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"u51ng Freon 113 as the worklng fluld -and hav1ng an overall

_two phase therm051phon 1oop after flrst determlnlng that such

fluid depth of 13 1 feet The effect of addltlonal pressure

'flow:aite were studled In addltlon photographlc and v1sua1u

" ABSTRACT = .. " - R

- An. exper1menta1 stud//W“s\undertaken to 1nvest1gate

some of the factors affectlng the operatlon of a flxed geometry,

a system is capable of operatlon 1f 1n1t1ated when there is.

‘ no external pumplng and the flow dlrectlon is opp051te to. that
'generated by natural convectlon . The loop Was constructed qf

“;Q'glass w1th an 1nternally heated annular heat 1nput section, 4 T

& ' -
drOps of various magnltudes created by orlflce plates Wthh

could be 1nserted at several locatlons 1n the rlser sectlon

-;and the ef ect of the heater length and 1ts locatlon on - the f

llmltr?g'values O£Vthe system output quallty, heat- 1nput and &

'-#gsecyatlons were made of the b0111ng phenomena and flow

L)

ystem, that 1t 15 a functlonal method of utlllzlng bouyancy

u

, forces to malntaln an unnatural flow d1rect10n once it 1s

-2

generated and that 1t is possrble “to predlct the loop .per-

P

formance u51ng a slmple mathemat1ca1 model. “‘.; S T

s
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I INTRODUCTION
- One. of. the maJor reasons for 1nterest in the
mechanlsm of reversed flow therm051phon1ng 15 the number
-{of Canadlan nuclear reactors ‘built w1th vertlcal fuel

| fchannels. The coolant flow in most of these reactors

?'1‘15=upWard Wlth th1s “type of reactor, fuellng 15'

d

haccompllshed from above,'1 e. the fuellng machlne sits
f'on top of the reactor. ThlS conflguratlon 1ntroduces
‘,‘a number of de51gn factors, such as:

N -:'71.J‘Add1tlona1 Ielnforcement of the

.reactor .to support the welght of

.the fuellng machlne o

' ZrA;DeSJgn of the valve on_ the fue11 g
| h'port.; ; | :
"S;hfFuel handllng equ1pment...
;e4. 'Anchorage of ‘the fuel str1ng in the
AN -'-channeﬂ | B | h L
;S.:;Nece551ty of coupllng the fuel bundles
-.Wlth a common t%e rod | o

6. _Coolant pumplng

R

In the case of a reactor operated w1th.the cool-

“ant flow1ng downwards and the fuellng done from below

- dthe factors 115ted‘preV1ously nay elther be Slmpllfled '

7or e11m1nated €. g a t1e—rod would be unnecessary Wthh

:‘would perm1t the use of an add1t1onal fuel rod in’ each



fuel bundle Another factor worthy of con51deratlon is

~the case of -a. pump fallure and subsequent reactor shut
-down o |

. In- thlS case . the coolant pumplng must not be
'rdrscontlnued once. the reactor is. shut down ThlS 1s
due to. the phy51cs of the reactor whlch w111 contlnue
, to generate heat in the reactor for qulte some tlme‘after
shut dOWn. Although thlS heat generatlon 1s only a small
percentage of the maxlmum possrble output of the reactor
_and 1t does d1m1n15h slowly w1th t1me rt st111 must ‘be’ u
‘removed from the reactor by a floW1ng coolant
| In the summer of 1968 the author became 1nvolved
with" the problem of downward flow wh11e worklng as a
summer student for Atomlc Bnergy of Canada L1m1ted : ht.-
.that t1me the problem posed was a srmple one w111 a |
‘;closed loop therm051phon contlnue to. operaterw1th down-

- ward flow over the heater sectlon w1thout prOV1d1ng

some - external dr1v1ng force.guf . ‘

L ~ .Several. experlments whlch termlnated 1n fallure'35

‘were conducted w1th a test loop bu11t for a dlfferent
1test1ng program Flnaﬂly a small test 1oop de51gnated

©as the Freon Mlcro Loop was constructed and testlng was:

‘hcarrled out as reported 1n a short paper (1) The results"

K e

"of the testlng showed that the loop would operate Wlth

Teverse flow over the heater Sectlon Wlth or w1thout



T

b0111ng although there was a goqd deal of flow 1nstab111ty

for the’ case of b0111ng.

S :
Upon enterlng graduate school the author sub—

mltted a research proposal to study the reglon of stab111ty‘

'and operatlng characterlstlcs of a reverse flow, b0111ng

= h therm051phon hav1ng preV1ously obtalned wrltten perm1ss1on

. L.
~. from A E.C. L - to continue’ the study 1n1t1ated there.

The ultlmate goal of the project was to’ 1nvesﬁagate

those factors whlch cOntrol the flow stab111ty and evap~

\

N oratlve eff1c1ency of a; reverse f10w4 bo111ng therm051pho
; 100p. : N
There are many factors whlch may 1nf1uence the

-

. —{_

'Q' s1phon, such as:

=

;Flow restrlctlons j_-f"lj T

*fLoop geometry (helght, component 51zes,

L; shape, etc )

Heater length

= Heater locatlon--f

- Heat flux varlataon (profale) N ' -,

R E ﬂ\#\\

gInlet subcoollng e

_From the experlence galned at A.E.C.L. 1t was’

1

dec1ded that to prov1de a versat11e flow loop, the thermo-

51phon should be construct&& from 1nterchangeab1e compon—

ents..

Further, 1t was dec1ded that ‘the loop shduld Be A

)

ST IR



'ﬁégnéfily constrncted“ﬁith glass to.allow visual obser-
.vations of flow w1th1n the therm051phon loop and because
.of ‘the glass that a non tox1c, low latent heat of evap— »”
‘orat10n:l1qu1d Wlth a saturatlon temperature sllghtly |
hlgher than amblent ropm temperature at atmbspherlc )

‘ pressure be chosen as the worklng f1u1d. Refrlgerant

113 was xhus chos n s1nce its fluld propertles were: qu1te

sulted to the de51gn reqU1rements and an ec0nom1ca1 supply

‘ao.
P PR

was ava11ab1e.“

LR \

The cholce of a glass system d1d 1mpose some ,
;restrlct1on such as’ 1nsert10n of monltorlng systems for

temperature, pressure and flow rate - maximum operatlng |
.apressure and avallable component 51zes but ;t ‘was. deemed

a_essent1al for flow V1sua112at1on.f In fact the experl- 9-
) menter s ability to see the flow prov1ded the 1ns1ght |
1-for desagn changes that made stable, b0111ng, reverse
flow 1n the system p0551b1e.f The glass constructlon also

made photograph1c reoordlng of the V1sua1 characterlstlcs

of the modes of flow available. for study by. other 1nvest1*-

gators
N

-
~

of tge therm051phon 100p and the effects of vary1ng the

‘heater length heater position and the effect of 1nsert1on_

. of’ orlfice plates of varlous sizes in varlous locatlons

. in the rlser sect1on of the flow 100p on the max1mum and\\

¥

. m1n1mum power dlsslpat1on and system output qual1ty for o

- o o] - B .._‘ .-

. R 2
- - . o L3
. ve i

Thls the51s deals w1th the de51gn and constructlonn'



o

- . :.’.'

stable operatlon of thﬁ'reverse flow, bo;llng therm051phon E

100p shown in Flgure 1. For these tests. the or1f1ce plates

L

f-can be con51dered to represent valves, obstructlons and other

.

ideV1ces cau51ng frlctlonal pressure. 1osses and- the heater :

' 1ength‘and locatlon tests can be con51dered as 51m11ar to

' -

'the length and 1ocat10n of the nuclear fuel bundles 1n the

-.1' . . - ‘.,'.:r‘
-reactor system. o T »;oﬂ.

9" These tests were conducted W1th one fluld one

- - Q;

1

one Tor max1mum performance and" one for mlnlmum performance
- . . AN . . /‘ N
.x§ .

oA 3]

g - e
_ f1xed geometry and two constagt 1n1et subcool1ng values 1

b
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'the feasab111ty‘of this. partlcular'Iorm of therm051phon1ng.

' II LITERATURE ‘SURVEY

. The materlal 1n thlS chapter is 1nc1udéﬂ to

provrde 1n&brmatlon relevant to thls problem and the

references used in the analys1s of the results obtalned
- The 1dea of a 60111ng therm051phon 0perat1ng

Wlth the flow d1rect10n be1ng oppos1te to the normal 1'

: d1rection of natural convectlve flows cannot be attrlb—l -

L)

uted to any 1ndrV1dua1 reference. Consequently -and un—, : K\
fortunately there are. few prev1ous pub11cat10ns deallng;‘

w1th this problem. From 1nformat10n gathered at Atomlc-

Energy of Canada L1m1ted,/from M B Carver; D F D'Arcy,

G A. W1khammer and D .C. Groeneveld {2 3 4 5) and later . 7

from J. T Rogers (6} \ndlcatlons were that reverse flowkffhwff“f;“tréf
Uolllng thermoslphonlng was be1ng cons1dered as a coolant lfﬂ -

flow mode for nuclear reactors 1n the case of - cool1ng

system pump fallure when the nuclear chaln heat reactlon .

1s 1nterrupted and the - reactor output d1m1n15hes to a

small percentage of 1ts maxlmum heat generatlon. The
sources at AECL 1nd1cated that J. T Rogers and’ G. M. Barns
had completed some pre11m1nary calculatlons 1nd1cat1ng
ThlS work was followed up by R. G Gaspar (author) who wrth
the a1d of D. C Groeneveld constructed and tested a- small
therm051phon 100p (1) : The report suhmltted by Gaspar \_

1nd1cated that reverse flow therm031phon1ng Was p0551b1e

Ny



to achleve for both b0111ng and non- b0111ng-cases.
A full report on- the subJeet of reverse flow SR

therm051phon1ng was produced by G.M. Barns (see reference j;”

7) Whlch gave a. 11terature survey and dlscu551on of the f

' problem"as it pertalns to nuclear reactors.if _
(R ,i ... < D.F. D‘Arcy (8) suggested a 3: 1 scaled down _' Lo y; “;3i.

reactor loop that would be 51m11ar to one of the flow _-ﬂl.'

S loops U-1,; in AECL's nuclear reactor NRU e S

F,

Other de51gn 1deas such as the use: of glass
plplng for flow v1sua112at10n and type of heatlng elements

to prov1de pow&r input were the result of experlence

-

' galned by the author from another experlmental study (9)
conducted ‘at AECL ‘The spec1f1c detalls (10) of.a typlcal
n1neteen rod fuel bumdle were used to determlne a comparh t

N able hydraullc d1ameter for ‘the. annular flow passage heat

T ——
. m——

-’ 1nput sectlon of the test loop.t ;‘.‘?"”ff T 'va; : i,95'
,ﬂ§ A Venturl Flow meter was de51gned employlng

desrgn 1nformat10n outllned 1n an AECL Engrneerlng manual

(11) on that subJect

> >,

& A The condenser un1t was de51gned accordlng to'

) establlshed crlterla outllned by both A J. Chapman-(lZ)

and F. Krelth (13)

A Mechanlcal Englneerlng Laboratory manual (14)

was the source of the. procedure outllne for callbratlng

the standard thermocouple used for the ba51c temperature i_;;_;l

el

ﬂeasurements in the flow. loop...; 'fﬁr-f ";;\:iB -'w»f“‘r.tﬁi-jf*f



,»fffauthor s work at AECL

1. . . !

Da;;5§Educt10n and’ analykls were carrled out by
stat1st1ca1 methods outllned by(A M Nev111e and J. B

- Kennedy (15) w1th necessary supplementary 1nformat1on A

on the worklng f1u1d belng prov1ded by the. ASHRAE Handbook
- of Fundamentals (16) and the Handbook of Tables for App11ed

'h-f‘ Engfﬁeer1ng Sc1ence (17)

qFrom the references 1nvest1gated several cr1ter1a

tfor ana1y51ng the stablllty of the reverse f%ow dlrectlon '
were estahllshed. The f1rst of these was found dur1ng the-
‘ t; An artlcle on Slz1ng P1p1ng for Process Plants
(18) ment1ons a de51gn problem encountered w1th two phase
.hvertlcal downward flow which may be applled to’ the anal— T
: y51s of‘stab111ty for thls problem._ The author quotes
. . ,

. several sburces and establlshes a value of Froude number‘

"fmod1f1ed for two phase flow as deflned o : e

2 o . . -
. . . : . . - H ]

-

L J/gb LT Pg o
- A L 7
where the lower 11m1t of thls number 15 glven as G 31 o
ﬁbelow wh1ch bubbles w111 not be - swept downward by a down-
. ward flow1ng 11qu1d | ' ‘
' Bon111a (155 states four cr1ter1a Wthh may be'?f
.',uSed'1n flow loop de51gn for downward flow1ng flurds and
7wh1ch may be helpful in estab115h1ng lower stablllty .
_11m1ts for the flow 100p under 1nvestlgatlon.v- '

R . : - . ! -
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The flrst two crlterla are based on pu151ng
whlch may develop 1n the flow if the fIOW'rate is such,jf.
that the flow sw1tches from lamlnar to turbulent. ThlS;i
‘~problem may be av01ded if the ReYnolds number and Von
_Karman number for the flow are. outside the ranges 1nd1—'
cated o _ 7" Ly . -
2,100° < Re < -3' -50‘0"

_ 70, 000 < Ka < 270,000 |

It is also noted that in annull'turbulence 1n1t1ates

- less abruptly and pu151ng is 1ess 11ke1y to be’ encount-:‘b
. ered w1th1n th15 range l o ‘
'One of the two other cr1ter1a glven 15 the “\n
“reuulrement that the. ratlo of the Grashoff number to .

Von Karman number be always much much less than unlty

(Gr/Ka << 1), see eqn. 23 wheré che At term in the .

Grashoff number is the temperature rise, nut ‘the. wall dg-fegrf

to f1u1d temperature d1fference._ Bon111a 1nd1cates that
AN

" the reason for this" Ilmlt is that ‘an 1nstab111ty may
) . . P
_develop under certaln condltlons S0 that a sllgbt decrease

s ”‘1n flow: 1ncréases the bnuyancy opposrng flow and\event-i

ually leadlng to a flow reversal The f1na1 cr1ter10n
.g1Ven is .a; cr1t1ca1 flow value (see eqn._3) below whlch

!flow Teversal may be ant1c1yated C
Gr';- p? Bg(t2 t )De o I R
"Ka I B T Eqn. 2

| 4.6 S
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| ' . e i
8 o 'ﬁ ‘ 1/2}x ‘2
W, = | 81._.g(\‘_t:2 tl)«De.'Az T pS 1bm/sec Eqn. 3
. .‘-. ‘ y _ ; N
/In_ rmat:.on g:nren by Pao (20) and Van Wyle_n and_'
Sonntag (21) was used to’ evaluate the. test data :u; 11ght,
of the 1deas presented 1n the “two sources c1ted '
_j-f‘, e Othe‘r sources of :ulformatlon pertalnmg to thlS
the51s may be found in the references 115t1ng (22 23) .o
T ?
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111 EXPERIMENTAL DETAILS &

Introduction - .

In ord%i to observe and measure the operatlng character4
“ istics of a b0111ng reverse flow therm051phon 1t was dec1ded

.that the constructlon mater1a1 of the system be glass. Nlth

(- | .
thls in m1nd it was therefore-necessary to operate the system
. ~
close to room temperatures to mlnlmlze heat 1osses S0 that

1nsu1atlon would not be requlred Th1s ch01ce dlctated
;that a worklng flurﬂ be chosen Wthh has a. 1ow saturatlon
,;temperature at atmospherlc pressure sance low- pressqre oper- - o

..ation was con51dered essent1a1 for reasons of oper or safety.

