shown in Fig. 6. r ‘
Turn on the source and the sink and adjust nthe water
mass flowrates to approximately 35 a’s .

Load the data acquisition program in the computer and use
the RS-232 interface to couple the computer to the‘gatalogger.
Allow atleast twenty minutes to one half hour for thé system
to stabilize.. Next, - monitor the temperatures in the
evaporator and the condenser headér‘ several times to
observe whether they are sfeady. Once étéady state
conditions are achieved - press RUN on the computer and
input 511 the necess;ry data. The computer next displays a
complete scan of all temperatures on the console and asks

the question " Do you want to proceed ?". Typing in "YES®

and hitting ENTER tells the computer to reéérd this scan

as the first set of experimental data, pressing any other

_key then hitting ENTER tells the computer to disregard this

scan, wait -.for another scan and repeat the aforementioned
procedure,
After typing "YES" then pressing ENTER on the computer,

note the level of the liquid in the evaporator recirculation
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line, and record the ref:igerant} flowrates at the
beginning of 2nd,5th,& 8th minutes. Also, check .the source

., and tﬁe sink flowrates during the test. Check the

recirculation rate‘at end of the test. ‘ -

xii) At the end of the test fhe highlights of the results are

- displayed on the console. Shut off the source fluid
and allow _the system to cool.

xiii) Type the refrigerant flowrates into the computer then have -
the results printed on paper and/or cassette.

xiv) After gpproximatqu fifteen minutes shut off the sink and

allow the éyétém to cool, .

xv) At five minute intervals keep checking the. temperatures in
the condenser ané the evaporator header. When  the
evaporator header temperature is approximately 25C, again
note the liquid level in the evaporator recirculation line.’

The test is now regarded as complete.

4.3 DETAILS OF TESTS:

The tests carried out in this study can be divided into three
" categories: |
a) To repeat some of the experimental test runs by

Sampath(l) by choosing a typical set of conditions from

the available data.
b) To study the effect of unequal distribution of charge

in each tube.
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.c) To study the effect of unequal heating of evaporator
tubes. ' .

4.3.1 TEST SEQUENCE I:

The tests described in this test sequence pertain to

cahegory (a).

Working Fluid : R-11
Evaporator inclination 0.8
Evaporator rotation: 2.0

Condenser inclination 45.0¢

Condenser rotation g.9
Evaporator diameter . 174"
Condenser diameter 3/8"
Elevation .9 m
Source temperagure 35,0 C
Sink temperature 25.86 C

&

The level of liquid in the evaporator recirculation tube under

dynamic conditions was varied in this sequence from 18% to 78%.

4.3.2 TEST SEQUENCE II:

The tests in this sequence pertain’to category(b}), For these
tests the evaporator static charge was varied from 26% to 90%. Two

constant temperature baths were used as source and sink respectively.
Evaporator diameter 3/8"

38



Condenser diameter

l/ L1}

Condegser inclination "45.0
Condenser rotation .0
Elevation 3.9 m
Mean temperature 38.0 C
With the above .parameters held constant the

evaporator geometry was varied as follows:

BRESEERRE R REA R RN H B ER R RO BB IR B R B B0

Evaporator > Inclination Rotation
orientation > (Rot.l =8) (Incl. L =@)

Degrees Degrees
Tsource-Tsink g.@ 15 30 45 IS 36 45
40 C—-20 C X b4 X X X
35 C--=25C X X b4 X X

4.3.3 TEST SEQUENCE III:

. The evaporator static charge was varied from 25% to 96% in

tests.

The tests described in this sequence pertain to category(c).

these

Working fluid R-11
Evaporator diameter 3/8"
Condenser diameter 1/4"
Condenser rotation 6.0
Condenser inclination 45.0
Evaporator inclination @.0

39



Evaporator rotation . @.0

Elevation . .9 m

' %

Sink temperature ' 20.8 C

With the above parameters held constant -the sdurce

- temperatures were varied as follows:
:-.:j ) . >

BESHERREE RIS LR R B R R R R R UL D R EE B0 888

Temp in Temp in Temp in
tube#l (C} tube#2 (C) tube#3 (C)
42.0 : 40.9 38.9
43.0 : 40.0 : 37.0
44.0 46.0 - 36.0
42.0 40.0 40.09
42.0 42.6 40.9

e

4.4 DATA ANALYSIS:

An examination of the evaporator tube wall temperatures - and
their standard deviations indicéted the presence of two phase heat
transfer, dryout and boiling suppression. A high standard deviation in a
temperature reading was indicative of a transition in flow taking place

at that particular location.

Generally at low evaporator charges considerable superheating

in the evaporator was cbserved and hence the temperature recorded in the
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evaporator header was no longer the ‘saturation temperature. Use of this
temperature in evaluating' the average . evaporator heat transfer
coefficient- resulted in an unreal1st1ca11y h1gh value. As the mass flow.
. rates . encountered in thls study were small the heat requlred to -
superheat the saturated vapour by as much as 3C was nearly 1% of the
heat transfer taking place in that evaporator tube and its magnitude
was betyeen 0-3 Watts, Slnce this superheatAls«read11y lost in the
' interconnecting vapour headet, the temperature recorded in the condeuser
header wes the saturation temperature. Thus, the temperature in the
evaporator header was estimated indirectly by using the condeuser vapour

header temperature apd the pressure drop between theltwo'headers.

4.5 EXPERIMENTAL UNCERTAINTY :

f

The uncertainties in the estimation of the heat transfer rate
and the average evaporator heat transfer coefficientlwere of the order
of 19.2% and *9.4% of their values respectively for ‘a source-sink
temperature difference’ of 20C and*16.7% and*6.9% for a source-siuk
temperature differenee of 16C. Details of uncertainty analysis are

shown in Appendix D.

The standard deviation in the loop conductance for A T=20C
& 10C was always below 5% and 10% respectively of the value of the loop
conductance. Also, the standard deviation in the heat input for 4 T=20C &

16C rarely exceeded 5% and 19% respectively of the value of the heat

input.
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CHAPTER V.

RESULTS AND DISCUSSION

—

5.1 COMPARISON WITH EARLIER WORK:

Test sequence I was carfied out to Compare the loop conductance

of the repaired loop with the previous results reported by Sampath(l) .

In these preliminary tests it, was more convenient to measure the liquid
level in the evaporator recirculation tube rather than the sta;ic

charge.

Fig. 14 shows the results of these tests together with those of
~Sampath(l). The present set of results are plotted against the
percentage of evaporator rgcirculétion tube flooded ‘with liquid,
whereas Sampath's results arerlotted against the static charge. The
level of the.liquid in the evaporator recirculation tube under operating
conditions; which represents the‘Pead required to sustain a particular
mass flow rate, is alwayé leés than the static charge. This comparison
clearly shows that the preseﬁt performanée is roughly 58% of that

reported by Sampath.

A careful analysis of the presént set of results indicated that
the new tube in the evaporator was performing very pooriy. Its tube wall
temperatures were approximately 1C higher than those of the other tubes.
In addition, the heat transfer rates in this tube were found to be 15%
to 66% of the heat transfer rates in éach of the other two tubes, which
were in close agreement with each other. C?nsiderable Eime and effort
was spent trying i unravel this mystery. At room‘tempeiature all of the

evaporator tube wall temperatures agree very well with each other. It
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was thus concluded that the temperature monitoring equipment was

functioning properly. To check for the possibilityrof liquid backflow |

- from the‘vapour header the evaporatér tﬁbe bank was rotated and inclined
sligh;ly. No change in its behavibur was observed. Since at the time
these tests were carried out these evéporator tubes were all bein§
heated bX. a single source from a common header it was thought that
perhaps'a'differenh flowrate of water was flowing in the annulus of the
‘" new tube. To check this the supply source header was reversed but no

Eﬁ;nge was observed in the tube performance. No explanation fof this
behaviour was found so it w?s concluded that'the surface finish on the
new tube must have been subétantially different from tha; of the older
tubes thus causing radically different bqiling characteristics. Because
of this difference in performance between the old tubes and the new tube
it was subsequently decided to carry out this investigation ‘using the
3/8" diameter tube heét exchanger as the evaporator and the 1/4"

diamgter unit as the condenser. Y

The discrepancy between the present set of results and those
repor ted 'By Sampath raises serious questions., Even if the rnew
evaporator tube perfo;med as well as the other two there would still be
a significant difference between the p;géent set.of results and those
reported by Sampath. The non-availability of outputs of Sampath's data
makes it impossible to make a thorough comparison between the two sets
of exéerimental data. In the following paragraphs it will be pointea out

why I believe that Sampath's results are not reliable.

In the draft of his M.A.Sc Thesis entitled “Multiple tube two

phase thermosyphon heat exchangers" (8), an examination of his
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experimental data reveals very little scatter and except1ona11y good
agreement with the predictions of the computer simulation program.
Although the computer simulation program was valldated against Hwang's
and D1cc1cc1o S test loops Sampath's experimental data shows a ‘uch
better correlation with the program. The absence of scatter in the data
of an experimental_study involving boiling and condensation is most
unusual due to the stochastic nature of boiling, no matter how

accurately experiments have been carried out.

Serious errors in _Sampath's thesis draft have come to the
author's notice. The information provided about the flowneters is wrong.
He reports that the floats in the three flowmeters which measure the
mass flowrate to the evaporator are made of red sapphire. A visual
observation proves his statement to be incorrect. A determination of the
density of the floats revealed them to be made of black glass. His
calibration was foﬁnd to be grossly in error. The present calibration
data was double checked by comparing the theoretical and expe;imental
méss flowrates through the condensatetflowneter and they were found to

be in good agreement.

*

Sampath has neither submitted nor defended his thesis.

All of these factors raise serious doubts about the wvalidity

of his experimental results.

5.2 THE BASE SYSTEM:

The perforimance of the evaporator with all three tubes charged
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| equally and- subject to the same source le}d temperature, is shown in

Figs. 15 & 16 for the loop operatzng at a mean temperature of 36C, with
source. and sink fluld temperatu " differences of 28C and lac
resgectively. The plbtted curvés e the best least squares curve fit
through the data to a second order polynomial ( see appendix G for

equations ) . These curves provide a datum against which the results for

the unequal heating and unequal charge distribution are compared. The"

data indicates "an increase in the heat transfer rate with increasing
static charge then a gradual decrease. This type of phenomenoh occurs
since at low charges considerable dryoﬁt occurs in the evaporator. At
low static charges as many as the top three thermocouple readings in
each tube showed the presence of dryout ( high tube wall temperatures )
indicating that approximately 60% of the tube area is ‘subjecﬁ to
dryout. An increase in the charge results in a decrease EE the area over
which dryout occurs and an increase in the area for two phase flow, with
its significanély larger heat transfer coefficients. At high evaporator
stétic charges dryout is completely eliminated, however, boiling
supéression' ( indicated by a high tube wall Eemperature ) was observed

in the bottom of the evaporator.

Figs. 17 & 18 are-plots of the average evaporator heat traﬁsfer
coefficient versus evaporator stgtic -charge for source to sink
temperature differences of 20C and Inefréspectively. The smaller heat
transfer coefficients at lower static charges are due to dryout taking
place over a large area. The solid curvé in each figure represents the
best least squares curve fit for a second order polynomial. 1In fig 17,
with the exception of a single data point, all the data falls withiﬁ an

envelope of #10% of the values for the plotted curve. Similarly,  in
:
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fig. 18 .all but two of the data points lie w1th1n_20% of the vaers for |
the. plotted curve. The greater’ scatter in the data for a source-51nk
temperature difference of 10C compared to that for a difference of 208C
is due a greater relative error in the estimation of the heat tranéfer

rate and the average evaporator heat transfer coefficient.

+ The improved heat transfer performance with an increase in ‘the
temperature difference from 10C to 28C between the source and the sink
fluids "~ is due to an increased vigour of boiling resulting in higher

N

flow rates in the evaporator tubes for the latter case,

Elow oscillations  in the range of#53~15% have been observed
when operating with a temperature difference of 10C between the source
and the sink, whereas their range is between $23-8% when operating with a
temperature difference of 20C. These‘flow oscillations suggest the

presence of instabilities.

It was considered important to inveétigate the effect. of-
subcoolingl on the performance oflthe evaporator. In these tests the
liquid level in the evaporator recirculation tube was measured instead
of the static charge. 'Table 1 gives the performance data for a source-

sink temperature difference of 16C.

An examination of the heat transfer rates and loop conductance
in Table 1 indicates the performance to be independent of the degree of
subcooling. This occurs due to the small flow rates in the evaporator
tubes and the specific heat capacity of R1l. The sensible heat reguired
to bring the refrigerant to its saturation temperature is of the order

of 5% of the heat transfer rate in the evaporator and therefore
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TABLE 1. Performance data with different degrees of subcooling.-
T{source) = 35C, T(sink) = 25C. Vertical evaporator, '

#####é#######################################i####################

Serial # $CHG ATge Q(wW) - Uee(W/SQ.M/K) .
1 81 4.0 155.5 - 497.4
2 81 -2.4 157.3 583.9
3 80 4.6 164.6 534.2
4 . 5@ 5.3 18145 : 601.3

5 50 1.9 187.8 640.6
6 40 4,1 187.7 656.3
7 39 9.4 184.1 - 634.0
8 38 3.4 189.6 659.5

9 30 8.8 - 175.2 660.8
1¢ 30 3.7 1803.4 618.7
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_subcooling does not have a significant affect on evaporator

performance.

' 5.2.1 COMPARISON WITH THEORETICAL PREDICTIONS:

It is most appropriate at this stage to make -a comparison
. between a typical set of experimental results and the predictions of the
available theoretical cor:elations; This has been accompiished by using

Ali's computer simulationﬂprogram wigh corrections and modifications by

Mathur (9) .

in the earlier studies, the correlation used by Ali to model
the heat transfer phenomenon in the two phase region was one proposed
by Sachs and Ldng(ll). Choice of this particular correlation was made
since it éroyided very good agreement between simulafed and-experimental
results of Hwang. Of those available, this particular correlation
predicts the highest heat transfer coefficienfs for two phase flow. Use
of this correlation overpredicted the current set of experimental
results. It was replaced by one proposed by Davis and David(l2). Use of
this correlation, which yields the second highest heat transfer
coefficients, resulted in a éatisfactory agreement between the current

experimental and simulated results.,

The overall heét transfer rates and the average evapoiator heat
transfer coefficients obtained from the simulation program, as reported
by Mathur (9), for a typical set of conditions are shown in Figs. 19 &
28 respectively alongwith experimental results, The figures indicate a

good agreement between the experimental and the simulated results . It
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is not appropriate here to give the mechanics of the computer simulation
projram. For an indepth study the jreader is referred to reference (3).
‘ However, some of the correlations used in the computer program are given

in appendix E.

5.3 EFFECT OF CHARGE DISTRIBUTION:

In order to determine the effect of charge distribution brought
about by a rotation of the evaporator tubes in the vertical plane about
a horizontal . axis, it was first necessary to study the effect of .
inclining the tubes with the-séme charge in each tube. -Figs. 21 & 22
show the heat transfer rates and the overall conductance values as a
fun&tion of charge for three angleg of inclination for the 4@C/20C and
35C/25C tests resééctively.: Figs, 23 & 24 are plots of the average
evaporator heat transfer coefficientlas a function of static charge for -
the aforementioned conditions respectively. The results indicate that
for inclination angles greater than or equal to 30 deg. the'performance
is lower at smaller charges and higher at larger charges. This
difference occurs as a result of two factors; a shift in the dynamic
operating condition and dryout in the tubes. A shift in the dynamic
operating condition is due to the fact that the actual charge in the
evaporator under operating conditions for an  inclined/rotated
evaporator is smalleér than that for a vertical evaporator under
.identical oprerating conditions. The reason being the increased flooding
of the recirculation tube for an inclined/rotated evaporator in order
to sustain a-particuiar mass flow rate than for a vertical evaporator.

An examination of the tube wall temperatures for inclined tubes
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. indicated greater susceptibility to dryout than. for vertical tubes under
identical operating conditions. This is probably due to the location of

'Jthe- thermocouplé junctions. They are located on the'uppermost part of

the tube when inclined and héncé would be most squect to the formation
of a thin vapour blanket in their immediate vicinity. This vapour film

increases the resistance to heat flow and consequently  there is an

increase in the tube wall temperatures, and consequently low average

‘evaporator heat transfer coefficients at low static charges;

As shown in Fig. 23, for an inclination angle of 3% deg. for a

'static charge of 5§% the substantial difference in the heat transfer

coefficient values is due to a difference of "IC in the saturation

temperature..

In Fig. 2§-the signifiéant difference in the two values of the
ave?age evapofator heat transfer coefficient for 60% étatic charge . for
‘an inclination angle of 36 degrees is Soleiy due to the difference in
the extent of boiling suppression and dryout in the two cases. The
cu@ulative heat transfer rates for the two cases agreed very well. The
substantial difference in the heat transfer coefficient values for a
static charge of 70% for an inclination angle of 15 deg. is due to a
difference of 30W in the evaporator heat transfer rate. For a static
chafge iof BB% for an inclination anéle of 15 deg. the heat transfer
coefficient yalues Eiffeg because of differences of approximately 9w
in the heat transfer rates and 8.7C in the average evaporator wall
temperatures,

v
Figs. 25 & 26 show the heat flow rates and the overall

" conductance values as a function of average static charge for three
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different rotation angles for the 40C/20C and’ 35C/25C  tests

respectively. It is apparent.from a comparisgn of Figs. 21 & 25 and of

Figs. 22 & 26 that chargé variations of 3%, and 13% betweén adjacent
tubes, which occur at rotation angles of 15 and 45 deg. respectively
have a ﬂégligible affect on the performance of the system for mean
static charges between 29Aand'90%.

Figs. 27 '& 28 are plots of the average evaporator heat tranéféi,-m

~ coefficient vs. evaporator static charge for the 49C/26C and 35C/25C

tests respectively.

~

The heat transfer rates for rotated and vertical evaporators
agree well for a 40C/20C tests, as shown in Fig. 25. However, an
examination " of Fig. 27 indicates greater scatter in the data. The
enhanced scatter in the data is probably due to the indirect estimation

of the saturation temperature using the condenser vapour header

temperature and the pressure drop between the two headers, this was’

necessary due to considerable superheating in the evaporator at low

‘charges.

As shown in Fig, 27 a difference of 12.3% in the heat transfer
coefficient values at a static charge of 76%, for a rotation angle of 45
deg, results because of boiling suppression at the bottommost
thermocouple in the lowest elevation }ube and the presence of dryout at
the topmost thermocouple in the highest elevation tube for one of the
runs, However, the heat transfer rates for these two cases agreed very

well with each other.