A Selectlon of Worklng F1u1d
- *-'As 1nd1cated the cholce of the worklng  1u1d was ;."'

| 1nfluenced by - the d;;yre to be- able to observe the fluld

-flow in the glass system and, because of thrs cho1ce,.the

flooﬁ\should 0perate at atmospherlc pressure and near room

. . ."’
-temperature. -~

. -
o’ ~— -
& i

Orlglnally Refrrgerant 11 was con51déred as the:

“fworklng fluld prlmarlly because of 1ts common use-as a-

worklng f1u1d at A. E C L. and because there is’ 1nformat1onv'

.ravallable for comparlson of R-11 and water. However, at

;the tlme when the pro;ect was 1n1t1ateé£there was’ no temp—;

erature control for the laboratory room temperature durlngf'
L

_the summer ‘months and on very hot days out51de the ‘Toon

temperature sometlmes reached 85 E. Consequently R 11 was_‘:' .

>



not used 51nce its bo111ng p01nt at atmosPherlc pressure is

74 7 F and under the room condltlons mentlohed the worklng
5

f1u1d would requlre coollng to. keep 1t in 1ts 11qu1d form.' -

Also under the ment1oned cond1t1ons 1t was env151oned that o

problems would be encountered w1th malntenance of 11qu1d

- temperatures 1n the reservorr sectlon which would 1ncrease

the problem of controlllng heat 1nput durlng start up In‘

‘I

add1t10n, even con51der1ng favourable TOOM temperatures
below the saturatron temperature of R-11" there would be

v
very 11tt1e heat 1nput needed to produce b0111ng 1n the heat .

f

1nput sect1on. vy

i . ‘ ' ’ " ER P

Consequently, Refrlgerant 113. (Trlchlorotrlfluoroe—i‘

thane) was chosen, based on 1ts 1ow saturatlon temperature o

: of 117 6°F at atmospherlc pressure, the fact that 1t remaln

'1 rfactor 1nf1uenc1ng thls dec%51on was the consrderatlon of -

JhB;V Egulpment and Des1gn

N
a 11qu1d even at elevated room temperatures its low latent

heat of vapourlzatlon, 1ts low tox1c1ty and 1ts relatlvely
. N .

low cost per pound

1._ Condenser De51gn

An arbltrary dec;sron was made to bulld rather -than -

pyrchase a condenser for the therm051phon loop. - " The ma30r

problems arlslng from 1nterfac1ng glass and metal parts
such as allow1ng for dlfferent coeff1c1ents of thermal

expan51on, seallng of JOlntS and problems of locatlng a

'2 su1tab1e conden51ng heat exchanger. ‘The.sedectron of a glass

- . Ty

i . . o Loe ) s ey v o - - -

13
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in the condenh'r would be 140° F The»maxlmum temperature

14

encased condensang unit conquered most of these dlfflcultles
and left only the selectlon of a: 1arge enough 31aa of glass
plpe to’ conta;n the condenser tube arrangement desrgned

‘The condenser capac1ty was determlned by the electrl— ‘.fi'-*f

cal energy avallable ‘at the test s1te whlch was. 25 kllowatts.
(\

ThlS flgure was arrlved at from the 240 volt 100 ampere 3\ftf'

servrce ayallable plus an ant1C1pated use of a 1000 watt

o - " -
I : ‘

. E 0.
° - - =

heat1ng tape for auxlllary heatlng

P

The estlmated max1mum coollng water 1n1et tempera—

&

ture selected was 80 F for m1d~summer operatlnn The maxJ S
1mum Operatlng pressure of 7. S psag was. determlned to !" -
o - - Lo [}

safe pressure 11m1t assumlng that the system mlght be pressur}sedi

for some test runs much later in. the testlng program.f‘Fonﬁr

the maximum pressu_ 'éssumed the maxlmum vapouratemperature S

Tise of the coollng water‘uas arbltrarily assumed to be 15 F..

¢

_:37}: W1th a general 1dea of what the flnal condenser un1t_

-

: .would look 11ke, several desrgn requrrements were determlned.:b o

>

The flrst parameter was condenser tube dlameter.ﬁ From the-

LY

L

_ three readlly avallable srzes, 3/8 1nch 0 b. soft copper

tublng Was selected 51nce the. coolant flow area in'a 1/4 1nch
0 D. tube 1s qulte small and 1/2 1nch 0 D. tublng would be
hard to work compared to 3/8 1nch 0 D soft coppermgt%}‘ jp};»:
Hav1ng selected the condenser tube dlameter and
vrsdalrz1ng horlzontal array of condenser tubes 1t was thend'
necessary to determlne the number of tubes per bank. .Th1s.

P . T - . g
- . . . i co Lo . } o

o

fa -
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" value ‘was chosen to be 6 tubes per bank after con51der1ng ‘the

(3

'_ proposed geometry of the headers and since no, great deV1at10n '

,,‘._:.\

from that number was~gon51dered llkely and any- dev1at10n about

"‘f it would not 51gn1£163nt1y affect other calculatlons

The pr0pert1es and condltlens necessary for the con- :

denser de51gn are llsmed as follows
| At =. lip - 95 = 45 (assumlng a- maximum coolant
o temperature of .95° F) ,
§ .tm = (14‘]*-"- 95)/2 1.].-:7 5° FV | o % .
oA = 3/8 1nch 1/32 {; B
g l# 32. 2 ft/sec iy o
T Evaluat1ng the propertles of saturated R- 113 11qu1d

S at the mean_f11m temperature

94 3 lb/ft
Cowli=1.219 lblft -hr’ .
k 0. 034 Btu/hr ft—°F o IR N

| 7fjA. 61 3 Btu/lb e o

-

oo Substltutzng 1nto eqn.\lU 22 of Chapman (Eqn. 4) | L
s 1/4 ' o R _ .
o NNUD= "725 (Etp EZ L EQ_B\--.."‘_
BT NNUD=1145
BD = k Ny, =.3.89 Btu/hr-ft-°F
R TNUp /1
e i
°



t_ f‘-Q B

-

h 51nce the space avallable 1n the lab was . about 8 feet long,

g and seemed to be a convennent arrangement of condenser ;ubes{'

condenser un1t d1ctated that the condenser glass shroud*mhst

_ assembly to ensure suff1c1ent space for the tubes when they

Sy
v

-

Since . r‘q =T L hD At S . S . T}Eqn:' 5.
- then the requ1red length of tubrng is . . - A
L= A_&_ SR Egqn. 6
B L w kDAt e T
‘."‘-‘I- .
- .- L ="155 ft

:The condbnser uﬁht was- v1suallzed as haV1ng a U-type-

r . 2

tube érrangement and no: more, than three banks of tubes. Also' “‘\ o

‘it was dec1ded that the length of each "U" condenser tube‘-

be 5 feet wh1ch allows 3 feet for support members and
: N
ool1ng water fac111t1es. o

"

. Thls 1nd1cated a- frnal choxce of 180 ft of tublng,

since the total number of tuhes was selected as- 18 . Thls

y s

allowed ‘the condenser de51gn to be on the conservat1ve 51de_;3*

The dec1S1on regardlng the th51ca1 laYOut of the s

accommodate 36 condenser tubes w1th at 1east an. equal area ]j;“

e

of free Space surroundlng them. Th1s resulted in the selectlon

t

of a4, 1nch 1nsrde dlameter glass plpe for the condenser shroud

The flnal overall length of the condenser as 1t was bu11t was

7 feet w1th the add1t10na1 length belng used for the 1n1et r;:VVj;],}ﬁi

and outlet headers and the cdnnectlons to the condenser tubes._'

The general’constructlon of the condenser tube bank

<

. was qurte 51mp1e. A 3 75 1n dlameter template was USed dur1ng

R




~were f1nally 1nserted in the glass shroud The tubes were
separated from.each other by 1/8 1nch dlameter copper w1resi
.‘-,whlch were soldered to 1nd1v1dua1 tubes at 1 foot 1ntervalsf ' RE

b3

)':@*tb ma1nta1n horrzontal sPacrng of tubes at .the same elevatron o
o fid“tﬁﬁ and to. keep the tube layers separated vert1ca11y."'f'wi"}f“
| .I _ eThe header system con51sted of three controlled flow
inlet- headers,_one for each tube bank' and one marn outlet d
.header collectlng the coolant return and drrecfing 1t to the.
'floor draln.‘ Each end of each u- shaped condenser tube 1s
uconnected to 1ts approprlate header by an accommodatlng length
";(2 to. 12 1nches)!pf soft polyV1ny1 chlorlde tublng whlch 15 )
: clamped over the end of the. c0pper tub1ng. This p1ast1c tublng
:f?'n-ff1.lWas selected on . the ba51s of 1nformat10n that polyV1ny1 chlorlde

. is unaffected by contact with R- 113 IR

e U : L X leakage problem encountered whenﬂprellmnary testang I

was started. The problem arose from an unant1c1pated effect
'ha‘of the Refrlgerant on the tublng used- for connectrng the con- ;l‘
';denser tubes to ‘the headers.' As was noted polyvrnyl chlorlde
- is one of three plastlcs whlch is unaffected by contact with | R w{
:;R-IIS the other two’ berng nylon and polytetrafluoroethylene
| o It was concluded therefore that the connect1ng tublng
‘jtl “f‘:' supplled was certalnly not one of these three llsted because
- lrh7 the shrlnkage was at least 20% and there was no- flexlbrlrty
' pcompared to another p1ece of tublng not used in. the R 113 _
flatmosphere. The tubrng-shrank ‘and hardened suffrcrently to *

jjloosen at the clamped ends enough so that 1t eventually pulled '

o B : . RN . g °

LT T v




P

.18

free. ‘Thls requ1red replac1ng the or1g1na1 tublng Wlth new -
| polyv1ny1 chlorlde tublng.' To help prevent any further

leakage, Lepage s Plastlc Rubber was - applled at. the JOlnts

) on the water 51de of each clamped Jorht The solut1on 1mproved

the S1tuat10n but problems of leaks st111 occurred Wh1ch were -

p0551b1y because of the Varlatlons 1n the length of the connect-

".1ng plastlc tublng.f F1na11y it was dec1ded To pressurlze the

:'condenser w1th a contlnuous flow of cool1ng water and thlS has

, proven successful s%nce no further leakage was - observed

2. Selectlon of Flow Loop Des1gn SR :1 o :fif“'f'

R N ‘ e

The 11m1tat10ns whlch governed the selectlon of the
glass p1p1ng and other hardware fOr the flow 100p are:" the

hydraullc radlus of the heat 1nput sect1on the flow area

. of the venturl in the 1n1et to the ‘heat 1nput sectlon, the

flow area of‘the heat 1nput sect10n and the fIhw area of the ,_\

- s *

d_ rlser be approxlmately the same._ An added requlrement was

that all of the glass p1p1ng, the-c0pper heat1ng tube of the

heat 1nput sect1on and ‘the heater cartrldges be . stock 1tems

whlch would requlre 11tt1e or no alteratlons Before 1nstallat10n.f

The hydrau11c radlus of the heat 1npub sect1on whlch B
was used to help make the component select1ons is 51m11ar to

' that of a typ1ca1 worklng nuclear reactor wh1ch is approxlmately .

0 0659 1nches ~4Th1s crlterlon was used because seVeral small

i test 100p faC111t1es have hydraullc rad11 in’ the same. range

and th15 would seem to be a useful reference for cohparlson _h"“

i of dlfferent flow loop§ in use. The ventur1 used to measure



. f . L . . ;
. !_"
. the - mass flow rate was also a governlng factor 51nce small

w&r_es are dlfflcult to manufacture.: In thls case it -was

: f_determlned that the bore diameter be’ no smaller than 0 50

;11nches. ' 'f'l ‘_h_:'.f - ; R |
The method planned fer c1rcu1at10n of ‘the work1ng
f1u1d was the use of a1r 1n3ect10n at the base of the riser
'sectlon whrch would create a flow of the worklng fIﬁ%Ezim.n'
,the requlred d1rect1on.:_\ C ‘“_> ha
_ The maxlmum therm051phon helght was dlctated by
‘V'the maxlmum floor to ce111ng he1ght of HB feet 4 1nches "é‘

avallable in the Mechanlcal Engrneerlng 1ahoratory.d With

1 N,

"these ba51c requlrements set 1t was then necessary to de31gn
"the component sectlons of the therm051ph0n loop Wlth ai-
“'men51ons as glven 1n the fOIIOW1ng sectlons.n

'3;f Heat Input Sectlon o ‘,:: o ',Hi

The selection: .0f an annular flow passage leat o
‘,1nput sectlon was determlned by the general 51ze of the
‘_test loop and the type of studles to be made. In. 1arger
‘];models an attempt would have been made to provrde a heat

| 1nput sectlon srmllar to that of a typ1ca1 worklng nuclear
:reactor, i, e._separate heatlng elements for 51mu1at10n of
4-1nd1v1dual fuel rods. - ' . | ‘

o~

Because of the nature of the 1nvest1gat10n 1t was

2%

T

-3not deemed adV1sab1e 51nte flow V1sua112at10n was aégequlre-

3

m;;ment of the testlng SO that flow reversals could ‘be observed

'dTherefore to pr6V1de a 51m11ar c0nd1t10n anﬂ to- allow flow -

19.



' ﬂ'O 750" inch O D copper tube could be,

20

e ¥
-

o V1sual1zatlon an. annular flow passage w1th a hydraulgc ‘

-y

'I"'

radlus of . approx1mate1y 0. 0659 1nches was de51gned. 'Wrth
‘s

4

cons1derat10n of other component sizes’ and the 1ntended

use of stock 1tems an outer wall 1ns;de d1ameter of one

-.1nch was selected wh1ch allowed the use of Q V.F. (Quick

. V151b1e Flow) nom1na1 one- 1nch 1n51de dlameter glass plpe.-'

| ThlS selectlon would requlre the 1nner wall of the'

annulus to be 0. 736 1nches. A c0pper tube of the requ1red

out51de dlameter is not commer01a11y avallable.' Therefore

‘there were essentlally three p0551b1e Opt1ons to choose from.l

A commerc1a1 0. 750 1nch O D. copper tube could be turned )

bdown on ‘a 1athe to the requlred dlameter, the heatlng elements

‘could be 1nserted 1n the .same. copper tube and 1t could be

passed through a. draw d1e to brlng 1E/Aown to s1ze or. the
eddaud the system A;

-would have a hydraullc radlus of 0. 0625 1nches for the AR ;fé B

~annu1ar fiow passage.‘ Eventually the th1rd p0551b111ty was

.chosen because,ofrthe other two posslbllltleg ‘the f1r§t

fwould be dlfflcult to achleve because of the cumbersome

°nature of worklng w1th a twelve foot length of cdpper tube‘

11n a lathe and the second ch01ce would mean that spec1al

' heatrng elements would be requlred to’ Sllp 1n51de the tubet'

‘or else the test sectlon would have to be dlassembled to '}”ff-l“

-~

"1nsert a multltude of separate heatlng tubes (practlcally
! A R
: one for each test conducted) . f~:ﬁ Lo
_ The 1nner surface of the heat 1nput sectlon was e




o .unt11 such a tlme when the operatlng range of the thermo51phou ff

-thermos1phon loop.

- N . ,ﬁ:"' \ _,' . . - L o 4:,..