In Fig. 28 small heat transfer coefficient values for a
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rotation' :anglg of 30 degrees .bett'veen SG%“boGG% si;atic ‘éharge are due
to dryouﬁ in the top region of the evaporator. There .is significant
variation in the heat transfer coefficdient vaiues for a static charée
of 68%. The Saturation temperatures for the two runs differ by 1.3C,
although the average evaporator tube wall temperatures are almost
identical in the two runs. The higher heat transfer coefficient wvalue
for a rotation angle;of 38 degiees for a static charge of 8% is due to

improved heat transfer in the highest elevation tube.

(" In Fig. 28 the significant difference in the heat transfer
coefficient values at 60% étatic charge -for a rotation angle of 15 deg
and the vertical case is dve to an increase of nearly @.5C in the
saturation temperature for the rotated evaporator, although the average
evaporator tube . wall temperatures are identical, For the 85% static -
charge the lower heat transfer value results beéause of negligible
heaé transfer in the lowest elevation tube, its wall tempetatures at

different locations indicate pool boiling rather than flow boiling.

5.4 EFFECT OF UNEQUAL HEATING:

As mentioned previously, one of the objectives of this
expe;imental work was to study the effect of unequal bheating of
evaporator tubes interconnecting common vapour and liquid headers. Such
" a situation would arise when the source fluid gasses through adjacent
banks of evaporator tubes subjgcting them to a decreased energy input
due to a decreased source fluid.temperatures. Several tests were run

with different source fluid temperature differences between adjacent
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tubes with the average source fluid temperature maintained at 48C.

- Temperature differences of 2C, ac and 4C, " which are typical of

temperature drops which might occur between adjacent tubes for air

flowing.past evaporator tube banks, weré investigated.

‘Due to the nonavailability of flowneters in the initial stages

~of experimentation the source water flow rates could not always be set

at the same value. It was found tha; an increase in the source water
flow rate results in gigher heat transfer rates in the evaporator for a
given set of conditions. The perform;nce of the evaporator was found to
increase by 6% when the average sbﬂzce water flow rate was . increased
f;bm 33.6 aw/'s to 77.7 gu/s. In this test the average' source fluid

temperature was 408C, with a temperature difference of 2C . between

adjacent evaporator tubes, and the sink temperature was 20C.

Tables 2 (é ; b), 3 and 4 give the performance data for ' thé
unequal heating tests with temperature differences between adjaceﬁt
tubes of 2, 3, and 4C respectively. In each of these tables ﬁhe numbers
in parentheses indicate the source fluid températur_e; The heat transfer
rate in each tube is identified by Q(f); the ratio of the tube heat
transfer rate to the average heat transfer for ail three . tubes by
R(T); the average beat transfer rate per tube by QA; and the ratio of
the average heat transfer rate to the corresponding value with equal
hea?ing at the averége source fluid temperature (4QC) by QA/QAE. The
heat transfer rate with egual heating which appears in the rightmost
colunn of each Table was scaled to have the same source fluid mass flpw
rate as the average mass flow rates for the uneéually heated tubeé in
order to have a realistic comparison.

e
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TABLE 2a. Performance data for adjacent tube tenperature
difference of 2C for T(source)avg=46C and T(sink)=20C. -
Q (Watts). m(wtr) gm/s. R(T)=Q(T)/QA. '
################################i###i############################### ‘
m{wtr)=89.4 m(wtr)=78.1 m(wtr)=65.7 ‘ :
RUN# SCHG Q(42) R(42) Q(48) R(40) Q(38) R{38) .Qa QA/QAE

1 8¢ 225.4 1.71 156.9 1.19 13.8 ¢.16 131.9 1.04
2 80 187.5 1.38 147.1 1.08 73.4 0.54 136.8 0@.99 ‘
3 67 224.5 1.55 - 124.2 0.86 85.3 ©.59 144.7 1l.64 i
4 67 229.2 1.63 138.9 0.98 55.6 @.39 141.6 1.0l
5 56  224.5 1l.68 147.1 1.65 - 5¢.5 @.35 14.7 1.98 i
6 53 194.6 1.45 ' 124.2 ©.93 82.6 0.62 133.8 1.0l ;
7 586 179.6 1.36 127.5 @.97 88.1 @.67 131.7 1.¢2, :
8 31 165.1 1l.46 121.4 1.97 53.5 0.47. 113.3 1.16

AVERAGES 1.52 - 1l.82 0.46 ' " 1.04

4

TABLE 2b. Performance data for adjacent tube temperature
difference of 2C for T(source)avg=46C and T(sink)=26C.
Q (Watts). m(wtr} gm/s, R{T)=Q(T)/QA

HAHH R R AL R R RF R R R B R SRR R RS E R RN S R LU U DR BT R R ERERS
mi{wtr)=33.7 m(wtr)=33.6 mi{wtr)=33.4

RUNE# RCHG Q(42) R(42) Q(46) R{40) Q(38) R(38) QA QA/QAE

9 86 169.3 1.36 135.1
10 75 191.7 1.41 146.7
11 65 163.7 1.25 147.7

1 85.3 @.66 129.9 1.04
1
1
12 48 159.6 '1.25 136.5 1
1
1

4 i
4 73,9 6.55 135.4 1.@3 1
3  8l.1 ¢.62 13d.8 £.99 |

a

4]

1

a7 85.8 @.68 127.1 1.06
13 36 127.0 1.24  113.9 11
AVERAGES 1.29 28

67.1 @.65 162.7 1.14
@.63 1.85




TABLE 3. Performance data for adjacent tube temperature
' difference of 3C for T (source) avg=4@C and T(smk) 208C.
Q (Watts). m(wtr) gm/s. R(T)=Q(T)/QA
#######################i#####i#####i################################
m(wtr)=76.8 m(wtr)=35.8 m(wtr)=26.@
RUN# 3CHG Q(43) R(43) 0Q(40) "R(48) Q(37) R(37) - QA ~ QA/QAE

14 99 257.2 1.88 164.9 0.76 49.¢ ©8.36 137.8 1.12
15 8l 268.¢ 2.00 114.9 0@.86 18.1 0.14 133.7 1.82
16 8¢ 289.4 2.3¢ 66.6 @.53 21.8 @.17 125.9 @.95
17 86  233.1 1.73 99.3 @.74  79.8 0.53 134.4° 1.02
18 76 187.¢ 1.38 143.9 1.@6 76.2 @.56 135.7 1.061
19 66 193.4 1.48 151.3 1.16 46.8 #.36 130.5 9.98
20 586 253.3 1.87 128.8 @.95 23,3 @.17 135.,1 1.49
21 . 45 216.7 1.51 136.0 @.95  77.3 ©4.54 143,3 1.21
22 45 186.5 1.52 118.4 @.97 62.1 @.51 122.3 1.063
23 25 151.1 1.50 94.4 0.93 57.7 ©6.57 1@1.1 1.26
AVERAGES 1.72 @.89 @.39 ' 1.67

TABLE 4. Perfonnance data for adjacent ‘tube temperature
difference of 4C for T(source)avg=4aC and T (sink)=206C.
Q (Watts). m({wtr) gn/s. R(T)=Q(T}/QA

####################################################################
m(wtr}=33.7 m(wtr)=33.6 m(wtr}=33.4

RUN# %C‘HG Q(44) R(44) 0Q(48) R(46) 0Q(36) R(36). QA QA/QAE

24 87 261.0 1.9¢ 138.9 1l.41 * 12.¢0 ©.09 137.3 1.1l
25 86 258.7 1.91 138.3 1.2 * 9.6 @.87 135.5 ' 1.@5
26 68 261.0 1.95 140.7 1.05 8.0 @.8¢ 133.9 1.0l
27 57 211.6 1.68 147.7 -1.18 * 17.6 @.14 125.6 £.98
28 52 183.4 1.41 165.3 1.28 40.2 @.31 129.6 1.04
29 38 171.7 1.65 144.7 1.35* 0.6 @2.0¢ 104.1 1.16
AVERAGES 1.75 1.15 %% @.19 1.06

NOTE: m(wtr) for * runs was 22.9 gw/s.
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'Fig. 29 shows the "heat transfer rate .and the overall
conductance values as a functlon of evaporator stat1c charge for these
three cases as well as the curve for the équal heating case. Fig. 30 is
a plot of the average evaporator heat transfer coefficient ~ versus
—eveporator- static charge for these cases .and the curve for the equel

heating case. .The broken curves on this figure define a +16% band

2

about the curve for the equal heatlng case within which all of the
equal heat1ng data lies, with the exception of one poig;. The ~curve
for the equal bheating case was obtained for water flow rate of 24.8
agn/s. |

A number of observationslcan be made from the results shown in
Tables 2-4 and Figs. 29 & 30:
1. In all three cases the heat flqw rate, on aeerage, is slightly
better (4%-7%) than for the equal heating case.

2. The average evaporator heat transfer coefficient remains
unaffected bylunequal‘heatieg, nearly 86% of the data points lie within
1% of the curve for the equal heating case.

3. Unequal heating cauees a dramatic shift'in the heat flow rate
| eetween the three tubes, a shift far greater than would be expected on
the basis of predictions using the resuits for equal heating with the
same 20C temperature dJifference. The tube subject to the highest
temperature source fluid transferred, on average, 23%-54% more heat than
would“ be expected if all the tubes were subjected to the same elevated
temperature ‘with-the same tempefature difference . On the other " hand,
“the tubes subjected to the lowest temperature difference operated at a
level 27%-87% below thet if all pubes were subjected to the same Eeduced

temperature with the same temperature difference.
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'4. Based on all the data presented in Tables 2-4 the heat flow rate

Q(48) is, on average, 9% better than the average heat flow rate for -

Fl

equally heated tubes at the same temperature. i _
s, Substantially different heét flow rate dié;riﬁutions can and do
occur for vérg_similar charges for the samé-temperature distributioﬁé.
These shifts can also result in substantiél changes in the average heat

flow rate. Note, for example, runs 3 & 4; 15, 16, &17;and 21 & 22. The

differences in these data give a measure of the variation which may be '

expected in the'results for any given test.
6. For static charges between 40% and 98% the system performance
appears to be essentially independent of the static charge. If any trend

exists it has been masked by flectuations in the data.

One can get some idea about the stochastic nature of boiling by

studying the performance data for runs 21 & 22, Fig. 29 indicates a

difference of approximately 63 Watts in the heat transfer rate for these .

two runs. This substantial difference in the heat treansfer rate is due
to different flow regimes encountered which resulted in a different
proportion of dryout in each case. In run 22 dryoht manifests itself at
four thermocouple locations, whereas in.run 21 dryout was observed only

at the topmost thermocouple'ip the tube subjected to the highest source

fluid temperature.

From above it can be surmised that.more than one stable

operating condition is possible for a given set of conditions. In many
cases the system behaves such that the cumulative heat transfer remains
approximately the same, although the distribution of heat traﬁsfe; rates

in adjacent tubes for two identical runs mdy be substantially different,
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Figs. 31, 32 & 33 giye the average heat transfer coefficients

for- individual tubes for vaiious_ temperature difference conditions

- between adjacent tubes. Where appropriate, the data points are joined by '

a curﬁe,' otherwise, due to scatter in the data the upper and lower

bounds of the region where the data falls are indicated. The width of

.the bands where the data lies is indicative of the region where the

heat. transfer coefficients for any particular condition may be expected
to fall. At low evaporatér charges the improved heat transfer
coefficients in the 46 C tube, as shown in Figs. 31, 32 & 33 when
compared to those of the tube subjected to a higher source fluid
temperature are due to dryout in the higher température tube. The.
smaller heat transfer coefficients in the 43 C tube, as shown in Fig. 32
at 60% and 70% st;tic chargés are due to the presence of both dryout
and boiling suppression, observed at the topmost and  bottom
thermocouples respectively.

These results promptedrfﬁghguthor to investigate the behaviour
of the system ifﬁstwo tubes are subjected to the same source fluid
temperature and the third tube subjected to a source fluid temperature
either 2C above or below that of the other two tubes; such a situation
would ériée if a non-uniform temperature air stream approaches the face
of an evaporator coil. The results obtained in these tests are shown in

Tables 5&6.

The results shown in Tables 5&6 indicate that :

-
A

1. The total heat flow rate is approximately 5% higher than would be
expected based on the individual performances for equally heated tubes.

2. The heat flow rate of identically heated tubes in Table 5

. ‘ \
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TABLE 5. Performance data for source fluid temperatures of 42cC, 42C
‘ and 48C. T(sink)=2@C. Q(watts). m(wtr) gm/s. R(T)=Q(T)/QA
###############i###############t#########i##i######################?
: . m(wtr)=35.1" m(wtr)=35.8 m(wtr)=33,6
RUN#  CHG Q(42) R({42) Q(42) R(42) Q(48) R(46) OaA QA/QAE
*m(wtr)=33.6 *m(wtr)=33.7 *m(wtr)=33.4 .

- 3@ 86 158.6- 1.11 176.5 1.2 98.5 ©0.69 142.3 1.06
31 * 80 16l.8 1l.12 153.8 1.6 118.9 @.82 144.8 1.85
32 78 165.3 1l.16 161.1 1.13 1@2.¢ @.71 142.8 1,63
33 65 17¢.5 1l.15 163.4 1,10 = 112.5 @.75 148.8 1.06
34 * 63 159.6 1.1¢ 153.8 1.7 118.9 ©.83 143.9 1.03
35* 60 168.8 1.18 160.8 1.18 88.4 @4.64 136.7 6,98
36 * 52 146.9 1.69 .138.¢4 1.2 .119.6 ©.89 134.8 1.02
37 5¢ 161.7 1.16 153.6 1.11 1962.6,0.73 139.1 1.06
38 * 48 147.7 1.7 164.6 1.19 192.7}7@.74 138.3 1.08
39 35 139.6 1.18 132.4 1.11 84.4 ¢.71 118.8 1.11

AVERAGES 1.13 1,12~ @a.75 1.85

NOTE: QAE is for a source-sink temperature difference of 21.3C.

~ TABLE 6. Performance data for source fluid temperatures of 42C, 46C
and 40C. T(sink)=20C. Q(watts). m(wtr) gm/s. R(T)=Q(T)/QA
FRLERBERREH AR AR LE R E RN R R R B E R SRR B SRR R R
m(wtr)=33.6 m{wtr)=33.7 m{wkr)=33.4
RUN# R¥CHG Q(42) R(42) Q(40) R(48) 0Q(408) R(40) QA QA/QAE
*m(wtr)=35.1 *m(wtr)=35.8 ‘*m(wtr)=26.0 '

43 * 88 183.7 1.43 92.9 @.73 167.8 6.84 128,1 1.0l
41 85 178.9 1.32 118.9 0.87 169.9 «@.81 135.9 1.4
42 75 167.4 1.24 121.3 @.90 116.1 @.86 134.9 1.0¢
43 73 172.3 1.25 114.6 0.83 125.9 4.92 137.6 1.0l
44 * 70 173.1 1.29 126.6 0.94 104.0 9.77 134.6 ©.99
45 * 7¢ 176.4 1.28 124,9 ©.91 112.6 9.81 138.8 1.4l
46 63 181.5 1.29 132.6 0.94 107.7 0.77 140.6 1.@3
47 * 50 182.2 1.48 115.4 0.88 93.6 ©6.72 13¢.4 1.83
, 48 46 153.2 1.19 125.4 ©.97 1@8.8 @.84 129.1 1.15
49 * 3¢ 125.7 .1.21 111.6 1,87 75.0 @.72  194.1 1.12
AVERAGES - 1.29 2,909 .81 1.04

NOTE: QAE is for a source-sink temperature difference of 2¢.7C.

v
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differed by up to 11% and in Table 6 by upto 28%, except for the lowest

charge where the difference is 39%.
3. There is no significant variation of heat flow rate with charge

except for charges less than 4% where the performance drops off,

Figs., 34 & 35 are plots of heat transfer coefficients in

individual tubes versus evaporator static charge.

An examination of run 35 in Table S5 indicates that the
proportion of heat transfer taking place in the 40C tube is smallest
when compared to otherlruns in the same Table. The small heaty transfer
rate in the 40C tube is due to the presence of both boiling suppression
and dryout |, iﬁdicated b& high tﬁbe wall temperatures. This heat
transfer rate results in a loﬁer value of the heat transfer coefficient

i »
for a static charge of 68%, as shown in Fig. 34.

+
N

For a static charge of 52%, Fig. 34 shows lower heat transfer
coefficients in the 42C tube compared to the 48C tube. The decreased
heat transfer coefficients in the 42C tubes are due to dryout occuring

in the top regions of this tube.

The 'significant difference shown in Fig. 35 for the heat
]

transé%r coefficients in the 40C tubes for a static charge of 38% is

due to dryout occuring over 4@% of the area in one tube and over 6% in

the other tube.
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"CHAPTER VI

- CONCLUSIONS

The following conclusions can ‘be drawn about the

operation of the system:
GENERAL:

i) The performance of the system was found to be’
substantlally lower than that reported by Sampath(l).
ii) Between stat1c charges of 43%-90% the system performance
appears to be independent of static charge.
iii) Inclining the tubes from the vertigal shifts the

performance curve to the right.

UNEQUAL CHARGE DISTRIBUTION:

i) Charge variations‘between adjacent‘tubes of 3% to 13% '
have a negligible affect on the heat transfet rate
and average evaporatBr heat transfer coefficient for
the system for source to sink temberature digferences
of 20C and 16C. '
ii) For a majority of static charges the avetage evéporator
heat transfer coefficient was found to lie within

*30%. and $32% of the curve for a vertical evaporator

for - ‘the 40C/20C tests and the 35C/25C tests
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respectively.

UNEQUAL HEATING:

i)

ii)

iii)

iv)

V).

vi)

’ TEmperature dlfferences between the three evaporator

tubes of as much as 40% of the average source to evaporator

saturation temperature difference slightly increased the

heat transfer rate (43-7%) iﬁ the evaporator compared
with their expected pé?formance with all tubes equally
heated ] (S

The average evaporator heat transfer coefficient in
these tests were unaffected by unequal heating. Nearly 80%
of the data falls within *10% of the curve for the
equal heating case,

The tubes subjected to e highest source fluid
temperatures transferred, ori average, 23%-54% more heat
than would be expécted for equal heating.

The heat flow rate in the tube subjected to the average
source fluid temperature of 48C was 9% better than thé
average heat flow rate for equallf heated tubes. ‘
The tube subjected to the lowest source fluid

temperature transferred, on average, 27%—87%_less heat f Y
than that for equal heating.

Substantially different heat flow rate distributions

were found to occur for similar charges for the same

temperature distributions.
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" RECOMMENDATIONS:

- study:

i)

ii)

iii)

+

The foliaﬁing recommendations are made on the basis of this

It is important to eithér‘replace the rightmost 1/4" tube
or identify the reasons for its malfunctioning and rectify
its performance. After accomplishing this the effect of
rotation and nonunifofm heating of the evaporator shou;d
be studied with the 1/4" tubes as the evaporator.