‘wide slots cut 1nto the uuter heatlng surface and runnlng

'&he slots.;.. .

ﬁheater sheath temperatures to rlse hlgh enough to cause a

30

therefore'chosen be a twelve £oot length of prec151on

: drawn seamless copper tublng w1th an out51de dlameter of

;tO 75 - 0 001 1nches and an, 1n51de dlameter of 0 526 - 0 001 -

¥

I

The flrst attempts at achlevlng reverse flow were .

"5sconducted w1th -a thermocouple Lnstrumented heatrng tube of

. preC1s1on draWn seamless c0ppe4 tublng with four 0. 11 1ncH

e o

- <

.the’ full length o£ ‘the tube. These slots were located'at fj'

: equally spaced clrcumferent1al posrt1ons to carry surface

g

' temperature measurlng thermocouple lead W1res. The 1ead

- wlres were embedded An an epoxy re51n cement Wthh f111ed

Unfortunately durlng the f1rst atte ts at achlevlng
5 o

reverse flow, many flow reversals were. enco 'tered because of.

'the short heaters and lack of nucleatlon S tes in the rlser.
'ifThese reversals occurred wh11e alr ‘was st 11 belng pumped 1nto

' the system and the pressure of a1r in. the fluld allowed tHe

_thereby allow1ng the thermocouple lead w1res to pop out of

,’:thelr slots Therefore a non 1nstrumented prec1510n drawn w
lcopper tube was used for the maJorlty of the testlng program

jumt11 the damage to the 1nstrument tube could be corrected and

1nches. ThlS type of tube was. used for all testlng of the T

B

21 -
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'hbreakdown of the bond between the epoxy and the copper tube ﬂp.:
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Jloop could be located so that the problems of damaglng reversals

1n flow dlrecplonbggy{ﬂ be av01ded .\;:.

: As was noted prev1ously~the outer'glass'pipe used fh

Q

the heat 1nput section had an 1n51de dlameter of ‘one- 1nch +0 01

'; —0 02 1nches so, that the equrValent dlameter of the heat 1nput ,'
sectlon was 0 25 + 0. 01 -0 02 1nches. These glass plpe seetlons
are made thh flared ends whlch are 301ned by a three. bolt iron .
clamplng rlng w1th a graphlte 1mpregnated asbestos 1nsert used |
for cushlonlng the glass agalngf h1gh stresses caused by unequal

bolt ten51on."

L : - s . ..lf..
Nylon spacer rlngs (see Flgure 2) were machzned to flt

the 1n51de glass’ flare (see Flgure 3) 1n order to prOV1de a
means of securlng f1u1d temperatures and pressures 1n the heat
1nput sectlon . ' | . ‘ 7

| ' Be51des aIIOWJng 1nsert10n of thermocouple probes and .
stat1c pressure taps some df‘the nylon rlngs vere fltted w1th -

three screw heles Wthh could be' used for centerlng the heatlng

tube by means of three allgnment screws.‘,j'

.A glass to nylon seal was achleved by 1nsert1ng de—”

~

formable teflon sea11ng Tings between the two materlals thus

reduc1ng the bolt tens1on and stress on the glass plpe requlred

@

" to attain a dry seal.

The heat 1nput sect1on length from 1n1et to outlet

centrellne is 129.5 1nches and 1s made up of the glass plpe

sect1on lengths 11sted in. order £rom top to bottom 1n Table 1.,_

P
.-
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f_1nches thlck Each end plate was bolted to 1ts adJacent

-_ing r1ng 1s cbmpressed agalnst the end plate and the heat1ng

'-]-screws.' h

-

- , | TABLE 1 »

'f

Ar,l;: 5. 5 1nch glass tee plece (1n1et)
\\ 2..136 1nch long glass plpe - -
-3.f 24. 1nch long glass plpe‘,
._L : “'4f‘;12 1nch long glass plpe |
. ..5;:-12 1nch long glass plpe 'd
..63 fB 1nch long glass pipe -
7ﬂ5h8:1nch long glass plpe-' h
_.8.3}8 1nch long glass plpef"
% 6 1nch long glass plper'i_‘_;_ | "f-ﬂ'.
"a_10, 6 1nch 1ong glass plpe:. a

':;.11; 5. 5..1nch glass tee. p1ece (outlet)

" The end caps used to seal each end of the test -

o
3

"sectlon and to a11gn the heatlng tube are shown in Figure 4.

_They were constrncted from—free—madhlnlng brass plate 0. 375

!

?glass tee utlllzlng a téflon gasket rlng to prov1de the,r.
';glass to brass seal The seal between the- heat1ng tube and -
;the end plate was made w1th ‘a neoprene '0'-r1ng whlch seated‘

~in a seallng groove cut 1nto the brass end plate.‘ The. seal—

utube by a. seallng plate whlch enc1rc1ed the heat1ng tube

L and is bolted to the end plate w1th three brass mach1ne

- o - D we
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. 4-"Heaters"- T S g;-- S

Varlous lengths of heatlng elements were used

-'5 L.

- 51ng1y and.ln palrs to prOV1de the overall heatlng lengths

"; tesﬁed These heat1ng elements all have nom1na1 out51de

E

e,

'&;c— sectlon each heater was ground down on an abr351ve wheel

such that they would Just slip 1n51de the heatlng tube

e

The four heaters used con51sted of two Cl 406R Chromalox‘

"Redhead" Electrlc Cartrldge Heaters w1th a nomlnal length
of 10 75 1nches and rated at 1700 watts 1n alr, one Cl- 446R
| Chromalox Cartrldge Heater w1th a nomlnal length of 36 1nches
-

. and rated at 3500 watts 1n a1r and one C1 458R Chromalox

Cartrldge Heater W1th a nomlnal length of 48 1nches and rated

. at 3800 watts in alr. Male and female brass bolt type f1tt1ngs

e were machlned and brazed on' the ends of the heatlng elements

.
&

to allow them to be used 'in palred comblnatlons. Tahle 2
11sts the cartrldge heaters and glves the 5pec1f1cat10ns of
each heater.d" - ‘ “ |

T

Each heater was powered by a varlable autotransformer

o rated at 51x kllowatts.; The power be1ng dlSSlpated through

each heater was: obtalned by an ammeter-voltmeter c;rcult

“f wh1ch measured the current through the heater and the volt-

_ age drop across both heater and ammeter. Each voltmeter has

an 1nterna1 re51stance of 5000 ohms/Volt and a measurlng

..:'-,\_ noel
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e ¢ " . ’ . . )

accuracy of - 0 5% full scale Wlth a read1ng accuracy of

+ » + -
_:h’T.ZSV wh11e each ammeter has a measurlng accuracy of :

15f5a~ l%;full scale Wlth a reading accuracy of - o0. 025 Amperes.

" S, Hor1zontal Connectlng P1pe and Rlser -

In order that the flow area of the connectlng tube
S .and rrser be approxrmately equal to the nomlnal flow ared '”
of 0. 344 1n2 of the heat 1nput sectlon, 5/8 1nch I D glass
yp1pe with a flow area of 0 307 1n2 was selected Thls .
.selectlon requlred the use of a reduc1ng glass sectlon td

' fconnect the one 1nch I D. outlet of the heat 1nput séctlon to ‘
i'the 25 1nch horlzontal connectrng plpe The connectlng plpe and
, rlser are also Q V. F glass plpe to allow v1sua1 observat1ons‘7
mltof the 51ngle or ‘two . phase flewwafter 1t 1eaves the heat

1nput sect1on The plpe sect1ons are of convenlent length :1'

to allow temperature and 1f necessary, statrc pres‘ure

o readlngs to be made at the 301nts Table 3 llsts the,glass

-\ p1p1ng used to construct the connectlng plpe and rlser in
. Q
order from the reducer sectron to the top of the rlser where

J1t enters thesreserv01r sectlon. lt should be noted that
_'the fxnal 4“1nch—length of glass plpe 1s 1n51de the r1ser
‘such that when the reservelr sectlon is half full the work—i
_‘1ng f1u1d Just covers the outlet of the r1ser. _

Thxs‘des1gn was selected srnce 1t ‘was felt that

'Thxt would reduce the flow resrstance and 1mprove the chances

| fof operatlon of - the thermos1phon.u Further 1nvest1gatlon

'«

'u~has s1nce revealed that ‘this d851gn ch01ce was not necessary;rﬂ"i;u't-fi

&

©



S K2 o
TABLE 3. . .
" List of Connecting and RisérﬁSeftibnaGiass'Piping”."-- “
'; 1.- 3 inch long one 1nch to flve elghths 1nch‘“’ N ;
- Teducer o R
2. 24 1nch long flve elghths 1nch glass plpe ;ﬁw
3. L2 1nch long (each leg) flve elghths inch f euﬁ'
x glass tee plece . 5 L . -
4; 36 1nch long five- elghths 1nch glass plpe;g_ri’ f_’
nrs. 8 1nch 1ong fiVe elghths 1nch glass;;ape:ﬂ“ . ) o
éf‘ 6 dinche long flve elghths 1nch glass plpe-l'gi'a
7. .6 1nch long flve elghths 1nch glass plpefi |
8. 10 1nch Iong f1ve elghths 1nch glass plpeﬂ; o
ﬁ2,9,' 12 1nch long flve elghths 1nch glass p1pe ﬁfabﬁfsﬂ.’f
j? _10; ;3 1nch long flve elghths 1nch glass plpe |
‘11.. 6 1nch long flve elghths 1nch glass plpe -
‘12; 60 1nch Iong flve elghths 1nch glass plpEj _____
13. 4 inch 1qng:f;ve e;ghths.;nch.glass-plpe
' _ e




: and is constructed in two' parts
to frt 1ts 1nd1v1dua1 glass eﬂd flare. Thls part of the

‘have%a shoulder whrch snapped 1nto ar a1n1ng groove machrned

: mat1ng surface. f.?111 d1men51ons are as g1ven in F1gures$A and SB.

' --sfeé1 The oryf1ce holes were drllled in thlS th1n stock' SR %

'lﬂby clamplng each plate between two~ pleces of 1/4 1nch thlck {A

h;Each plate used had 6. or1f1ce dlameters one .of Wthh~WaS .
".always 0 625 rn.L The five other d1ameters were arb1trar11y
”'Zchosen @or each plate from a’ range of d1ameter ratlos in

o .frncrements of 0 05 from 0 5 to 0;97 where.the dlameter ratio

-

i

‘as thererls no notlceable dlfference if the therm051phon

-
-

- ls operated W1thout the 4. 1nch p1pe in. place .

-

TWo types of nylon 1nserts were used to prov1de

‘_1nstrumentat10n access to the flow 1ns1de the p1pe. ‘One.

‘of theénylon inserts as shown 1n F1g. SA was- used dur1ng‘

»

- the first set of tests to determine’ the effect of an addltlon-"_'

al pressure drop 1n the flow 100p. As showﬁ in the dlagram S

"there were two halves to éach 1nsert, one for each 51de of

-'fthe orlflce plate.- Each half of the 1nsert 1s 1dent1ca1

L

One part of the insert is a tapered sect1on machlned

\}lnsert was dr111ed out to' 5/8 1nch I.D, and was hachlned t01 R ;\

L

1nto the second part &f the 1nserta The second portlon of

: the 1nsert 1s an 1nc and an elghth 0.D. r1ng wrth a ‘static

\

pressure tap at the 1n51de -edge of the or1f1ce plate side

The or1 ice plates used were«cut from .007 1nch sheet

3
-
LR - [N

persPex and slowly dr1111ng through the sandw1ched materlal.
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- s deflned as the ratlo of the orlflce dlameter to ad301n1ng

1n51de phpe dlameter.‘

B

The number of or1f1ce plates were arb1trar11y

_chosen to be 51x The 51x locatlons for 1nsert1ng these"”

L 4

plates ,as measured from the rlser 1n1et tenterllne Nere
2 1nche; 46 Inches 67 S5- 1nches, 74 1nches BT'inches!__;
&and 92 1nches respect1Ve1y.- , | o o

A ' The other set of nylon 1nserts were used whenever
‘flthe or1f1ce plates were not 1n use These 1nserts, shown 1n
'-Flgure SB and Flgure SC were used to allow measurements

' .of centre core f1u1d temperatures ahd Wall Static pressures

‘L~ﬂ:71n the horlzontal connect1ng plpe and Tiser to. be made.

L The bottom leg of the rlser tee 301nt contalned a
"nylon 1nsert\as shown 1n Flgure 6 Ih1s 1nsert was fabrl-

‘cated to reduce the flow 1osses through the tee and to pro-'

33

"v1de ‘a means of 1n3ect1ng air 1nto the rlser to 1n1t1ate ' fh

5;c1rculat10n The 1nsert has a 0 04 1nch holé*drllled through

'3.1ts longltudlnal centre 11ne and 1t was cl ' into the'tee-

1v'p1ece Wlth an end plat _ce [fnihgcanTair hose'adapter and‘f,

6. Thermocouples }_ ;1 5,if_3:‘ o :_ "r.‘”".

Two types of thenmocouples were used in the testlng

-

_ : @y o
.‘program.‘ To measure the bulk fluld temperature at’ the centre .

CAR < %
..@pof t;drjﬂnular gap 1n the heat IA%ut sectlon 040 1nch 0 D

f1nco e sheathed 1ron constantan thermocouples were employed
: AN

't: ThESe thermocouples were calqbrated agalnst a c0pper-constantan_
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:thermocouple which was used as the standard reference for z
all temperature readlﬁgs. Slnce the iron- constantan thermo-
couples were. de11cate i.e. an estlmated head size of 0. 010 ‘
1nches, they were perlodlcally checked for accurate temp—
erature readlng by - comparlng the measured temperature of the:l_
c1rcu1at1ng work1ng fluid w1thout heat addrtlon aga1nst the .
standard Teference thermocouple. Based on the callbratlon !
the accuracy of the 1ron constantan thermocouples is : 0.2'F°h
with a measured readlng repeatablllty of * 0.1 F°, o

Callbrated copper constantan thermocouples were used

throughout the rest of the therm051phon 100p to monltor temp-?af
-;eratures at part1cu1ar reference p01nts._ These 36 gage flbervf
‘glass 1nsulated thermocouples wWere all taken from the same,n
‘roll and were calrbrated agalnst a ca11brat1on thermometer :
‘1n a constant temperature bath accordlng to standard proced-a
'ures._ The accuracy measured fOr these thermocoup1e5°was o
50 2 F° wlth a measured readlng repeatablllty of --0 1 F°:'

' The ca11brat10n relatlonshlp used to determ1ne the actual

temperature from the temperature measured is:-.-

B R

'ra-= 1 0003 T ---o L0651

. ._Thus relatlonshlp was determlned by the least squareS'method

of curve flttrng and was found to have a. correlat1un coefflc-';

ient of 1.000. Jj;,;:" |
The temperature readlngs were taken u51ng two Honeywell
m1111v01t nu111ng potentlometers each ulth a 11m1t of error of

»

h_O 01 m1111v91ts for a range of 0 16 1. m1111v01ts.; Each poten-

.



"'7*;by A E.C. L the follow1ng de51gn detalls weTe chosen.

-I B 3.7 .