A greater understandiﬁg of the types and causes of
instabilities encountereﬁ in such systems is essential

and therefore an exhaustive experimental study«n a test
rig with adequate instrumentation to record the
fluctuations in Lhe mass flowrate, temperature and
pressure should be carried out.

It would be worth while to use another refrigerant and

study the effect of the parameters varied in this study.
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'APPENDIX A

Table &a-1 Experlmental data for T(source) =48C, T(51nk)-
20C. Vértlcal evaporator .

###########################################################

Serial % Charge (%) Q{watts) H(Watts/sg.m K)
SRASR4R AU EREBELREADRRHBE RS IBLELE R ERERRE SRS A R M R R B
1 9@ 366.0 1117.2
2 82 378.5 1184.7
3 80. ,391.1 1321.7
4 77 378.5 1179.7
5 71 387.1 . 1364.9
6 70 389.6 1316.7
7 60 382.6 ©1305.2
8 56 ) - 382.6 1216.7
9 54 368.9 1216.8
10 506 349.6 1667.0
11 46 350.0 19¢2.8
12 449 '~ 348.0 1940.4
13 36 ' 302.4 736.4

Table A-2 Experimental data for T(source)=4ﬂc, T(sink)=
20C. Evaporator tubes inclined at 38 deg. -

###########################################################

Serial # Charge (%) Q(Watts}) - H(Watts/sg.m K)
##############################################%############-
1 B4 389.4 1328.4
2 , 77 487.9 1574.0
3 70 382.2 1396.6
4 65 392.3 .1319.8
5 60 349.5 1057.8
6 60 364.4 1176.6
7 56 377.9 1239.2.
. 8 50 383.7 1267.5
-9 5@ 340.1 896.5
10 49 292.1 640.4
11 38 361.8 692.6
12 34 316.3 763.3
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Table A-3 ggperiméntai data for T(source)=48C, T(sink)=
- 2ec, Evaporator. tubes inclined at 45 deq.

HEHH R R e —

Serial # Charge(%)* Q(Watts) . H{Watts/sg.m K) -
FHERRHE RN B AR R R S R R R SR R R R R R R R R R R R
1 99 392.6 1523.3
2 85 394.0 1444.7
3 83 399.2- 1546.1
4 % 398.6 - 1427.3
5 60 - 356.9 1663.9
6 53 - 321.5 819.9
7 50 396.9 726.5
8 36 244.7 440.9

Table A-4 Experimental data for T (source)=46C, T(sink)=
20C. Evaporator tubes rotated at 3¢ deg.

FRERBR R R ER R R R R R R R B S R S R B E BH RE

e - Serial # _ Charge(%) Q{Watts) " H(Watts/sq.m K) -
###########################################################

1 83 404.4 1480.3

8O 412.7 © 1554.6

jg 806 411.3 ° 1562.7

"4 7 . ' 394.0 1425.8

5 57 362.9 : 1144.1

6 50 364.7 1162.9

7 40 321.5 802.2

8 26 251.2 499.7

8@
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Table A-5 Experimental data for T(source)=48C, T(sink)=
'20C. Evaporator tubes rotated at 45 deg.

SRR AR HR R RER R RN R AR R R SRR 0

Serial # Charge(%) O (Watts) H(Watts/sqg.m K)
FHARHEASHER R H R H LR SLRRBE AR RR B E SR E IR RER LRI
l . 9g 392.0 1326.8
2 9p 385.7 1267.4
3 80 375.4 ' 1276.6
4 80 379.1 1321.6
5 79 394.0 1578.7
() 79 . 387.1 1405.4
7 58 369.8 1259.6
8 51 356.7 1119.7.
9 44 327.7 931.7
10 33 285.2 654.6
4

Table A-6 Experimental data for T(source)=35C, T(sink)=
25C, Vertical evaporator.

FRESHERBERSRRBRHRLRRHE BB EGERERIHORA R RER B HOR IR

Serial # Charge (%) Q(wWatts) H(Watts/sq.m K)
FEERR B RERRAR R BRI ER DR R ER R IR RN R RN H R R IR

1 L B 88 176.9 785.2
2 ) 83 195.3 874.1
3 83 165.4 . _ 713.3
4 80 169.4 749.4
S 80 171.1 764.7
6 80 154.1 652.9
7 76 179.4 : 864.9
8 60 162.8 , 779.9
9 50 153.8 769.9
1@ 49 164.4 733.5
11 35 134.6 wHd8.6
12 30 154.5 . 719.8
13 20 125.7 468.8
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Table A-7 Experimental data for T(source)=35C, T(sink)=
25C, Evaporator tubes inclined at 15 deg.

#################i#########################################

Serial $ Charge (%) Q(Watts). H(Watts/sq.m K)
HHERIR AR AR AR LR D R H R R LR E R R LRI I 1S
L 88 186.7 1043.9
2 = 88 178.2 834.8
3 84 174.2 9208.6
4 70 _ l6l.8 771.6
5 78 , 164.9 831.4
6 76 - 194.3 991.9
7 63 151.1 626.8
8 6d ' 163.8 769.8
9 54 192.2 1@35.3
1@ 50 151.4 704.9
11 43 129.6 i 485.8

Table 2A-8 Experlmental data for T(source)=35C, T(s1nk)—
25C. Evaporator tubes inclined at 3¢ deg.

“~ _
###########################################################
Serial # . Charge (%) Q(Watts) H(Watts/sg.m K)
#####################################ﬁ#####################
1 , 92 173.3. 886.1
2 80 190.5 1153.5
3 17 216.0 1264.6
4 i 0 . 193.6 967.2
5 60 184.6 914.0
6 60 189.8 1187.9
7 54 152.4 754.8
8 56 14¢.0 : 561.9
) 46 . 135.8 504.0
12 27 185.4 346.2
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Table A-9 Experimental data for T(Source)=35C, T(sink)=
25C. Evaporator tubes rotated at 15 deg,

FHBHHHBHH O R B I

Serial # Charge (%) Q(Watts) H(Watts/sq
#######################################i################
1 85 163.3 714.1
2 85 178.6 .855.5
3 85 177.3 849.4
4 68 196.5 1654.9
5 60 187.7 968.6
6 " 5@ 16@2.2 780.8
7 49 .153.8 691.7
8 37 134.8 531.4
9 37 142.9 563.9
10 25 133.1 517.2

Table. A—lG. Experimental data for T(Source)= =35C, T({sink)=
‘~ 23C. Bvaporator tubes rotated at 30 deg.

###########################################################
. H(Watts/sg.m K)
_ﬂ###########################################################

Serial # Charge (%) Q(Watts)
1 8@ 185.6
2 + 75 172.7
3 70 169.8
4 60 -144.0
5 . 60 199.6
6 57 155.5
7 50 14¢.8
8 43 157.6
-9 3o 137.8

S 29 129.6

- 11 2@ .167.8

1609.9
816.5
862.2
645.0

1145.3
686.9
612.1
789.3
569.5
521.2
396.7

e W R Bl o i D ko i R ST
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Table A-11 Average evaporator heat transfer coefficient and
heat transfer coefficients in individual tubes
for T{source) average = 46C, T(sink) = 28C with
a temperature difference of 2C between adjacent
tubes. h, H (Watts/sq.m K).

- .

##############################################################

Serial # Chg(%)  h(42) " h(49) h(38) H
SEERERLELFRRBNRE BN H BRI LSRR RE LRSS H LRI MR HR N A BRI
1 - 86 1263.3 1257.8 945.8 1174.7
2 75 1556.6 1364.1 B6G.3 = 1361.0
3 65 1260.2  .1433.9 . 942.0 1233.3
4 48 1168.9 1234.8 971.0 1138.3
5 36 717.8 778.1 537.7 687.1

\

Table A-12 Average evaporator heat transfer coefficient and
heat transfer coefficients in individual tubes
for T(source) average = 40C, T(sink) = 20C with
a temperature difference of 2C between adjacent
tubes., h, H (Watts/sg.m K).

#############################################################é

Serial # Chg (%) h(42) h(48) h(38) H
FERERRAREREASRBAR AR R BN R R RERHIRRRRH R R R BB R R R R R R R

1 9B 1676.7 1422.2 141.7 1154.6

2 8¢ 1429.7 . 1411.1 896.8 1284.3

3 67 - 1796.6 1171.2 1895.1 1404.3

4 67 1763.6 1298.4 ~ 656.8 1318.7

5 56 1589.5 1238.2 585.9 1172.7

6 33 1394G.4 1988.3 934.6 1172.8

7 50 1232.8 1874.2 992.1 1119.1

8 31 1978.¢° 917.8 499.1 866.1




% -
\
Table A-13 Average evaporator heat transfer coefficient and
heat transfer coefficients in 1ndlv1dual tubes
for T(source) average = 46C, T(51nk) 20C with
a temperature difference of 3C between adjacent
tubes. h, H (Watts/sq mK).

##############################################################

Serial % Chg (%) h(43) h(48) h(37) H
##############################################################
1 99 1733.5 1618.5 793.4 1279.7
2 81 1757.7 1671.4 212.0 1161.2
3 80 1843.1 536.5 236.7 18¢9.1
4 80 1514.4 895,1 1026.5 1205.5
5 76 1149.9 1354.7 1043.0 1186.5
6 i 66 - 1169.7 1422.7 568.0 1166.1
7 . 50 1638.8 1195.6 262.4 1152.8
8 45 1361.3 1315.7 1174.1 13¢8.7
9 45 1123.7 1063.6 88l.4  -1855.7 -

10 ©25 748.4 636.5 568.9 668.9

&

Table A-14 Average evaporator heat trangfer coefficient and
heat transfer coefficients in individual tubes
for T(source) average = 4@C, T(sink) = 20C w1th
a temperature difference of 4C between: adjacent
‘tubes: h, H (Watts/sq.m K).