.-

. tiometer was usedafoy one type of tHermocouple wrre and was-
'-connected to a Thermo Electrlc thermocouple sw1tch Slnce
- nu111ng potentlometers were used and the thermocouples were’

fcallbrated through the swrtch connectlon it is assumed that

o there are no readrng errors due to any contact resrstances

rbetween the sw1téh_contacts.' A Zeref 32°F#reference Junct1on

’ un1t Was used to prov1de an external reference Junctlon for

_each c1rcu1t -and manufactures spec1f1cat10ns 1nd1cate a max-

&

‘_1mum reference source error of -0. 0 +0 9 F° about 32° F although

:the actual errors from measurement are 0.0, +0 1 F°' Temp-
erature convers1on calculatlons were carrled out by employlng

Ca set of Leed and Northrup Company conversron.tables. .-
. 7. YVenturs | o LT

A ventur1 (see F1g 7 and F1g 8) type flow meter -: ’
.was de51gned to measure the inlet test sectlon flow rate.‘ '
:The ventur1 de51gn con51derat10ns that were con51dered 1mportant

were; that the venturi have a very good pressure recovery

‘character&strc—and- because of the p0551b111ty of saturated = -
?

‘,11quad berng present in the reserv01r sectlon that the venturr .

: be 1ocated at some«p01nt in the thermosrphon 100p where the

chances of f1u1d flashlng due to the. venturl S pressure drOp

_ would be m1n1ma1

From a desrgn handbook of floﬁ meterlng dev1ces used

*

LN . L]

:,.lZA " Diameter Rat1o B 0,527 K

} sInlet Contract1on Aﬁgle ‘_;?.755
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. ‘_ﬁ~' R E:Outlet Contractron Angle -7°

IhPredlcted Pressure Loss

1n Percentage of Actual

D1fferent1a1

Yo

‘. 115 R

s -

Locatlon 24 1nches below

,j ;; _ 11qu1d/vapour 1nterface

“lThe last det811°W85 ‘chosen after,assumlng,that the pressure

' drfferentlal across ‘the venturl would neﬁer be. greater than‘

l 3 ps1 whlch corresponded to a. flow rate of 1.6 pounds per

‘second
: &

°.

e gf“,-' -The - venturr was ca11brated (see Flgure 9) in'situ

iliquid.

' mass flpw rate through the system.i

0“3 constant head of. Refrlgerant 113 as the - callbratlng

v

The mass flow readrng

". accuracy for callbratron was 0. 1 lbm Wlth a p0551b1e error '

8

Cof | 2% w1th a startlng and stopprng error estrmated as one'

a_second for m1n1mum t1me 1ntervals;g1v1ng an exrror - of - 2%

‘Wlth an overall accuracy of - 2 2%

The venturl was installed

fthreeizgches upstream of the heat 1nput sectron in a six 1nch

;long sectlon of glass plpe.

Table 4 l1sts the glass plprng

'-gln order from the reservorr cross tee plece to the heat 1nput

ffsectlon 1n1et tee-plece.;

AT

a_ -

A welghlng tank and tlmer were used to calculate the o

41
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TABLE 4

F‘f-{" LlSt of Inlet Glass P1p1ng

-1. 4 1neh long 2 1nch to=l 1nch |
:freduC1ng glass plete_f' :]W;j-.

hZ:: 12 1nch long glass plpe
3}_h3 1nch long glass p1pe . f%

4. 13 3/4 inch equal 90° bend plpe N

-ASQ' 6 inch Iong glass plpe (venturl sectlon)

R

6. 3 1nch long glass plpe

. . ‘ ; 4 RO
8.'.Reservoir Settion

a

- “,. .
"\§

- -

* The reservo1r sectLon ﬁlpe 1n51de d1ameter‘;as 2 1nches.

Q

It 1s constructed from 4 component5°, a 2 1nch I D glass tee,"f"“

N p1ece, each leg belng 4 inches 1ong,.a 42 inch long sectron of

'glass plpe‘ ‘a2 1nch I. D, glass cross p1ece,_each leg be1ng 4

-ﬂj1nches long and one blank buttress end plece 3 ?/8 1nches long

E_MQ Pressure Taps;-

- All pressure taps throughout the system were 0 040

dnch I.D: holes drllled 1nto the nylon 1nserts o

o3

After drllllng

"~each hole was 1nspected and any burrs at the edges of the tﬁp

;holes were removed . PIOVlSlOﬂ for connectlons to presSure ap.

-

f11nes was made by undersrze dr1111ng of the pressure tap outﬂet

-jsuch that 0 040 1nch I D. steel hypodermrc tublng could Eh E.QTI

- press fﬁtted into the expanded pressure tap hole._ The means‘f

'.=of connectron of the 1arger bore pressure 11nes

’. . . \ . . '.

3t

to the hypoderm1c'



-

tublng was a brass reducer ferrule srlver soldered ‘to the

free .end of the hypodermlc tublng ' The ferrule 51ze was _

such that the connectlng tublng of the pressure llnes 511p
‘.tlghtly over the ferrule . | v o h_ . ,
| The only exceptlon to the above were the flttlngs
“on the nylon inserts for the or1f1ce plates.i InithrS'Case".

" sa hollow no.:6—325screw was‘used to_tonnect“a 1/4 ‘inch.0.p. -

L g

33;103 Lgmf/eters SRR | |
. Two types of manometers Were used for measurlng
pressures 1n the system One type was a mercury in- glass

- 0= tube manometer open to the atmosphere used to 1nd1cate :Z
,stat1c pressures The tublng used was 0 075 inch I‘D.,lﬁi
0 187 1nch 0 D., 30 1nch long standard manometer glass tublng-
mounteq vertlcéll “in front of l/ZOth 1nch per d1V1s1on graphi
- paper and a readlng accuracf of 0 05 1nches The connectlon

between the system’ and manometer was U 185 1nch I D. flexrbleg”

hard polyvrnyl tnblng. Measurements were made of the damplngfgrl

N

- ?- of the system as calculated from experlmental data and 1t i

3; was found that the damplng factor was 0. 59 at a natural fre- <

quency of 0 6 Hz W1th the Systemﬁfully—tharged wrth the work-_"

1ng ‘fluid. | “f-'f N o | '
PO S . -
To 1nd1cate d1fferent1a1 pressures,llnverted 22 1nch

]long, sloprng u- tube glass manometers were used Each manometer

- was constructed from 0.060 inch. I D.,‘O 250 1nch O D. prec151on



7'44;H;-~

bore glass tub1ng w1th a branch at- the top of the u to proe

v1de a port for 1n3ect10n or wrthdrawal of the manometer _

‘7 worklng flu1d.‘ Sea11ng of tg; bleed branch was by means of ::_'::h_hj
‘a standard automotlwe brass tlre valve ‘connected to the _ ‘A‘ :
manometer by a short length of . neoprene tublng . The connect-~
1ng 11nes from the manometer tubes to the 0. 040 1nch -I.D. _
hypodermlc tublng pre$§ure taps were 0. 185 1nch ‘1. D flexlble-*~
hard polyv1ny1 tublng connected to the manometer by short -
lengths of neoprene tublng o § S ‘3'3 R

- Some problems were encountered w1th the-des1gn of
the sloplng tube manometers.; The dlfferentlal pressure mano-"
meters used for measurlng pressure losses between plpe 301nts,-h
dlfferentlal pressure across orlflce plates and venturl dlff-»
erent1a1 pressure were or1g1nally de51gned for u51ng mercury

“as the measurlng f1u1d ' From prellmlnary testlng 1t was‘found
that mercury was not sat1sfactory for several reasons, these _
be1ng that the manometers ‘would requlre only a2 1/2 to 3 : 1 1P“
degree t11t from hor1zonta1 1ntroduc1ng 2 large p0551b1e readlng

' error and that because of the low surface ten51on of R- 113 ’

the mercury would,trap globules of the refrlgerant agalnst ‘

the manometer tube wall resultlng in changes in’ actual cross- fh
- sectronal tube area..." h ‘_. 7 (oo - !

| A £1u1d that was 1mm15c1b1e in R 113 and that would
allow a slope suff1c1ent1y large so as to reduce the probable
readlng errors was dllrgently sought for W1thout a satlsfactory

-

: solutlon.' Water was ruled out: because of s1m11ar surface “’;-ggvj:ygiﬂg




ten51on problems as the mercury -R113 s1tuat10n. Other

'
-

standard manometer flulds were also tr1ed but they had

- other drawbacks such as the fluld colourlng belng bleached

‘:out or absorbed by the worklng f1u1d so that it was 1mp0551b1e'

3to 1ocate the 1nterfaee between the two 11qulds 5',,"

.“__ -

Flnally 1t was decrded to use an 1nverted manometer‘,' !

.lWIth a 30°'slope u51ng alr as the dlsplac1ng medlum although
L fthls meant puttlng up W1th t1me consumrng checks for leaks

\&- v"‘
d extra care taken 1n purg1ng the tubes and 11nes of extran—

N

'“7'eous a1r bubbles ‘ Thls dec1s1on cleared all problems of

-7d1fferent1a1 pressure measurement except for large OVerall
system pressure drops and these were 51mp1y‘solved by u51ng
l 51m11ar manometer tubes'W1th an overall 1ength of 30 1nches
’mounted mertrcally'? The measurement scale: for all of these_
"manometers was 1/10-1nch per. d1V1sron graph paper w1th a. h}

'?'readlng accuracy of.- 0 1 1nches. . .‘.‘ B

".C. Experlmental Procedure to Run a Test ,”

The procedure for a. testlng sequence 15.
1. a prev1ous determlhatlon of the type of testlng
ay'to be conducted Wlll dlctate whether,', '.“
?a; An or1f1ce plate of a partlcular drameter
. i'ratlo is 1ﬂserted in. the rlser sectlon at -
'ﬂ_b some - elevation above the bottom glass tee—.hx
:.dplece 1niet centerl1ne or.f

b. A chosen combrnatlon of heatlng elements 15'

1nserted 1n the heatlng tube of the heat



.'bottom of the r1ser sect1on. I '_'J*o R

ihput sectidn.ano Jocated_at a partiooiar
;Pdsitiog reiative:to,the'outlet_centerline
~of the heat input section. | |

2;}‘Turn on. the thermocouple reference Junctron.
3; .Make all necessary connectlons to the power
supplles belng used._ | | | | |
4. Charge the system with the worklng f1u1d by -

-pressurrslng.lts storage contalner and forc1ng

‘the worklng f1u1d 1nto the system through a valve

- located at the bottom of the heat 1nput sectlon.

5.. Check. for any. leaks in the therm051phon 100p

as the worklng f1u1d slowly r1ses to the f111 11ne. '

_6. Purge any trapped alr from the manometer 11nes S

~_by squee21ng the neoprene connectlng tubes at the

bottom of the manometers.

':7. Check level of worklng f1u1d in reservorr sectlon

| and top. off to de51red f111 11ne.';

8. Check for- zero readlng on- manometers.

"9; In1t1ate c1rcu1at1on by 1n3ect1ng a1r at the

,'//

10. Switch on thermocouple potent1ometers and/check

settlngs of reference Junctlon and standard ce11

compensatlon c1rcuits., 'f u”_‘-//

11 Compare temperature rea&rngs of the thermo- SR

e

cou les: 1n the system. : //-'_-;- .
e . s

12. Record barometr1C/pre$sure.-“

46
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fl3.' Supply suff1C1ent power to heatlng element(s)
) to prov1de a unlform heat flux capable of sustaln-‘
- 1ng c1rcu1at10n after a1r 1n3ect10h§1n,the rlser
sect1on ceases.d " _« ” ) '
L 14, Decrease rate of a1r 1n3ect10n gradually as.

the temperature of the worklng f1u1d 1ncreases '

and b0111ng commences in the rlser.

1 Stop air 1ni§ct10n and allow the system to

stab1llze

16 Vary heat flux slowly to ach1eve e1ther mini-

&

mum heat 1nput test or max1mum heat JAnput test

'37. Allow system parameters to. reach steady state
before taklng readlngs., ' |

* r':"

_18.7 After system start up, changes 1n heatlng

felement p051t10n were carrled out at reduced power_'

L_1nput whlle the - system is operatlng._ If the change
. in heater locatlon is- done slowly the system Wlll
_have suff1c1ent tlme to adjust to- the change but
if the change is too Iapld it w111 usually cause
T a reversal | '_ '
19‘ 'Durlng a flow reversal the heatlng element(s)
were powered down. Thls was done since it was_F t'

';.found that - several changes in flow d1rect10n would

usually take piace and it is often quite p0551b1e

~to reacqulre the des1red flow dlrectlon by repower-.

Y

}hlng the heatlng element(s) at the proper moment,

.

et

Py

e



Ai,

If thls is not done 1t 15 necessary to return.:;'

Y6 LR

“to step 9, Jump to step 14 and contlnue from that
p01nt to run another test. | L |
20 For or1f1ce plate testlng it is necessary to

dra1n the system and start at step 1, Jump to

' step 5 and TUn through the rest of the test sequence

omlttlng steps. 10, 11 and 12. :L'

~21. Because of Refrlgerant 113'5 ab111ty to dlssolve‘.

A

'0115 it was necessary to perlodlcally change the

. worklng fluld used in the system. The contamlnated

_fluld was run through a dlstlllatlon apparatus to

'remove the contamlnants and then Te- used in the

‘system.

-4.3
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. IV RESULTS

1.-Ufhtroduction;

. ' . . o
-~

o _
_! A1l the 1nformatron gathered from\the tests conducted :

dthbthe therm051phon loop have beén colle&ted and collated

for presentat1on in thls chapter. /The 1nfo ation presented--=;
‘covers the Pre11m1nary Operatlng Tests thexirifxce Plate o
wﬁﬁExperlments, the Heater Experlments and a presentatlon of
'~notab1e photograph1cally recorded observatlons.,

R 1 1 Pre11m1nary Qperatlng Tests

S

L& o T When construct1on of the system was completed the

h,‘1n1t1al attempts to achleve sustalned downflow operatron

: u31ng the 22 1nch heatlng unlt were unsuccessful Visual
observatlon of the flow 1nd1cated that as the. rate of air

flnjectlon at the bottom of the riser was decreased to 35 -

:enable the bouyancy forces created by the flashlng 11qu1d oY

. to take over, the flash pornt in the riser would start to

- vary perlodlcarly w1th t1me.' Th1s fluctuatlon caused perl-
odic changes 1n flow rate and in the amount of . vapour on_”

o,

.- ~the heatlng surface. These fluctuat1ons 1ncreased in amp11—'
tude ultlmatelp causlng a reversal of flow.?_‘ _
"' § Because of the large amount of vapour be1ng genera-
'ted on the 22 1nch heatrng surface it was dec1ded that longer
heaters w1th a reduced heat flux would 11ke1y be ‘more success--'
ful. In add1t1on, 1t was decrded to 1nsert a flow restr1ct10n

. in- the r1ser to act as a flash 1n1t1ator by cau51ng an abrupt

o e

it



-

dr0p in the f1u1d pressure across the devrce The use of
B a flow restrlctlon in the form of an or1f1ce plate in. fact
made sustalned reversed flow p0551b1e wrth_the 22 1nch

heatlng un1t ". : _‘." -

-4

‘trng 11m1ts 1mposed on. the heat 1nput to the system when

the 51ze and locatlon of the orrflce plate was varled in

" the rrser. The use of longer heaters 1n the heat 1nput

sectlon was also found to 1mprove the 0perat1ng range of |

the system and lead to an 1nvest1gat10n of the effect of .var- -
'Trous heater lengths and p051t10ns on the system performance.;

: i_ The results of these 1nvest1gat10ns are presented

. in the f0110W1ng sectrons along with. the pertlnent photo--l
graphlc or V1sual observatlons._f: | . .‘ c
Although the Traw and subsequent reduced data has not

'been 1nc1uded in thrs thesrs -1t has been collected in-a. 51ng1e

.volume and is.available. in the Mechanlcal Engrneerrng Offrce :

o L1brary as: Report HT- 73 I entltled "Data Summary of the Reversed

‘ Flow B0111ng Therm051phon Loop Tests for Master's The51s" by

R. Gaspar | Sample data. however has been 1nc1uded in Appendlx II

51 2 0r1f1ce Plate Experlments

Experlments to determrne the effect of varrous 51zes--

‘and locatlons of or1f1ces were conducted in the rlser._ The ‘.;’ |

. or1f1ces tested had a range of (orlflce d1ameter/r15er d1a-“'.*

7 meter) rat1os from 0. 5 to 1 0 in 1ncrements of 0. 05 aﬂ% could '

be posrtroned 2 1nches 46 1nches,,67 5 1nches 74 1nches

ThlS success lead to-an - 1nvest1gatlon of- the operaw“ C

‘5[.} o

e



wl 81 1nches or 92 1nches above the 1nlet "Tee"“centerllne .
" The effect of the or1£1ce plate d1ameter ratao on
the heat 1nput 11m1ts is. shown in Flgure 10 whrch 1nd1cates
that thereals 11tt1e»var1at10n in the maxlm:m heat 1nput |
unt11 the" d1ameter ratlo drops below approxlmately 0.6. It_'.
also 1nd1cates that there is 11tt1e varlatlon in: the’ mlnrmum
power 1nput with the exceptlon of a drameter ratio’ u% 1 0 |

‘ at whlch pornt the mlnlmum heat. input. requlred to malntaln

reversed flow 1is srgnrfrcantly h1gher.' Thls demonstrates‘

-wrr“*_—that an’ or1f1ce plate can be used to further lower the mini-

. Tum - power requ1rements of a reversed,flow system if the 51tua—

t10n requlres such a reductlon.‘ It should be p01nted out

\.

that such.a system operatrng Wlth an°or1f1ce plate in the

rrser'and w1th mlnlmum heat flux is susceptable to premature
reversal 1f the change in heat 1nput is too large.. -

2

The reason for thlS 1nstab111ty is read11y apparent
from an 1n5pect1on of Frgure 10 whlch shows two operatlng
‘ modes the smaller of these belng a range of m1n1mum heat
flux where flow osc111at10ns occur but do not lead to Te-

‘\

Versal Th1s range of osclllatlng ‘reversed flow does not .

4.

-

51

exlst for dlameter rat1os approachrng unrty\\ Also to be noted L

1s that the changeover ‘point’ from stable reversed flow to
‘oscrllatrng reversed flow 1s not a. functlon of dlameter rat1o
except when no orifice- 1s present |
B | The stable operatlng range 1nd1cated 1n Frgure 10.
7l1s much larger, the flow rate 1s steady and the system is

- n
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. not as sen51t1ve to sudden or larg changes in heat flux

- Figure 11 1nd1cates that there is ' no srgn1f1cant

k'varlatlon 1n maxlmﬁm heat 1nput when an orlflce p}ate with

la leEd dlameter ratlo is used and its pos1t10n in the rlser
_1s changed ‘ o o B O

The followlng V1sua1 observatlons of the therm051phon

| am—

-loop were noted' . _'A; Q ﬂl. .

t}; The presence of an or1f1ce plate at any ""‘
'vtlocatlon 1n the rlser caused a perlodlc fluctua-
tlon in £low rate eV1denced by a change 1n flash
p01nt p051t10n for heat 1nput values near either ]
the maxlmum or m1n1mum values requ1red toﬁha1ntaln
freversed flow ' -
‘2% Flow .separation. from the riser wall was noted
.;to occur on ‘the* downstream side of the or1f1ce
: i%;‘d' ”'plate for dlameter ratlos of 0. 7 or less at loca-
o dtlons 45 1nches or hlgher above the r1ser inlet '
'Llcenter11ne and d1d not necessarlly 1nd1cate the ‘
.:start1ng p01nt fﬂr flashlng.- Also the -£low separ—_
N tfn'atlon dlsappeared or d1m1n1shed in extent when
| | flashlng commenced upstream of the or1f1ce plate.f
7i33; Perturbatlons of the order of 300 Btu/hour e"'\
\of elther 1ncrease or decrease in heat 1nput could
. 1n1t1ate cycllcal changes gn the locatlon of the _
-.h flashlng p01nt 1n ‘the riser wheh the system was ‘
'-operatlng in the stable operatlng range. These

T
#g ) .-w-"'.“'

&; Lo e
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Cyclltal changes affected both the flow rate

’wand the- heater sectlon outlet temperature such

" that . the- system would contlnue to. hunt for a
5 R 2a-N

E 'Sf‘,‘ stable flash p01nt locatlon. Generally the
b system was . capable of attenuatlng the osc1llat__+

- 1ons a110w1ng a stable flash p01nn to be reached
= i
However 1f the heat 1nput was. - near the max1mum,
s

reversal 1n flow dlrectlon would accompany the‘

“f;t }:~ . osc111at103§ 'x o “'-r ' o '_ .$.ja

A~

4. After a number. of shorter 1engths of p1p1ng
were used to construct the rlser to'allow for
1nsert10n of or1f1ce plates and 1nstrumentat10n
1 e'j;_ 1t became ev1dent that W1th no vapour carryover,
el the p1p1ng 301nts were prodMC1ng nucleatlon 51tes S ne‘-
for flashlng even when the or1f1ce plates were not )

o "usedf Wlth vapour carryover from the heat 1nput
R e LA
-.;."u“-'v

-

SRR sectlon the locatlon of the flash p01nt was seen

'_f to be 1ndepenﬂent of the plpe JOlntS. The bubbles
,j? of vapour appeared to prov1de all the necessary _
Mf_*nucleatlon sites 1n the rlser. | :{,V

;9‘6 The length of tlme requlred for the system toi

reach steady state was sometlmes as long as 15

—5;::";‘ . mlnutes for step changes in heat 1nput of 150 Btu/-:

hour when the system was operatang near the maxl-
mum heat 1nput value. In fact on several occ351ons ‘
b wrtﬁ'or1f1ce plates 1n place flow reversals took

. ‘ . . ‘ . .
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place after ~steady state had apparentlx,been

e reached and data was belng recorded “\ |

~7 ﬂ'Statlc e1ectr1c1ty charges were noted to
exlst on.. the outer surface of the glass rlser.

1. 3 Heater Length P051t10n Experlments. ._'@:f' o

Tests were conducted to determlne—the effect of

L]

VaFYIHg the length and p051t10n of the heat 1nput unlts ‘on

the operatlng characterlstlcs of the°therm051phon 1;o§'- The,ﬂ
experlments conducted were carrled out for the folloW1ng

range of varlables.-_' R , _'_' ' ' o
' Heatlng Lengths. 11 22 36 48 60 and 84 1nches o

P051t10n of the Lowex End of Heater Relatlve to

ihHeater Sectlon Outlet Centerllne.A 0 to 50 1nches_ow.:

F e T R s WdS delermaned tha

uveraII—tnese tests the rate of heat 1nput varled from a

B m1n1mum of 3 500 Btu/hour to a max1mum of 12 000 Btu/hour.'

The torreSpondlng flow rates measured varled f{om a m1n1mum

of 0. 383 lb/sec to a maxlmum of 0. 485 lb/secf_?

Before g01ng further 1t should be’ noted that all

graphs whlch refer to the,heaters are - based on the true heated _

. 3¢ o .. - . ,“_-:‘ . . I‘

length of each unlt ﬁot on the nom1ha1 phy51ca1 length by '-;[ﬂ

Vrfhls the51s.;f

In orde;,to—toﬂb ,é;the overall evaporatlon perfgrm- -{?'

"~ ance of the va:feﬁs conflguratlons testéd a term“Output Quallty‘: ‘

; "X" was defined as fellows s -.";ﬁ-jlfff AP [ ,*J.f



T Heat added per pound to- ralse the enthalpy

"abowe the saturatlon enthalpy at the condenser

) ] -
pressure/Heat requlred to completely Vaporlze

o ;. . J- . -

o S one pound of fIUld at the condenser pressure
.__‘ e e Symbollcally thlS expre551on may be written as'

. ,‘ A- ‘ _ . B V'_: - s . . h h . . . .

IR IO S - X = ouﬁ : sat L . \\ -~ Eqn. 7

e or, to more clearly indicate its origin, as: .-

N X = _(hout"'hin)f"(hsat" Bin) "Eqn. 8

- B where the first term in the numerator of Equatlon 8 is 'the. .

o enthalpy ‘Tise in the heat 1nput sectlon and the second term'h‘
is the enthalpy rlse necessary to“brlng the f1u1d at inlet -
' up to the saturatlon enthalpy in the condenser.

- 'T?””f' ~ To further 51mp11fy the calculatlon of: the quallty, ‘
. Equat1on 7 can be: rewrrtten in terms of temperatures. ThlS‘
{, method of calculatlon was selected rather than f1nd1ng a -

; IR correlatrng equat1on for h ut Versus T : because the numer—-
ator of Equatlon ? can be replaced by C (T - Tsat) 51nce,'
the speC1f1c heat at constant pressure 15 commonly glven 1n7

) - ' a table of properties of most llqulds ;Thus we have-- =

R S o L B o ‘
o X =ECP" ouxh 33t - R Eqn. 9
= R oo
ot
| ; ° o "

o P Co . o . . R . . h . L "
VL E :

€1



.':3the length of a heater W

As the calculatlons whlch were carrled out for thls f
'rwthe51s were in the form of a. program for a Hewlett Packard
79100B calculator an expre351on for hf in terms of Té asl-‘
determlned This’ was “done to allow the Operator to. 1nput B
only two varlables TOu 'and T f;f Thus the eff1c1ency
calculatlon 1s based on two measurements, the condenser
operatlng pressure which can be converted to a. correspbndlng
"saturatlon temperature and ‘the heat 1nput secE}on outlet
temperature. Thus “the f1na1 equatlon used for computatlonal

LA

", purposes with approprlate numerlpal values 1s.-”n
0 277 (T sat) | L E”n lolf
72179-0077'1‘ Joan. 20

sat .

-~ ' ‘\\. ‘n,.

1.3.2. Comparlson*%f Heater Performance

2 A

F1gure 12, a: graph of- system output quallty versus'

-

1ength of . heatlng element for the lower end of the heatlng

'element located at the outlet centerllne of the heat 1nput RO

sectlon, 1nd1cates the m1n1mum and max1mum qua11t1es achleved

.
" o . T L

'by the therm051phon.-_. "'t‘ B ﬂu‘. y -pa _f‘“ )
| ~Note. that the mlnlmum operatlng.quallty is not a
gfunctlon of the heater 1 ngth except for a lower llhlt on':
Ilch would be capable of sustalned

operatlon. ThlS 11m1t is 1nd1cated by ‘the. 1ntersect10n of
;“the extrapolated curves. The curve for the upper 11m1t oﬁf _

put QUallty 1ncreases assymptotlcally w1th the length of the B
“heater. - L ) ‘_h h' B 2”“
| The effects on'the output_eualitv;causeﬁ?bv“chahgihg 1"2;'h

. 3
. o

-4
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the vertlcal p051t10n of the heatlng elements in the heat a
.1nput sect1on are: 111ustrated in Flgure 13 ThlS graph of
system output quallty versus pos1t10n of the bottom end of
_the heatlng element above the outlet c;nterllne compares “f_ v
"the output qualltles achleved by the f1ve heaters llsted.fggﬁ‘.
iThe graph shows that in addltlon to the prevlously noted o
1nfact that the minimum output quallty 1s not a functlon of _

heater. length\\the mlnlmum is also not a functlon of heater
fp051t10n The graph also 1nd12ates that there is a decrease

~in output quality’ as the heater is elevated above the outlet '
o centerllne, the 1onger heaters ‘being more adversely affected

A 51tuat10n whlch is also” evldent 1s the 1ntersect10n -

Qof eff1c1ency values fqr the 36, 1uch heater w1th the values “
for the 48 1nch and 60" 1nch heaters. In order to resolvef//
this apparent d1screpancy further testlng of the 36 and 48
" inch heaters was undertaken. Unfortunately a mod1f1cat1on
t'had°a1ready been made to, the heat 1nput sectlon 1n the form h
" of an 1nstrumented heated surface as descrlbed in Chapter III,

f sectlon 3. F1 iTe 14 ‘a graph of system output quallty versus

‘Jheatang ‘element p051t10n above - outlet centerline 111ustrates

'Athe‘resul s of.thls addltlonal test1ng._-33,can_be Seen 1n'vﬂ‘

—_

'the grap the Output qualltles of ‘the, Wo"heatéfsl'app_ear co

converge but’ do-not 1ntersect.'_' T_‘“ “ S
l

It was observed that the output qual1t1es of the
?36 1nch and 48 1nch heaters re sl1ght1y lower than those

for s1m11ar pos1t10ns in Flgure 13. In addltlon the slope

[
s,
"fh_-.'-

60
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fof the graphs was practlcally 1dent1ca1. :It was felt that

-

. of the output qua11ty curVe for the 36 1nch heater 1n eachf

‘,Qhe-lz 79 dlsplacement of the output quality CUTVe.for the

36 1nch heater was due to the replacement of approx1mate1y

?,18% of the .copper. heatlng surface Wlth epoxy filler over’

"'funheatedihottomjend‘of"each'heater. Thls unheated port1on :

'ghe thermocouple leads Th1s 1ncreases the copper surface |

«

fheat flux for a glven power 1nput since epoxy conducts heat

u

to a lesser degree than c0pper. . Thus the author belleves :
that the mult1p11cat1on of ‘the values of Flgure 14 by 1 127

:to brlng the two 36 inch long heater test results 1nto 1line’

2

- was warranted 3 T

To arrlve at a corrected\graph of system eff1c1ency
versus heatlng element p051t1on,_one f1nal correct1on was’

made for all heaters and‘th1s was to take 1nto account'the

B

is due to 1nsulat1ng end seals and allowances for 1nterna1 id

connectlon ‘of the lead W1res. Thus F1gure 15, a graph of

‘above outlet centerllne, is- the flnal outcome of comb1n1ng

the 1nformat1on of Flgures 13 and 14 and also’ 1nd1cates a

.correct placement of the bottom end of each heater accurate -p

_-to =18 1nch

1 1»"

" The graph"shows that the trends 1n output quallty

':'_are the _same for the 48 1nch 60 1nch and 84 1nch heaters

. although each succe551ve1y longer heater 1mproves the output

- quallty very sllghtly. What can also be noted is that the

-,
-

;'system output quallty versus corrected heatlng element p051t10n ;}
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- .-36 inch heater has an output quallty line whlch approaches.

;the-operatlng curves of the three prevrously mentloned
~ heaters at the 40 1nch p051t10n and appears to then run

'parallel to them. The rest of the graph shows the same

°3.1nformat10n prev1ously dlscussed for the mlnlmum output

a
- L

‘-'quallty 11ne of the system. . ST ‘_‘Q'_ \:\
| ' One p1ece of addltlonal 1nformat10n relatang to the

i'22 1nch heater ‘should be dlscussed ‘and thls concerns the

";was caused by m1nor flow 1nstab111t1es in- the heatlng sectlon

rl

'dand the only t1me these appeared was durlng ‘the testlng of -
the 22 inch. heater These 1nstab111t1es were characterlzed '
by a cycllcal change in the amount of vapour be1ng generated
;on the heatlng surface and these changes were observed to
.Ldlmlnlsh as the heat flux 1ncreased or the heathEWas moved

fhlgher in_ the heat 1nput sectlon

r Fl

For. 1ow elevatlons of the heater the cycllcal changes ‘f:

:‘dlsappeared when the heat 1nput reached such a level that
areas of the heatlng surface were .no longer in contact w1th
the coolant flow., Indeed the ablllty of the system to operate

w1th dry patches on the heat1ng surface, as - shown in Blgure 20,

‘-~was another characterlst1c of thlS heater 1ength wh1ch was . not .