##############################################################

Serial #  Chg(%) h(44) h(40). h(36)
##############################################################
L 87 1902.6 1376.8 163.3 1323.2
2 . 8@ 1859.1 1347.2 129.3 1283.6 -

3 6B 1877.3 . 1366.1 0.0 1227.7
4 " 57 1393.5 1405.0 2216 1126.9
5 52 1110.4 1573.6 528.1  ~1123.2
6 3G © 859.8 1806.5 8.6 .- p72.8

)
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Table A-15 Average evaporator heat transfer_coefficient and
heat transfer coefficients in individual tubes
for a source temperature conflgurat1on of 48C- -
40C-42C and T(s1nk)=2ﬂc. h, H (wWatts/sg.m K).

##############################################################

Serial # Chg (%) h(42) h(49) h{4d) H
##############################################################
1 88 . 1392.7 789.4 1617.5 1¢81.8
2 85 7'1508.9 1220.4 1859.1 1274.2
3 75 1326.4 1228.9 1115.3 1228.7
4 73 1499.8 1268.3 1346.3 1361.8
5 S 1463.9 1282.9 1125.8 1384.3
6 18 ¢ 1518.9 1263.0.  1216.1 1343.2
7 63 1587.1 1330.5 1651.5 1307.2
8 58 . 1464.5 1103.8 926.5 . 1185.9
9 46 1084.2 .™~H17.4. 942.3 ' 1049.9
1@ 39 * 745.9 792.1 545.5 698.7

Rt

~
S

Table A-15 Ave:&ée évaporator heat transfer coefficient and -
- . transfer coefficients in individual tubes
e fgr a source temperature configuration of 40C-
“42C-42C and T(sink)=20C. h, H (watts/sq m K)-.

u?i

##############################################################

Serial # Chg($) h(42) h(42) h(40) H

##############################################################
1 86. 1374.2 1524.0 992.3 1310.4
2 80 1398.4 1331.8 1266,9 1337.0
3 78 1494.8 1463.2 11d5.3 1368.3
4 65 1593.5 1533.8 1307.1 1490.4
S 63 1372.3 1366.5 1290.2 1347.2
6 60 1387.6 1378.1 819.5 1179.4
7 52 .. 1145.4 1080.6 1156.3 1125.5
8 50 1426.8 1361.8 1101.7 13@9.1
9 48 1184.8 1349.0 993.4 1186.1

1@ 35 927.4 883.2 642.3 825.0
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C 17£QLPRINT #-2, “EMERGY TH. MIDDLE TUEE(N):'TAB(&Q) IPRIMT ﬂ—-,USING'ﬂR# ##'102:‘?

V’TA 21)-Tal 4‘)\+HR*' 2*(TA(Q)+TA(1)+TA(°)+TA(3)*TA(4))-TA(A”))))
130 PRINT. H—;}'UEE'TAB(3?) TPRINT #-2,USING™ itas, #y"JUE; PPINT #‘;:THB(&U»:(J‘-' i
. ~FRINT #-2,USING" 444, #8° ;EV; :PRINT' -2 ')' -” et
;18“0 PRINT #-2,"UEA:"TAB{39);:PRINT. #-;1USING Rauy, ﬁ&"E: ' : :
830 PRINT # *.'UCC"TAP(39)-2PQINT »‘~|USINF'*3““ ##"UC!-PPINT #ﬁﬁ‘TAB(évl't"

L1B7A PRINT #-2,"UAC:"TAR(39); SPRINT #-2,USING BN, 88" 314 :
AIE3G,FRINT H=2 **ti*k**i***iQ&&ii*'&*itii*&ilbik*i&&h***t*l*’**fﬁklt***lri!l%b!

© RINT #-2 TAE!&Q)'('%-PR'NT H—-,USING OB HNSTXES L PRINT H-2,73"
177B\PPINT B-2,"ENERGY IN RGHT TUBE(H)S'TAB(#G)SiFRINT+#—_rUSING"ﬂ#ﬁ #Q' hD PRI

“NT #—_1TAB(&B) ("5 tPRINT #-2,USING"H##%._#8° XD :PRINT H=2,")"

1780 PFINT =2 'ENERGY‘IN(N "TAB(éB) TPRINT #-2,USING" R## #ﬂ' HA‘ PRINT ﬂ-;yTAB

R -1 AR T PRINT W=2,USING 8, 40" 3 IPRINT »—2;')'

1790 -PRINT. #-— 'ENERGY 0UT(H)"TAB(40);‘FHINT #=-2,USIMG" ﬂaﬂ » h NA PHINT ﬂ- vTR

J°‘-0!'("’PRINF' =2, USING" WH#. #8°{YVI s PRINT LA
'I:BO PRINT #-2,"EVAP EFFECTIUENESS“TAB(QI) SPRINT -~ #=2,USIMG" h# ﬂﬁ”'HA/(CP"HL*S‘

4(TA(1@)+TH411’+TA(1 \+TA(13\+TA(161) TACAZ) ) +MI#(, *(TA(5]+TA(6\+T#(?)+TH(EW+

‘FPINT - USING 44, H#" ;CV;: PRINT #-2,")" . o
1360 PRINT. #-2,"Uca: fTAB(3?),_PRINT ﬁ---USINf‘#RQ# BREIFS :

1520 PRINT #-2, "UAA:YTAR(IS) {TPRINT #-2,USTNG " HANH. #h" ] UA tPRINT n—z(rnntsmvrg'?

SPRIMT "#~2,USING" Ba#. #87 ; AV 1PRIMT #—” ") :
1980 PRINT 9"21"UAE 'TAB(39);=PRINT H=2,USING" *##ﬂnﬂ#",Gh

»

wern&***&*&»***n'

©1390 PRINT #-2,° CONDENSER SIDE TEMPERATURESi® . - ~» -

1=00° PPINT #=-2, Q*}****k*ff&*q--nd-iu-ﬁ'-.tqn-lnpn . -
ﬂiQIG BRINT “—“'PRINT ﬁ-¢|792(5)'UAPnUR HEADER TEFF"|TA:(60)‘-PRINT “*;.US!N:“H” .
nys TA(QT)E'PRINT H-2 ("'PHINT ﬂ—-‘USING ni, ﬂﬂ"UT(ﬂJ);lpﬁtNT H-2," T'PF[HT ]
ls . .

.IQ“B FPINT “_A|TﬂB(5, WATER QUTLET TEHPS-'.TAB(JU).-PR!HT ﬂ~_|USlNG"hH.##‘:TA(QI

TPRIHT #=2," (%3 tPRINT «#=2, USING" &8, #4* IVICAL Y 2PRINT #=27 ") 5 TAB(A45) 5 :PRINT #—

‘;‘“SING $4, ﬁ#“lTA\ﬁU). PRINT #=2,° (" 3:PRINT 4-2,USING"##. H*'|VT(403 .PR!NT u-

YT RTAB(EQY

u!qJG PRINT #-¢|USING TR, ﬂ#; iTA(39) 3 PRPNT #-2, '(“'-PRINT ﬁ-4|USiMb ”H.#R':UT{Z:

FIFRINT #-2,")*:PRINT #-2

zvqn'PPxNT o2 TAB(S) " COND WALL TEMFS LI

;78 FOR I={ Ta S : : :

19:@ FRIMT 8-2,TAR(IO) 5 1FRINT #-2, USTHG" 48, 04" sTAI [+14) 55 PRINT H-2,% (%3 tBRINT 4
SLUSTHS HE. #8VTUI+14) 3 PRINT #-2, )" sTARV 45 § tRFINT #-2, USING™ 8. au*,1a~1+1q:
TPEINT #=2,%{*{:PRINT #-2,USIMG*#4, 48" 1UT (L= 191 PPINT B=1y ") TAPCLO) ¢

1370 PEINT 4-2,USHG" #. nﬁ' STACT+26) 1 T PRINT #=2 $PRINT #~2,USING* H4, w4 YT

~ -

=61 §3PRIMT #=2,")"

1S3 MEXT I ! : \ - .