- observed durlng testlng of‘the rest of the-heaters.‘ Srnce it
Was felt that the system should not. operate w1th dryout: the
: max1mum output quallty of the 22 1nch heater was deternlned by

'".the value at whlch dryout appeared and because thlS 11m1t 1s

65

- scatter of data. po1nts in both Flgures 13 ands 15. The scatter a3



l'-determlned by observatlon of dry patches rather than a flow "

reversal there is s1gn1f1cant1y more scatter in this- data.

o

'h,1.3.3. Add1t1ona1 Informatlon and.Photographlc Observatlons o

Flgure 16 _a graph of mass . flux versus heatlng ele-
ment length for the bottom end of the heatlng element located
'at outlet centerllne, 1nd1cate5 the small varlatlon ‘in mass
‘.flux exh1b1ted by the systen%as the heat 1nput was 1ncreased _
.from the minimum to the maximum value requ1red for stable |
operatlon.. | . | o , ,

Flgure 17 is an enlarged photo -of the outlet tee\
of the heat 1nput sectlon and 111ustrates the bubble dlstrl-

‘ butlon as well as shOW1ng the relatlvely 1arge v01ds wh1ch
ih;may become attached to the heat ‘input sectlon outer ‘wall,
ThlS cond1t1on generally 1nd1cates that a flow reversal 1s'x-«
: 1mm1nent. SR ST - u'_ hf, ﬂ _.T ’ i”
| Flgure 18 is-a photo of the outlet tee taken when
h”the _system was near reversal Thls plcture shows a- d1fferent
characterlstlc of the system whlch can he used ‘to. help predlct
| when the maxlmum heat input has been reached.fETh1s character-
' 1st1c 1s the formatlon of a large, 1rregu1ar bubble 1n the
side branch of the heat input sectlon outlet tee. ThlS bubble
may grow in 51ze unt11 it occuples\one-half of the outlet
'flow area before a reversal occurs. _
. ‘Flgure 19 is a. v1ew of part of the heat 1nput and

"lhorizontal sect1ons. The plcture shows the void belng pro~*

'duced on the heatlng surface as’ well as the he11cal vapour

d
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side in the. horlzontal secti

they reach the inlet te

fflash 1n1t1ator 5 3

A g ) . .- Ve
. B ' - .
. " ‘/

tube wh1ch can be seen in the horlzontal sectlon., Thls too
. o .

- is another’ p0551b1e fiow conflguratlon 1nd1cat1ng that maxl-

mum heat 1nput has ‘been reached " In fact 41t is, qu1te p0551b1e-

to observe tw1n he11ca1 vapour tubes.whlch may exlst 51de by

but Wthh may never JOln untll

of the rlser sectlon.-- '

= S _".:_,,
L

One last plece of 1nformat10n remalns ‘to be dlscussed .

and that 1s the mode of flashlng in thenrlser Durlng the-,

[

-

;'orlflce plate tests it was observed that the JOlnts in thei

o ]

":r1ser seemed to prov1de nucleataon 51tes for flashlng of the

:fluld. ThlS same observatlon was’ made for a11 tests concernedV‘

Wlth the heaters B : g._ - {?5?

The flash po1nt in the rlser always Jumped from one

rlser dlameters have proven that a completely smooth walled

rlser dev01d of JOlntS or progectlons ‘has . a detrlmental effect'

N 301nt to the. next. Subsequent tests of the system w1th larger;

,M__onsthe 0perat1on of the thermosxphon. In“fact a‘EtT)ng of

'dlsks ére susPended in the larger rlsers and these d1d allow

jflashlngato take p1ace and also lowered the m1n1mum heat 1nput

11m1t. Consequently it is felt that the %eason that the mlnl—h..r-

mum therm051phon operatlng 11m1t 1s constant for a11 heaters ,

*:'regardless ef thEIT p051t10n is because of the partlcular

*

S geometry used Whlch put the last 301nt wh1ch could act as’ a

P
~ e,

let*helow the Tiser. outlet. . : : 3;_.hmh
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LTrey,

.“-reversed flow therm051ph0n was postulated for the pre—

¥ MODEL

A 51mp1e mathemat1ca1 model for the two phase

dlctlon of the maxlmum and m1n1mum perfbrmance of the 100p." -
The assumptlons 1ncorporated 1nto the model are: -

- T e

R At all riser 1ocat1ons where vapour is present

‘the flow is con51dered to be homogeneous Wlth no Sllp between
-the 11qu1d and vapour phases. Such.mlxtures have the k1nemat1c

hv1sc051ty of ‘the non- flashlng 11qu1d and a den51ty based on an.

A‘Emplrlcal varlatlon of void fractlon between zZero at the flash

'_p01nt to a maxlmum at the exlt of the rlser . the maxlmum v01d-

_was assumed ff"ﬁ,;-,.: . }" SR K e

‘ fractlon be1ng determlned by the quallty at the outlet of.. the'
' rlser._ The flash p01nt 1ocat10ns used for the predlctlon of .
rmax1mum and mlnlmum performance are those whlch have been re-f--'

'fcorded as observed durlng the experlmentatlon.‘

”2.’ A constant heat anput per un1t heater length

3. No bplllng occurs in the heat 1nput annulus

’

'h-J There ‘is no. heat transfer from thé ' loop to the

: "surroundlng atmosPhere

The computatlon of the flow rate is accompllshed by

i evaluatlng separately the statlc pressunes around the loop

~'and the fr1ct1ona1 pressure losses due to. the mov1ng fluld
3_‘Thus the f1u1d wlll be treated as belng 1nV1sc1d for the cal~

- culatlons of the statlc pressure at the bottom of the heat '

@



V.

'the head of 11qu1d.

_ heater sectlon 1s the saturatlon temperature for the statlc

o Pressure calculated | '-h'h Ly uf+

;1n the. statlc pressure r1se.u}:

frlser "t o LD e R

. E Vo T
2 ’{*: -7;!: a : R
of ‘the heat input sectlon and the bottom_oﬁ—the—rlser ‘section.

The calculatlon of the statlc pressure at “the . bottOm

"of the heat 1nput sectlon is: an 1terat1ve procedure con51st1ng

=

of the follow1ng stepS';_”--

Y

e . a

EN Assumlng the heater sectlon outlet temperature i

S 1s equatlonntd the-anlet temperature calculate the frlctronless

flow static. pressure at the hgttom of the heater sectlon due to RO

e

- 2. Assume that the temperature of the bottom of the f

Lo ' S

S35 Recalculate the 1nv15c1d flow staﬂac pressure rlse \*\\;

i_‘through the downflow tube u51ng the expre551on

HI —E;pserrorre %:[(LT—hqutin+§H D[(t- +t out)/Z]llbf[ft

:;4ﬂ Repeat steps 2 and 3. unt11 there 1s neg11g1b1e change -

&

~ The next part of the calculatlon s concerned w1th L “':;(//

-
L&) w o

[determ1n1ng the 1nV1sc1d flow, stat1c pressure drop through the -

-

"}rlser._ The pressure drop along the non:- flash1ng port1on of/the

’

‘rlser 1is glven by

7 = £ - P T °
L APNF; 'pout £ (LT:-~¥) o o 'F?nf 12

.dwhere Y. 1s the length of the flashlng columm of 11qu1d’1n the.uﬁf



B i

The stat1c pressurendrop along the flashlng portlon

‘x

‘of the/rlser 1s determlned as follows

The rlser exlt quallty, xéXitffis-giV?P Qyi t"
o [ ) ..-"l‘ htl- - V‘. - h l . » .'l‘.' a )
X'e'J'(it.?- . Quth L sat eX1t ‘ Eqn" 13_
et o fg exit - o
- .For no slip . i
IR T PO g exit Eqn. 14
. . . . . exlt 1 x . . ',‘
o S C exlt) T . -
, _ ; exlt L ex1t g QX1te L ‘w- g
. T . o . 0 R ‘V - ¢ | :
- Let ‘the mean v01d fractlon over the flashlng reglon be
B 'eameen'u.N uex:Lt (O <N < 1) . . ;Eqn, 15

=\x*\‘\\Where N 15 ‘an emplrlcal welghtlng factor whlch is 1ntroduced ST

0 compensate for ,the: fact_that . thq_v01d fractlon variesafrom—
i .
_0 to aex1t’ there ‘1s Sllp hetween the two phases and the fluld

ddes not behave as ‘a homogeneous 11qu1d "f‘pik_ .

Then the statlc pressure drOp over the flashlng portlon

'of the rlser is - - o ‘~‘ . . |
i APg =y QL sat\ex1t g ](1‘3,N‘uexit95qupf”16'

and the statlc pressure drop over the entare rlser sectlon is’
glven by,_ SR Co
PR Preservair = APy 4P = 5—[( Ly Y)%ut pr sat exit

Coa- mean)]lbf/ft , Ean.'17.
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- After determ1nat10n of the statlc pressure rise and
pressure drop, the dlfference between the two values or the
‘fr1ct1onal pressure drop is used to solve for the volume flow :

- . Tate Q accordlng to-the expresslon oo

e ,P"'.:‘-'.P R 2 TS
Q =,///'HI _ER C.z‘ 'ufté/sec;.' CEqm. 18 v
o o« Pin g Ki/Ai. S T

‘,where the Z K. /Az term takes 1nto account the. summatron of a11
frlctlon losses through the expan51ons, contractlons, elbows

,fitees\ and fluld frlctlon 1n “the’ tublng '~ The plpe loss coeff1c1h

-

1ent K 1is equal to fL/D

The mass £low rate 1s glven by; i ‘if':”T‘ e H:;
o o m = p Q 1bm/sec C o Eqn. 19 : ST
: S : ' ' :

-

‘-The method used to obtaln 1n1t1a1 estlmates of the frlctlon'
: factors was aCCOmpllshed by usrng Eqn 1 and the mlnlmum Froude e
H-Number 11m1t of 0 31 for- determlnlng an estlmate of flow veloc1ty

/"
and consequently Reynolds Number for the heat 1nput sect1on Whlch

':then makes estlmates for the rest of the flow 1oop p0551b1e.f
By u51ng the results of the flow rate calculatlon to
T.determlne new estlmates of the frlctlon factors around the 100p
-an aleratlvelprocess can be undertaken to reflne the value of
.the flow"rate. The flash p01nt saturatlon temperature was then
Hicalculated from the stat1c pressure at the flash p01nt 1n the

.rlser. Thls temperature was then used as the outlet temperature

f“'from the, heat 1nput sect1on and all the preceed1ng calculat1ons

Ty 4



~\start1ng w1th Eqn. 11 were repeated until there Mere negllglble"

changes in- the values be1ng determlned.., ‘F;ﬁ}: o ;;// 7
‘ In order to evaluate the capablllty of the’ model the
“folloW1ng propertles and geometrlc data were used to determlne
the maxlmum and mlnlmum performance for the chosen heater 1ength
‘ . Work1ng P1u1d .j‘-‘ Freon 113
Condenser Pressure"le Atmospher1c:
'Heater Length (LH) - 4 0 feet S s
‘1  Total Head of f1u1d - 13.1 feet‘ o
(LT)A'_’_ A L LFL
T S 110 2°F (max), 115.3°f (mm)
e Ly BT 10.0ffeet_(max); 5.3 feet (min)-
The leCthH loss coeff1c1ents are"giuen forthe:standardl
A, . A - PR . . ! -,
geometry used o
i % i 5 - .
\
. 3
"Vo.‘.
F’V‘ - .'” ) .‘ 'A-‘.é . ‘- L] ‘
Do e . -
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A

Therm051phon Sectlon
v :

2 inch Tee .

8 1nches of 2. 1nch I.D. plpe

Sudden Contractlon

. max1mum value,“

Sf 13, 1nches of 1. 1nch I.D. plpe

1 1nch Elbow e .
6 1nches of 1 1nch I D pipe
Sudden Contractlon ‘

Conlcal Enlargement

4 1nches of 1 1nch I D plpe

1 1nch Tee

Sudden Contractlon

nllffeet.AnnulaI Plp&":

1 inch Tee

P

.Sudden.Expansion -

Sudden Contractlon

28 1nches 5/8 I D. P1pe -
5/3 inch T. ,". |

13 feet 5/8;1nch plpe"m
Sudden Expan51on |

40 1nches 2 1nch I. D p1pe .
2 1nch Tee;i: .

E'Ki/Ai;

Fb

1323055

" 396023% ¢ -

K;/A?

3782
124-

711766

5637
120169
2602
92307

. 39978 . .
1735

315414°

© 175230

315414
”f1752;0"

59403 -
Ta172es L

658518 "

176010

- 618 -

" 3782

'3873624‘f

f(;/ft%)

minimum value

3782

>/" -
;4129

b '-5ssyg‘dl
20169 ¢
‘2685

92307
39978
1788
© 315414
15463
4 '136606h"

11766

315414" .

;1752307"

- 59403

L121236
| 396023
675457 .-

©643 77
| ..( ' 37;-'82 ,, | -
f'sbszzzO'

- -176010 i

e

La L
o

All fIlCtlon fhctors were calculath from plpe flow data u31ng

e&perlmentally determlned Reynolds Numbers The_annu1u§‘was

) . . X . . . .. e L o . . - 8 °
e, - . : : - . . . ’ . . *



'Froude Number Method

-'U.

. u'treated as a round plpe Wlth dlameter equal to the equlvalent'

t

Adlameter of the annulus. JBy matchlng the experlmental data

to the modelvpredlctlons '1t was. determlned that a value of '

N = 185 gave the best overall*samulatlon.
N A-comparlson of the 11m1t1ng flow rates and . power_
1nputs predlcted by the model w1th the correspondlng observed

values in the therm051phon are shown in Table 5 whlch also

'1ncl&des a. maxlmumwflow rate predlqtlon 1f the riser is completely
L full of two phase 11qu1d and- & comparlson of the predlctlons of

:.m1n1mum flow rate by the model Bonllla s method and ‘the 11m1t1ng ‘

~

~—

790 -



- po3IdTPRIg

- | qususs1d
"N Fo sntep

Wy 3o

B I0F

_..H,_r.OH

u

-

UTy

13

TN

S8T°0 =

N
" pegodTpexg

.

“;vm>ummno

2

m E @ /H// . i h{. ' e .
8 . R N . 5 ﬁ
../.of:..... N .— N
R Das/uUqQ L0z® 93eY MOT{ UmuTUTH uouuwvmhmﬂwoasmmv@uaoum.
. - S TR RS S
N . ST | SR T R A
Pt , J8S/WqT §0T* 93BY .MOTJ UNWTULN Po3dIpaxd s,BIfiuog
C SR . T T
. 095/WqT 660,  93IBY ‘MOTJ WNWTUTH POIOTPaLd ToPON.
) 29S/UQT 9L5° 93Ty MOTJ UNWIXER POIITPOId TOPON.
. " « .. T \a .
w,..,uﬁ\nuﬂ . - Ceay/mag ses/uqr- Iy/nag oas/uqy 1003 .
5186 ST 087°0T |~ ZIS'- [-8£0°0T | 04pc | . 00T .
. ry/nig xy/nag ommenH _:h:\aum* ses/wqr.| 3003 -
188 ‘e STZ* FATAL €Lg0 [ zez'v o | . oop* g
|‘ . Y . - i S R L . . iy - .