17EQ PFINT ®-l: FRIHT “1_oTkBiS‘"UA’EP '”LET T:HF“‘",TAE("O\iiFR[HT H=l USING Ha,
#ﬂ"'Tn("B),-PRII"IT $ay *U":PRINT A= USING #8887 JVT(ISV 5 PRINT -2, ") " AR (A5
tERINT #-2,USTNG" 4#. H#" TALITIVYPRIMT #=2," (" :PRINT B2 USIMG " #l, S0 30T (375

e ls F"RINT #=23 "1 iTAR(EQ) 52 PRINT #-2,USING” #HO ﬂﬂ"uTA("bl. PRINT #=2,"(";:PPINT

. H=Z\UZTNG AR BT VT2 5 TPRIMT H-—2,".0"

COHLONPFINT. 8-, 'l*b!—*‘ﬁbﬁ-ﬁ-ﬁ-ﬁ-‘##-'ol--tb&'*#ithllp&&&d-bltbﬂ-*i-ﬁ0-&b4.&4§1—’4!~¢>"-l4.pf1--*;
A L TR T T Y

QL0 eEINT ﬂ—;.'EuﬁpﬂpnTﬁp."IfL TEMPEPATIUPEZ "

ININ PEIIT =2, " bttt br bbb bbb e b p b h g ¢

Z04Q BRINT MH=2 tFRINT #-2 *'E(“"Uhp HiE HEADER TEHF “ATAT SV IFTINT #-.sTrrgd
Tm,oaniToraY T iFRIMT #-2 """' PPRIMT #-2, CIHG 48, #4" (T a ) :2PRINMT #H-7, " )" :PEIYT

ER

Iy

g0

.
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CNNE T PR S

BT B
TPRINT #=2,USING"#N. 88" 1TA(3Z

B‘@ PRIMT #-2,TAER{3)"UATER QUTLET TEHP "'TAB(JE)
tPRIMT #-2,"
USIMG'N”»#*"
B‘O PRINT Q-Zq
D-A.USIN"## L
2270 PHINT ﬂ—“TAB(S)'EVAP HALL T=HFS"

. 2088 FOR I=0 TO 4

TR3PRINT #-2,USING" ##. ##" {VT(3)
4(34) 5 :PRINT ¥~2
1" iTAB{&@) §

tPRINT. “-&t.’-iTAB(“s}|=PRINT L o
*(*3IPRENT #-2,USIMG*"##.W8"; UT(*ﬁ).
PRINT -2, USING"##8, Qﬂ' TA(35) 5 :PRINT #—Es'h‘iﬁPRINT
UT(33)F3PRINT #-Z, " 1" IPRINT #-2. i e o

’Qqﬂ PPINT ﬁé
yUSTHNG" ## . #

‘t;:DPINT ﬂ—2,'t"'PRINT #-2

T TRRINT »—z'ucrua‘su wiie s fA(1+ldi:=PR1NT #-2
{PRINT" #-2; *
, USING" H. ua-.vr<1+5>

,"("'PP'NT 4=
§IPRINT #-2,USING#8, s~
2,7)" {TAR(6Q) ;

“100 PRINT #—

Q3

1USING'H* ﬁﬂ' '('i:FRINT B-=T,USING #Y. 88" VT (I +

2110 NEXT I ;
2120 PRINT #-2:PRINT #
S STACION _
PPRINT #=2,USTNG" #8: ##° 3

=17Q

-"¥Aet5) “UATER INLET TEMPS: *sThR(30;
:PRINT #-2y(* 3 1PRINT H-2,USING" #H. 48" SUT30) ;
“;IPRINT 8-

PPRINT #-2 USING #Y.
TPRINT #-2,°)*;TAR(AS?;
2rUSING 88, 88" ;VT(31);

PRINT #—-.UqlNG ## #*"TA(3”!?:PRINT H=2y

1) TARLSD) §

#—7, LS.
“l*@ PRYNT ﬂ—

*kﬁl“&!f&*****'
TR PRINT #-2

(é#)?:PEINT H=23 " ("3:PRIMT H-2,USING"HH#. %

YTO3IZV5IPRINT #22, )"
n*+u+!**&**r****»*¢¢nQ&*Q**ﬁ**f#***iw;&w!***oq»'**n&&*i4a&¢4§r&~

r*SUBCQOLER LIQ“ID LIN” TEHFS'.'TAB(1@)1‘PRINT h*L‘USIN
TIVT(44) 5 :PRINT #- *,'!"TAB(QS"=
;‘:PRINT #-2, USING " #8_ #n~ 3

.ucrns'uﬂ'aa'-TAfdsr. PRINT #—“ .

2"y iTARCEQY 5

‘Ino PRINT #-2
TPRINT 4-2, -:-*

"’G FRINT u-° '*npﬁd&int»*¢*¢b**i>4}*&n&**&**&i{#*.n***»u+r*»***&*;#»*»i&&&u*tn

44&*&444**«}&}»&"

_19e

USENG'#P #H‘.TA(A%) 1P (T I IPRINT #-2,USING™ ##. #ﬂ'

"FLOWMETER READINGS:®
PRINT n—;,'**«»i}wnr¢**y*u*+-" L ,
FPRINT R—E,TAE(IG}'LEF TAR(SD) "RIGHT" ; TAR(7D) "BOTTOM® .
TARB(TQ I " ¢%nsan"

"3TAB(3@Y*MIDDLE" ;5
TAB(IG)“*&#&*;TAE(jn)"****»&'
Fﬁr 1=1 TO JA

TAE(IO)RIGHTS(Li\I),;) TAB(3B)RIGHT$(H$(I).7};TABf59}RIGHTS(RRStI
:TAB‘?BTRIfHTstPS(I)‘!) .

TAB(AE"n*¥**'

FPINT H§- __,'QI-GQh*&ﬁ**\‘Q***ﬂ'll-}&*4****4*}**”***!{**'*'**‘i*****}***t*{b.!O'F

LR L L LR TR Y X R T

~Z2d PRINT 8-

MY B-
Z=7a
-23Q
L0

-

2300

"SATURATION TEMP (C#"TﬁB(S?),-PR;NT -2, USTING™ 4, n*“TA(4
Z.TAE(oQi'(":'PnINT B=2,USIMNG #48. 88" VT (473 .
"MY OF SCAMNS:*TAB(IQIM
MaxX NOQ OF SCaNS:
FRENT H—;.“NIN MG OF SCANS:*TAR (4G PM

TN I********* I!—*H-I'+¥-¥-I-** h*bi!-I-'!I'!-***-********b***ti%*-‘t*h*##4*

FPRINT #-2,"

PRINT #-x, - "TARCAQYPY

[ ey &&*b*(—ld»l"

~319
232
2339

)

Z3EQ

IMFHT "on YHH WAMT' Tu REPEAT THE PPINTING FPﬂ
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kN , . APPENDIX € -+ SAMPLE OUTPUT .
“DATE:MAY 22 : o TEST # 233 .
EVAP TILT ANGLE(DEG): - 0.0 2t .
.« EVAP 'ROTATION ANGLE(OEG): . 0.0 ' .
CONO TILT ANGLE(DEGI: - _ 45.0
COND" ROTATION ANGLE(DEG): . 0.0 - e
COND:ELEVI(M) 0.9 LR
WORKING FLULD: - . . RN )
EVAP CHARGE(%): . 87.0 '
_ HOT WATER FLOW, IN LEFT TUBE(GM/S)! 23.7 i P .
" HOT WATER FLOW IN MIDDLE TUBE(GM/S): 33.6
HOT WATER FLOW  IN RIGHT TUBE(GM/S): 33.4
COLD WATER FLOWI(GMsS)! 63.2
. . AVG HOT WATER INLET TEMPI(C): 39.93
LN AVG COLD WATER INLET TEMP(C): 19,95
' AY,G COLD WATER OQUTLET TEMP(C): 21.31 '
COLD WATER TEMP RISE(C): 1.36 :
AVG EVAP WALL.TEMP(C): . 17.59 :
AVG COND WALL TEMPIC): 24,01 . oo
ENERGY IN.LEFT TUBE(W): 169,31 t76.55)
ENERGY IN MIDDLE TUBE(W): 135.05 « 7.39)
ENERGY IN RIGHT TUBE(W): 85.30 « 1.84)
ENERGY IN(W): 389.67 (10.74)
ENERGY OUT(W): 360.75° ¢ 3.50)
EVAP EFFECTIVENESS: 0.13 . .
UEE: 632,18 (23.,19) -
UEA: ) 784.80 ..
uccC: 8957.78 (23.74 o
UCA: ‘ . 726.56 : = «
UAAT | 755.68 (26.28) L
_ UAE:, : 608.72 ) .
“uacC: ‘ 995,17 : -

‘iIiII‘.Il!IIIlllllliillilﬂiilllllil‘0'.!'lQtfl.l!bllﬁ".l!'lili"

CONDEMSER SIDE TEMPERATURES:
A X R L A R L

VAPOUR HEADER TEMP: ' ; 29.95(,68) . N
WATER OUTLET TEMPS: 21.350.23)  21.26i.23) 21.320.26) “
. COND WALL TEMPS: _
o 24.80(,22)  24.58(,19) 23.40(.23)
R 24.850(.20) 7 24.56¢.23) 23.221.22)
. - L 24,660,260  24.66(.25° 23.57(.26)
_ o 24,30(.21) 24.56(./20) . 23.24(.26) .
) S 23.230.23) 23.22(.28) "% 22.63(,28)

WATER INLET TEMPS: - 19.94(.2%) 19.97(.25) 19.93¢.26}
IilI!!C‘*!ll‘li‘liI*ii*lilliIQ’I"!fi‘iili!l!l.‘iilil"iI*ii‘“ith
EVAPOPATOR SIDE TEMPERATURES: - ) "
'c:oih:»1!ld:|gqrmtlriht*i*ni B

"VAPQOUR HEADER TEMP: - ° o 30.29¢.09)

WATER QUTLET TEMPS: - 40.70(%05) 39.04¢.03) 37.290.01)

'EVAP WALL TEMPS: A .
- R 28.10(.25) 37.28¢.07) 35.33(.1 1)
. T 38.08(.07) 7 36.59(.08: 35.850,11)
’ o o 38620101 36.741.05) 35.76(.03)
J : C- 39.34¢,08) . 37.33(,047 35.00¢.05) .
41,58(.0%) 39.95(,05} 37.730.08)
WATER INLET TEMPS: ~ -.41.90(.00) 40,000.95) 37.800.00!

!If!‘!llélIQI!Ifli!t!liili!!iﬁtl*k""i?"l%i‘**""‘vi!Ohliﬁ!"‘

- SUBCOCLED LTa LINE TEMPS: 25.170.93) . E5.237(.04) 25.07¢.04!

r'!iifi!‘ﬁil'**il*ili*lii.lft!*ﬁ&!!f‘t*“f“l"“'il}‘ln'tQDhtqﬁv*L.
FLUOWMETER READINGS: : A .