A
uunyon
3utyserd

‘{30 :amcm:

S
=

P

_muazmmm.%o uosIIBdUoy

S gTIavL

!

seysur 8§ RERATC 19380H

"

.




*'lower the maxlmum performance of the system.

K

VI CONCLUSIONS

The follow1ng conc1u51ons have been reached after

g

-1study1ng the results of. the experlmentS'

o

l) A flash 1n1t1ator mechanlsm of some type must

be present 1n the riser to ensure that stable flashlng does

.occur' In the absence of sultable nucleatlon sites the 11qu1d

'Abecomes superheated because no b0111ng takes place._'This“iS.‘

an unstable condltlon wh1ch 1ncreases ;n.severlty ‘as the
' superheat 1ncreases until a condltlon where spontaneous_—
‘flashlng 15 reached Thls 51tuat10n creates large fluotuatlons

1n the flash p01nt p051t10n and hlnders stable reversed flow,

operat1on.

P

?E& As 1nd1cated by the reduced values of maxlmum

“'performance for the short heaterS' there ex1sts a 1ower 11m1t

e

-on heater length below Wthh b0111ng reversed flow cannot
_f‘be attaaned The max1mum perfoﬁmance 1s lower because of '
:rthe hlgh heat flow Tate per ynlt of heatlng surface area. o

“The worklng fluid is -not ‘capable’ of handllng thlS hlgh heat leX

#'fW1thout large amounts of v01d belng formed The presence

of v01d 1n the heat 1nput sectlon produces a bouyancy force/

.thCh acts - to retard the flow before moreaflashang generates O
. a 1arger bouyancy force in the Tiser sectlon. Thus the .

' shorter the heater, the sooner 1t produces the 1arge amounts_,;f

of vold whlch act to reverse the flow and - consequently the

e

‘81

-



. have 11tt1e effect on the maxlmum performance of’ the thermo-

iing orT the flow rate beyond thls limit. but 1t does 1ncrease

"3, For’ long heaters heater length and posrtlon'.,

-, .

: 51phon Whlch 1nd1cates that the bouyancy forces 1n the heat

rnput sect10n are negllglble when compared w1th those produced

in the rlser sectlon,due to flashlng. =Q“ B e
: : 4._ For long heaters the mechanlsm of reversal 1s;7
o

'sllghtly dlfferent from that'of the short heaters.\ In. thls.\\\\'f

“§y . \\\ .

'case the maximum bouyancy force and consequently flow rate

v
=has been generated by flash;ng in the rlser sectlon. Any

. ||‘- ‘, ' 4

%1ncrease in heat input does not increase the amount of flash-

v .

the amount of vold present in the heat 1nput sectlon. As thls

xhappens the bouyancy forces generated in the heat 1nput sett10n~

oppose the increase:- ‘in flow rate and presently cause a. reversal

:'“‘ ' 5.7 For heaters longer than the m1n1mum length dlS-

"

cussed 1n the results chapter, the,manlmum'performance of the‘-

,' _,4-—- -~ -

therm051phon 1s not a. functlon of heater length or p051t10n

&

#because the only factor governlng it is the bouyancy force

...

generated by fhe flashlng-rn the rlser sectlon ‘ As the flash

e b

"p01nt temperature approaches the saturatlon temperature

correspondlng to-. the pressure 1n the condenser the dlfferences
become so small that Lf therf1u1d for some: reason superheats,

it may be swept 1nto the reserv01r before ‘it flashes. ane

pthls has occurred the bouyancy force dr1v1ng the flow is" gone ,mw

and because heatlng 1is. contlnuous in the heat 1nput sectlon the‘:

bouyancy forces generated there w111 favour natural convectlon,
l ) : . 0
: : IEE T L SR

e .
e L . . 4 .
o : . ' '
A . B i . . .
- " .\l\ N A . . . ‘ R— : ‘D N
Ly o ' * o
o
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A .. . ) P EEE [ . : .
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, - "o
[ ’

S

~ . thus reVers1ng the flow d1rect10n.
—.-.f . . - ,

studylng the 1nformat10n provlded by the model TheSe are:
: W'uff -~'}i; Slnce the frlctlon losses are a funct1on of
- plpe drameter it shou*

be p0551b1e to 1ncrease the flow rate
' by 1ncrea51ué ‘the. flow areas of: the rlser'anélheat 1nput
f SR sectlons "é ',g' _ 1' %fur‘f a>ff:'c, BV
Y :"-\‘ . 2 |

Y

The varlatlon 1n welghtlng factor N necessary to

the observed flow rates td the predicted values indlcates
T t the rate of

1ncrease~1n v01d"fract10n per un1t 1ength of "
1ser is not the

-

same ior the two performance llmlgs
model is correct

If the
1t would seem that the amount Of‘VGid per
.

).»
unlgﬁJength 1ncreases faster for lower power

nputs th%n it
doegwfor_higher power 1nputs. ThlS 1s 1nd1ca ed by the larger=

the four foot heater.

A

value of N}for the mlnlmum performance 11m1t determlneﬁ for

‘n'

= , e
Flnally 1t may be stated that although the reversed
flow, b0111ng therm051phon 1s operatlng in”

metastable con-‘;"
dltlon so that bytegceedlng e1ther of 1ts,operat1ng 11m1ts or

(Y

alterlng drastlcally one of 1ts varlables, a reVersal 1nrflow

direction takes place' 1t 1s a functlonal system Whlch can be

\\)- PR
used 1n sltuatlons where 1t is necessary to have only sub'

cooled b0111ng and no contlnuous external pumplhg of'the
df,worklng fluiﬁ T

In addltlon several conc1u51on§ become eV1dent from

£
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T TRICPLO\OTQFLUOQGETHANE
.* Chemical Forsula Céle-CCIFz'

E.TOIeCular'-\‘-'eigl;. S - - . s 137.39 , T
Bmh..;, Te'npe.atum at Atmosphnnc Pressure “r‘ .............. e, _1.17-6-. . N

" Freezing Tenperature at r\tros_ﬁenc Preswn £ S SRRIETIR: ) PR

Critical Temperature, F 4174 A

’ (‘r\xtf‘al Pressure, psia’ k 4989 - ‘ ) \ :
Ctiticalh‘ber.sity, b percuft ... b .3}6\““‘t\i g

| Densxty of Liquid at 85 F, 1b ; per cu ft.. 9696\ . ’\//, L
Spec:.:c Volune of Sat.xratea Vapor at 5 F cy {ﬁ p(.r lb

Specific Heat of quu:d at 8 F B.u per {lb) (F) ..

[
[
—
o]

o

TR e rrriaa et i aT st s, -

Specxuc Heat Rario (c /cv) of Vapor at 86 F anfi”

7 .. Ghe’ Atmosphene Pressure ol .} | L
The.‘mal Cmductwﬂy (Btu) (ft) per (:.q ft} (hr) (F) . 4 S . -ob
Sat..ratad quuxd at 5 F . 0.044

._.Salm‘aled qumd at 86 e 0.037 -
Vapor at Saturauon Pressu:é ar's. F.. B .............. 'd.003S " ‘
Vapor at 1/2 Atmosphere’ Prl.‘:ﬁure at 86 F .......... N ) 004'5 g

VISC.Obll}'.lCLE‘IPO[S@S._ B e T i L N

Saturated Liquid at 5 Fi_,..05 o g, 1,28

) .Saturated quu:d at86 F _.r..... : ‘ 0{';38

.-'Vapor at Samrauon P:essuxe at SF. - ‘ : .

VapOr at 1/2 Atnosphere Pressure at86 F ... e et 0.’0096'? Y
Relanve Dlelecmc Strength of Vapor at 77 F | o

and 0/4 Atrosphm Ptessure (\I:trogen = 1) ..... e ; 3.9

Color ... S, S SR O S Clear and colorless °

Odor and Detection .

) S ‘ ......... Fax-_g; ethereal odor. '

oo B . Leaks read_lly locgted- :

) ) o e e  with a halide l¢ak de-

- . . | - . © tector. - l ;
FIRREEOY il etiirsoiomeneeini Nonflammable:

Toxicity, Underwriters® Laboratories_CIassificqt:on  ersemnssesarens X, Much 1055 than GIOUP 4,

but morelhan Group 5
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' S - : —— REFRIGLIANT 13 -
- . e "TATLZ ?... PROPZRYIZS '©oF LIQUIS AND satuaaten VArORT - '
TENP |- PRESSURE . VOLUME | . DENSITY Ttoe CENTHALRBY e (. ° Emnpv‘"o 1 TEMp
F 1b pir gq in- cu It per lb : 1V per cu It ‘Btu per 1p *° Btu per (1b) (“R) F
hrsolutef’ Gage  Liguid | Yapor Liquid |° Vapor 5 L{quid' Latent *| Vapor , Liguid’ | Vagor ' o )
Wl Pp R Ve L vi: . . ].J»’vf - llvg r ﬁhfg hy SI_ sg . 1 . -
-30 |.0.2937 | 29.31% | 0.069:7 2.2 105.64 | 0.01206. | .57 72680 114,65 [ 0.0047 | 0.17387] 20
-6 1°0,3214 | 29.27% | oguwig 76.81 . |. 105.53 | .ol3o2 2.36 | 72.57 1 74.93 | [0056 |. .1737| o34
326 1 0.3458 | "29.22% 1 loggqg | 71.71 °103.37 {- 01305 :.*.§5 72,45 | 75,21 |* lgogs L1736 ) -3
S2i [0,3718 | 29716~ [ gonso 65,99 - 105,23 {- - 01363 3.1} 72,33- [ 7549 1 oore 735 | - oo™
=22 10,3995 |~ 2911 | 00552 62.63 .1 105,69 [ (01597 3.56 | 72.:1 178,77 | - 0083 1733 | a3z
=20 | 0,4288'| 29.05* | 0.00953 s8.6l | 10:.96| o.01706 3.96 | 72,09 | 75,05 | o.0052 | 0.1732| -2p
S8 | 0.4600 | 28.48v |\ (00954 | Saes |, 1ot 62 . .Dly2z 1,38 ¢ 7L.us | 76.41 -g101 731 .18,
noi6 7] 0.4030 4 2920k (00855 | 51la2 | 104 cn .01915 136 4 7le6 ol 7e62 ) Jolie | C1T30 | -ig
<=M 10,5230} 24.85° | 'lougs? 14,23 104,54 | 0zoma, | sie | 71l wou [ oLong |- li7Ee | Cqg \
=12 ] 0.5652 | 23.77* | 00838 | 15 25 164,50 | Lou: 5.55 .62 | 77.18 :0Lug L7290 o2
~10 | 0.6046 28,69 | 0.00959 4248 | 101.25 0.02354 3.96 1 7181 1 77.97 10,0037 | o172 ) -y
8 1 0.Gis2 | 23.60er| 06935 |0 33l92 | 101 1e 02505 | .6.35 f 7103w | 77075 | lolis ¥
=6 [ 069021 "24,51 I [pasezx | 537053 103,93 - c2cat 8.7 ['71,27 | 74.03 S0155- | 1736 | . g+
T4 ] 0.7369 | 28.42e | (00563 | ."35.7) 103.81 | 92832 717 | s | 1503 L0151 -4
- 2.1 07860 | 28.32* | . 00934 33.24 | 10370 [ 63009 7.57 | 7n.03 | 78.60 | loi7a -2
. . 03 o ; ’ 1.
- . . , . : . I
<0 TW0.837T°  28.21° | 0.0096¢ 31.31 03.56 | 0.0310¢ 788 | 7092 | 78.89° | o.0182
3 0,8924 2B.10* |- ,o0957 To29,52 163,41 | ,012k3 8339 IV RO 7915 Lol
401 0.9500 | 27,990 { . [googy 27.50 | 1¢3.37 ] lghige U3 1 T0.6% | 79.4% .0:99
5.1 0.9802.( ‘27.420 | looogo | - 7 04 103,20 [. 0393 g.55 L7062 | 78,60 | o203
6§ | 1.011 27 86" .00970 |- 25.27 163,12 | "l odsog 9.19 | v0.56" | 7975 , 6203
‘811075 | 2773 | o097l | 24031 102.98 | 104631 9.59 | 70.44° | w003 | L031%G
10| 1,142, | 27,60 | 0.00972 T, 23.45 102,81 1 0.04265 | 10.00 ] 70.33 | 4n.32 0.0225
12 11213 Lazias | .posrd . 22.17 ] 102,690 o311 | 10041 | 70,50, | s0.51 0233,
M -] 1,28 27.30 | “ owsis #0.97 01 20255 1 (61769 | 1081 .| Tolox | Home 0342
16 1°1.356 |. 27.14* | 00577 -19.83 102,40 | 03000 ] 11,22 1 G9.56 | 51 18 L0251
<18 | 1.448 26,97 | 00473 18,98+ o225’ Jos322 | 11.g2 | go gy #1.46 L0259
20 | 1,534 | 2680 | 0.00879 17.81 192,10 | d.osets | 12.03 { sv.72 | a1.7s 10,628
22 | 1.g24 26,61 | 00941 16,89 1l sel 05922 1341 | colgo 82,04 J00TG
20 LIS | o-26.42e - JGuskz | 1e.un TOReL 1. oetas | oa2les | gelas | waln3 | L Joses
¢ I.818 26,22+ . B0984 o156 101,66 [ 06579 12,86 | 69,26, | s2.62 L0293
@8 | 1,822 26,01« | . 0Gcous 1443} 200.51°) * 06929 | 13167 { ge'za | sz a1 | .0302;
-~ 30| 2,031 -] 25.79e 0.00987 | . -13.7¢ 101.36 | 0.07204 | 14.08 | go.12 |'83.20 "0.0310
- 52 |'34s 25,55+ 17 00988 | 13403 | 101.%1 | 07674 14.49 | .63.00 | 83.49 | *.03Is
38 ) 2.264 25.31= | 06990 | " 12.39 100.06 | 08071 | 14.91 | e§.87 | 837 | .caay
36 | .2.388 25.06* | .0099) 1179 100.91 b .osia3 | 15032 -63i7s | sil07 | Comas
38 | 2.519 | 2479+ | 00933 11.22. 100.76 | 08913 [ 1573 | 63.62 | 84.36 |- 0323
T B ) - ) N T T
40 | 2.655 24,52% | 0,00994 10.68 | '100.60 | 0.00351 | 16.16 | &5.50 H.65 | 00352
42 1 2,997 | 24,2391 (00955 *|. 10.ig 100.45 [ . .00626 | 16.57 | 68.37 | 81.94 .b360
44 | 20944 | 23.93« [ gosey 9,703 -| 100.30 | .1031 16.99 | 68.25 *| a5.25 L6358
46 | 3.098 23.6l%'} 00039 . 9.253 | 200.04 - dosl | 1704y | e8l12 | gien -] .0377
48 -1 3,238 23,29 |. - 01000 "8.830 - 99.93 | .M337 | 17.82 {6800 | 582 | o3ss
. . “ . . . . . . ) . . . ."" N
- 80 173,427 | v22,94% | 0.01002 | B:426 99.83 | 0,1187 "18.24 67.87 | de.11 | o0.0333
52 |.3.602 | 22759+ | - .p)god 8.044 99.65 | L1243 15.656 | 67.73 . | 86.40 L0101 -
54 1 3.781 22,227/ 01005 | 7.ga2 | ag.s2 | 1302 A9.03 | 67.6F . 8G.69 L0410
.86 | 3,975 ! 21.83v | oloog CI3s2 179937 | (1362 | 19050 | g7'98 - 86,94 JOH1S
-38 . 140070 | 21043 | loipog | - 7.018 99.21 | 1425 - 19.93 | 67,35 | 8%.23° 426
60 | 4.374. / 21.02% | o ol0r0 6.713 | 99.05 | 0.1490 | 20,35 { e7:20 87.57 | 60,0434 "
62 | 4.586 T. 20,50 | .otol1 S.424 1 . 9m89 [ - 1557 | 20,77 |'e7.09 B7.56 | .09az
614 |-4.807 20,24 | . 01013 6.149 98.73 | 1528 2119 | 66.95 | 88,154 L0450
80 | 5.036- [ -19.67% | (01015 |, 5889 | 98 s3 1698 . | 2162 | 66,43 | 8a.45 | .o3ig
68 15275 |. 19,18 | . oiole | 5.640 98421 773 | 22.05 | 66.69 | 8a.74 L0467
20 {8523 | la.ese | ooo1018~ 5.404 [ 98.96.| 0.1851. - 22.48 | g6.56 89.04 | 0.0475
72 [ 5,780 [ .18,18* | .;mio1g .. 5.180 93.10 | ..1801’ 22.90 | 66.43.°) 89.33 {- .0483
T4 | 6,042 ] 17.g3 {01021 T 4,971 |- 97.83 | - ooz 23,33 66,29 1 §9.62 N
76 i 6.320 17,06* [ loloza 1.769 |- 9777k 2007 33175 | €g.15- | macen |. 0499
78 | 8.607 16.47*'| . .plozs - 4.50° | V9T.61 | 2186 24.19 [ ¢6.02 | s0.21 | loso7
©. 80 } g,003 15.87% | 0.01028- 4,392 | o9mas| o.2z77 . 24.% "65.88 { 90,51 | 0.0515 -
B3 |.7.208 |- 1825} .oloz2s 4.218 .28 .71 - | 25.06 | €5.79 | 90 mD 0523
84 .| '7.527 13,60° | .ol030 .| ™. 4l08) 97.12 ) © 2468 | 25,49 | 65.60 [.s1.09 L0531
86 t 7.856 | _13.93* | lproa1 |- 3.893 [V 96,95 | 2550 '25.93 | 65.45 . | 91.3% .0539
88 | 8,184 13.24% |- .0103 3742 | 96791 lz672 26.36 | 65,32 | 9l.¢y | - 0547
90 ‘| 8,845 | 12.59¢ | o.01035 - 26.80 -] 65.18 | 91.98 | 0.0555
92 '| 8,908 Iize« | eloa7r | I . 27.24 | B5.4 | 92,23 | .0563
84 | 9,281 1.03% |° 01039 1 313331 -9530 | 3oo). 27,67 1 64300 | 9257 | los7l -
%6 | 9.668 | ,10.2¢* [  lolo10 |- 37303 96,13 | lang 25,10 | 64.75 | 92.86 | ¢ ‘o7 JANE | 96
93 |10.07 9.42* | 0.0l42 - 3.089 | 5%.95- 03237 | 2855 [ea 60 | 8308 | 0l03sg 20,1745 | + 98
1. . N e L ce