AL FF R PR AT F Ak

. LEFT.. . MIDDLE LT RianT . SOTTOM
[N ] R LR R - LILE 1 r i
175 T I o 135-17¢ a7

_6fv¢l#\4¢lQliio;pfbrtdkbgﬁéoftopao¢-’lﬁr‘b’?r‘opt‘rtt--;--bsf.+;o
SATURATION TEMPIC . ; ] ©30.I5.93)
20F SCAKS: - S
MAL 8 DF SCANS: | - 143
MIM v 3F SCANHS: . o %

yv!“bqtbl-‘l,o.b_lw‘yittq-.I-—'o9504066-0-;o}brv‘lt-l N T N R

-
-

.92
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APPENDIX D UNCERTAINIf& ANALYSIS ““"‘H,uﬂk'i
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The uncertalnltles in the . loqi'conductance. heat transfer‘

rate and the average. evaporator heat. transfer coeff1c1ent are_'? ,;E
“estimated in this ;appendix. - T ‘ '%-fﬂ
. - B : Foe ~;‘:
If. & is a functlon of 1ndependent varlables xl. x ;-Q-h‘j“\ii
X, then Co 'z.ﬁé
¢ = & (X, X,y Xoy —=mmm— X A
: : 1' 2’ 3 T n) L SRR
Let w be the uncertalnlty in the’ result and let Wy Wzn}"'\flﬁ
Was == fXﬁe the uncertainities in the 1ndependent variables S
therlacco ding: to Kline and Mccllntock (13); | o - 3
' e 42 Y i
o = gt B0 (30, 02 e (B
S V 3".11 xz R axnn | j
Slmllarly. the equatlon for estlmatlng the Loop conduct- '

ance is given by - ’ o

| _ E -
- m cpA'.D_l i

U,.. = —
: ee IfD_Lle

»

* where AT, is the tehperature change in the source fluid and |
AT2 is the temperature dlfference dlfference between the evap-. -

orator and the condenser walls.

. The expression for the uncerteinity in the loop conduct~
ance d1v1ded by the value of the loop conductance in simplifi-

ed form may be wrltten as

= ls

N

_ The uncertalnluy in the measurement ofthe mass flow~ rauer-
of the source;flued was of the order of 9 af 1ts value, the

acChracy of'measﬁrement of ‘the data lcgger was found.to be 0.1C
o 4 f - . - ‘ .
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- &, = i=1(“’ /.3)-

: 30

L

the slnk flulds (test # 1?5 )s

f

AT

[§%)
il

13.75¢C

gy
]

?4-3 gﬁ/s-

. = o
thus, - ow U = 9.3

Slmllarly, the uncertalnlty in the heat transfer rate in
‘the evaporator is glven by -

' wQ/Q'=1J(wm/m)2- + . (wq‘/ATi)z

WQ/IQ =l 9n2 %‘.

the dlameuer and .0. 0052 for.'

Y

- easson?

2. ¥ /15)2 = 30;091)3/225*

9l

-;:*from fhe manufacturers catalog. The manufacturlng tolerancesi
.  .were. estlmated to" be 0. 005“ for
'*“the length (ref h) Thus 7

0.08165

0.9365e

ER

For a temperature dlfference of 20C betneen the source and .
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_'«‘f The uncertalnlty in the estlmatlon of the, average evap—
orator heat transfer coefflclent is given by

(wh/h) ,jtwm/mz ' (w, m )2 ’ (wD/m . (w /L)2

+ (g /m: )2
. 3

'where ATB is: the temperature dlfference between the evaporator
] wall and the saturatlon temperature in the evaporator.

4T3 _*' 9:050
Wap, = 091033

3 .

-thus ' Wh/h . = - 9'“% .

" For a.source-sink fluid temperature difference of 10C, for
a statlc charge of 30% (test # 137) the uncertalnlty of estimation
- is foud to be )

_ wu/Uee- = i6.8%

wq/Q 16i?%

wh/h 16.9%
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Heat transfer coeﬁflcxent calculatmons,.:_
Slngle;phase forced convectlon-€p01nt;vd1ueI

hD/kL 0 033(Dc /sz)(c L/k

Entrance effECt factors ?:j~wéj}?;3;3j”“=

F ',f=" 1 + 5 exp (-z/10D)
T 1 7 n/z ‘
o 3m+ R ° 078(13/2)1 93/Re

&
18

Py = 0 SR R
Fp=1¥ 3. 5 exp (—Z/lOD) CE T T PUMED g
ey S s YT e ;
o = “X {g(PL )_} - {chjpw_.TS);_ } R AN
o ’ r'\(&CS'I“)Prl NY3 B e 3
R - ?hv: q/(?kf?s) ;f; 2 i - : :(59)
¥ RO IR -
- 96 J ;- = ) - ; . - )
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.};;ﬁf Comblned boallng‘and ‘two phase forced convectlon with, dryout

s -_ s '(17:'1'0)_,

Grlterlon for transltlon to dryout: ": . | : _; .

UL _;gggglg_'yi‘,,i;.-fnicl/S) ey

-

200721578 Rey (6, M) (/n) e (213)

Tihireelivg (1—x) /(1 xc) ;g;r;glg:;f;jg:i_;fl-;-:' AE15)
SR ‘;5ﬁ&'}';‘;%f§ : . 'ﬂ“fﬁi; R R ‘ N
: e = e e

and ﬁar‘..,—;'_n}_{é_f"f‘"o;f completé dryout'at T =T

'f_'j;_Subcooled b0111ng
If T 'r<-"T', and 1f q ) qIB’ then S
T T '+" t/e
S S A

o nere s

R S R B N R T

LR gy -

) . e . . . . - - T . . L v N
n s C e e T N " : ot - R . . . -
Coa . LT e s . T . - . . .. Lo
- . EOR— o N . . . . - . - . .
. i - . : . T ' .
R - e oo . - , . .

e dons

avian femdarteiee il

el At
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'};}:for_}urbﬁieﬁp:fibﬁ.f T I
S T R, ﬁ°:2- °F§:‘§Jv
. .' . q = * L v " . . Lo L i -
S - S

' . - S L. o . -
. . « 0
ot ' s . - R | . . =
- . . L . - . . L
- - A R
: . ‘. . . ‘ .
i

for laninar flow.ffz\qf'”"w‘;“ ;‘“-.fg;; fQ.A, {=;: t

qu A \\mj Co — - (T -T) (EZO)
Bon (v - 1. ssvo 33prg Bak SN

v . o . . " -

© .- Condensation

| ﬂ_FOrﬁéniihclined”tﬁbe __,“f.‘_l . 'f' *.*; L Ji”
AR RSy
“ D(T =T ) o ST L

b, = Bv(

where B is d'functhn of tube diameter“ahd éngie'W"
For a vertical tube
. h‘_""'. kL/5

where .

[
n

34y f/3§?1/3'~ e

Pressure drop calculatlons

Frlctlon factor .'Q e '. : Sy |
for lam;nar.flow

S f = B4/fRe . . (E23)
"f-fdflturbulént flow- : ' ;

- Ure ouméme®25 o (E2h)

Prictional pressure dron

For single phase flow

o

£ (2/0)1 pv?z) N L (E25)

AP_
ta
. 98




e APf, Ppcb

PR

-'Fbr ligquid phase'laﬁinar and vapour,phase laminar

For llquld phase 1am1nar and vapour phase turbulent

% - i -
. . - .
ot ) .
2 . RN b N B
‘l“ "
ok . .
: o [
an ¥
i ; o

For twq phase flow T .
2 v @) e

)
¥

I

Al

1 . . ‘ . . [ . .
: . R et

-0. ?)1 43 T (E27)

Lt . *
v i R 3

\

¢ = (1 + X

>

-'x"f: --.';i;xzi.ié "g/@;_._,-),( f%-L-/uégj"f‘S coe
(1 + X -o. 56)1 80 -‘:_lh‘ o (E29)7

x = 18. 65 Re, -0.4 (14x/x9'5(ﬁg/9 9 5(‘ ”'?:5 (E30)

For llquld phase turbulent and vapour phase lamlnar
‘ 4 ‘ . B -

O 56)1 .80 -fE3l)

S @ = (1 + X
where ' g

i

. ¢

- 9;95,4 Red ¥ ((1ox/x)( &/ ) (4 /6 )05 (m32)

For liquid phase turbulentiand'vapqur.phase_turbulent

0.49)2.05_

b (1 + X

S
i

= (ﬁt/# )° 1( g/ )0 5(1 x/x)o -9 (sgu)A“

Acceleratlon pressure drop ~

For separated flow '
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.For; homogenous flow,. -

) ,A,-P.; - (,.;“.Gi/f’r)'_((1‘—::-)"'***0”1;'/ f;)'

-

-1) (E36)

Hydrostatic preésure drop o . R
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AP =gz, » {E37) ©
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‘The best least squares curve, flt through the experlmental

©.to a second order polynomlal for the heat transfer rate

and - the average evaporator heat transfer coefflcaent are « ‘5\*

VMas follows:

.—————-s——————n—.—p—.—.———_——.—_—

o
Nl

~18.33+ h.91*charge§-q,ougcharge)?

ot &
W

29.33% 23.97*eharge-,Ofi8(charge5?~.“

T(sourde) 400 T(51nk ‘ZOC

. ...—-—-——————————..._._._...—_.._._._._._._

F: )
i

= 3 93+ 11 23*charge— 0 08(charge)

e
—_—
I

= -hé 45+ ‘35, 03*charge— 0. 24(charge)2 '
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