‘ j ' ) N ’ s .
I fron published data (1938) of E, 1. du Pont du Neaours & Co., fic, Used by persiesion, e
* Inches of mercury bolew ope standard atuosphere, ot : ’

. *¥ Daged on zoro Jor the saturated liquid at -40 F.
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REFRUGERANT 113 — SN :
. TAGLS b ERCPERTISS L.“"!D m\.D S.-'.‘-’"-..n.‘:.,-‘. =0 VARZY (coalizued) - -
" TEMR PRESSURE . © . VOLLME DENSITY ENTHALPY *» EXT 'mcp\'" | TEMR
F 1b por sq in o oeu It per 1b b pef cu ft ‘Biu p-.r 1b Btu per (16) (°R)Y | F
- Absolute ?{%ge Liguid “Vapor quuzd ! Yapor’ Liquid annt Vapor- - Liguid | vapor .
! L Yt 3 17 , Mg By g Be i S t
100 [ 1048 |- 8.59* | 6,01044 .. 29767 95,79 ] 0.3360 | 2489 '64.46 | 93.a5 | 0.0504 }-0.1746.| 106
1oz | 0.6l 771 | l6lc4e . 2,887 '$5.63,] 0.3igy 2944 | 6431 33775 ] .ooo2 17 oo
165 1 11:35 | gls2 | Coless 2,762 93.36 1.70.3620 | "29.85 | 8116 | - 85,05 [+ J0610- | (1748 | 1os
105 1.8t 5.B8* TUL050 ~2r1602 55,729 0.3756 30,33 61,01 54,34 L6518 L1750 . 7106
103 12.28 [ 483+ { lolos) 2.567 | 9512 [ 0356 | -30.78f 6366 Silet| loe2s { 1751 | 10a
= . : . ‘ - )
110 | 12,76 { 3.95* | b.orosa, 2,477 st.90 | o0do3s | 3122} 637 | sass 0.0634 | 0,1752 [- 110
1z 1385 | 2l95 | o103s 2391 }.78 1 O41e2 | 31067 | o3is6 ] oas523 | ogsd 1753 ) 112
141 13,7 1.s1* | 101057 - 2.308 | - g6l 04333 [o-32012] 63la0 | 9532 | loste |’ l13es 114
126 | 14.20 [ o083 | lo1ose 2225 93331 70.4489 || 32874 63.25 | so5iw2| lodsy. | itael iia 3
118 | .83 014 01051 |+ . 20151 94:25 | 0l45:9 |7 3370 | ¢3 o9 95,121 ocss 7T 118,
120 | "15.40 0.70 *} 0.01063 2:078 0 94.09| 04813 | 3348 | 62.937] sc.41 | 0:0e73 | 0.1759 120
122 | 1597 1.27 | .01655 - 2.008 L 93.92 | "0.4981 7§ 33(93 |- 62751 95,71 oend 1760 |. 1w
121 | - 16.56 1.86 .01067 10941 93.73 L 05153 - 34.38 | 6262 ‘07,007 .. o8 e | i
126 12,17 2.47 . .01069 1.87G6 931,57 0.5330 34.383 62.46 97.29 0596 1763 FG
128 | 17.30 3.10 | o107 i.814 93.39 [ 0.5514 33.29 | 6230 97059 | lo70s 176s /\-sa
1301 18,45 | 3.7¢ | 0.01073 1.75 “83.22 | 0.5702 35.751 62.1a | 97.89.] o.omi2 | o,1768/] 130
132 . 19 11 .o4.41 ¢ .0l075 1,697 93.61° [PAEY 2 36,21 R ﬁk. 97 94. 15 0715 L1746 132"
134 14,79 5.08, 01077 | 1.642 82,66 1 §.5051 26,67 | elln 5h.47, Gvo7 . 1768 134
136 20,43 5,78 Q1079 ~ 1,550 92,63 | . 0.6290 37.13 61.6—1 s1.7T 0733 1770 lag -
-V 13y 21018 6.49 .01081 1.540 . 92.51 0.6494. - 37.5% ] &1.48 99.06 D7a2 1w N
N - . R . ‘, ’ . e ) ) .l ! -
JM40 1 2,93 | =7.23 | 6.61083 1491 71 - 92.33 | 0.6707 |°38.05 | 61.31 | 99.36 | 00750 | o0.1773 140
142 [ 22/69 |'- 7.33 {- .ologs 1,414 52.15° . 0.6926 | 38i52 | 61.13] 99.gs | .o7ss 1774 {2
o144 ) 2357 | @l77. | - lorowt Y.399 .- 91,98 | 0.7150 |° 3alsa | e0.s6'| ou o a7us s o1y
- 1467 24 .27 . 9.57 01039 1,335 91.80 0.7379 39.45 60,73 100,24 L0773 LATIT 116
148 | 25,09 | 10.39 .0logz’ 1,313, SL.62 | 0.7615 | 3392 { G061 | 100,53 0781 778 | 148
"1s0 | 25,93 | 11,23 | o.01004 1.273° 9l.44.]  0.785¢ | 40.38 | G0.11 | 160,82 | 0,079 | 0.1730 150
152 | .26.79 |, 1209 01096 1,233 21-251 08202 '} 40.85°| €0.27 | 10101 | .o79s | 1782 ] 159
154 - 27.67 | 132.97 .01693 1.187 07 | 0.8353° | 42,32 |  '50.09. 10141 080 L1783 ] ‘154
-156. | 23.56 1 13.8 .61100 | - 1l162 &) 0.8508 | 41.79.1" sao1 ! 1o1i70 [ loarz. ! 1173 | 136
158 | 29.48 | 1478 | o.00102 | 1l32g S0.71 | 0.4859 '} 42.26( -59:73 | 10198 | o 0818 001765 | 133
. 160 | 30,44 |. 15,7 | 0.01105 1,004 | 50.33] ‘o.o141 Va2 M 5955 ) 102,29 | v.os2v | .0iarss | 1s0 .
170 | 35.53.] 20.83° | 0.0111¢ 0.M42 |- 89.60 [, 1,059 45 12 58.62 | 103.74 | 0.0865 { 0,1796 |. 170 .
180 | 4l.22 | 26.52° | o.01128 -, 0.B1s3 88.67 | 1,221 47.53 | '57.65 | 205.19 | 0.0903 0.1804 | 180
190 | “47.60 | 32.80 | 0,01140, 0.713¢ | 8772} 1l.4p2 49.97 I' 56.66 | 106.63 | 0,090 | 0.1813 | 190
. E : N T ' ’ - . - ’ _ o
2007 54,66 | 39.96 °|"0.01153 0.6241 | 8s.76 | - 1.602 ,52.45 | ' 55,62 { 108,07 0.09%78 | o.rs21| 200
. v . : v " - . : ) " . - N -
210 "62.50 | 47.80 | 0.01166 | 0.5477 (- a%.79 1.828 #AL96 | 5454 | 108,50 [ 01015 | 0.xe30 | “210
20| TLOT | 8637 | 00170 | 0.4827. m:s0| 2.0tz | 5749 | 53.43 | 10,92 0,2052 | 0,183 | 220
250 | 1008, | 87.1 | o.o122 0.339 Bl.71) 2,9% 62.87 | 5101 | 113.88'(10.1123 | 0-1mez"250
' : : : . : NN ¢ BRI I R
30d | 175,86 | 161, - 0.0132 0.190 75.63 | 5.2712 73,82 | 44.33 | 120,35 | 0.1297. | 0.1881 | 300
. 350 -23.3‘.,3 269, | 0.0147 . 0.105 67.80 © 9.489 | 90,12 34.68 { 124.80{ 0.1477 .0.1805 [ aso
- N T B . RN A .
-.360 | 309, 8 ;| 295, 0,0152 0.053 | - 65.98 | 10.708. 92.88 | 32,40 | 125. 381 0.1511 | 0.1906{ 360
£ 333 o 3z, 0.0136 0.081 63.94 | 12.333 96.50 | 28,14 | 125.64 0.156¢ | 0.1915| 370
.-380 §-368,1 . |-#83, " -0-0183 ]~ 4,669 6lsof 1.7 | so.66| 25,52 125.18 | o.1sss | 0.189 [ 380
7396 | 4001 {385, - | c.oumy 0.059 58.58 | '17.00 102,91 [ 21.52 124.43 | 0.3627 | 0.1830 | 350
400 | 434.3 | 420.° 0.0182° | - 0.049 55,02, 20 ] 105.78 | 16.84 | 122.62 | 0.1659 0.1853 | 400
* 410 | 470.6° 456, [.0.0198: 0.039 | s021| 2s. T 168.34 1 . 10.32) 14.66{ o0.1e88 | D.2807 | «10
407.4) 4989 | 484, | 0.028 0.028 | 35.95 | 35.96" | 1004 | 00.00 | 100.49 ] 0.2695 | 0.3008 [ "ar7.4
& + ; . ' Q(;
R . . ;
f * '\e\ - -
'\lnchoa ot ﬁarcury bclq-r ona‘ni-and;'rd Atmosphere. . .. " - 2%
‘) [ - v
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v L L TAS m....HOPunTLH OF Sys SAAZATED UA?SR{:&L.“_Q) - N .
Te Abs Presuure 8.0 pal Abs lresuere 9.0 pad ALy ?.l.h.blu‘(: 10.0 psy, .abs Pressure 11 psa
"?.P Gag a"'r-.uu;u i3.64 in.vVac Gage Presswre 11.63.in.. Vae Gage Prissure 'S.57 in. Vae Gage Drévaure 7.53 ini Vae

] (Sat'n Jeup 86.9 F) {Sat'n Tewp 92.5 F) (Cat’n Tep 97.6 F) {=a1'n Tezp 102.4 r)

t v h I S v, h,,'l " v n | " “ho ) m
{Sat'n)] (3.828)) " (81.52) | - (0.1739) | (3.431)__12§;35) WA | (3,110)] (93.11) | (0.1745) | (2.845) | (a3.81) Cand)
: . | - ‘ " r - :

20 3.850 | 52,01 [ .0. 1748, 477?7 R T N .. vies .
‘100 3.924 | 93.56 [ O. 11?u. d.4bt| oasz | '3.124 | -93.48 ] vees 1L -
110, Bwis | esaz i L 305470 050 Ga - 2,183 05,04 2.3a7 85,01 0.1759
1= 4.0 | Se.Gw VY 3.613 WLEAZ | &u.gD Z.541 65.58 LTS5
a0 T 98 z8 1508 3. ti'i:J Bt d.Lul SK.21 - 3.9495 a8.17 1823
140 £.221 ] 99 ~.%§55 3.745 i, 3.361 | ©9.81 3.049 93.77 2550

! . . . L . N L L
150- +,295°) . 101,44 0.1912 . 3.816-1 101193 3,426 1 161.41 0 3.102 | 161.33 6.1577
160 . 4,364 103,10 < 1808 3674 163,067 3.450 203,03 3.157 R L1503
170 C4L440 104,74 1064 3.940 Lud. 70 3.539 10465 2.2 - 1918
a 150 4.518 106,15 S 1UL0 A, 6ol UG, 24 - 3.5 06,1 3,263 14935
180, 4.563 | 108.04 2618 | - 4.073 105.00 3638 b 107,96 | 3.319 L1531
209" 4,561 | 104,71 0.2041 _4.135 | 109,67 -3.715,| 103.63 77 0. 3.973 | 109.60 0.2006
210 4.734 | 11138 | - -20566 4199 | 111.35 37747 1ii.a2 . 3.535 | 111.3 JZ032
220 4.507 ) 113.07 .|, .2001. | '4.23% | “11d.04 3.622 | 213.0) 3.450 { 2i2.97 25T
239 4.830 | 114.77. 12116 £.310 " 11013 3801 | NM4TF G- 35333 | 1467 |0 noy2 L
240 4,953} 1l6.8 L2141 T4.855 ) 16,4 3.950 | 116.42 3.5u6 | 116,34 ;0 L2luge -
“ 869 5.004 1- i16.20 | 0. 266 | 4.466 | .139.17 4810 113,14 o .39 gt goaan
260 5,006 | 119.93 L2160 4.525 ) 119,01 4.0k ‘ 13987 ~3loor b onigieg o -255
270 3,163 . 121.,07 Jat B 4£.559 321,64 4,123 H 12L.61 . .35 1 1mas L
7 ouo 5.240 | 123,42 238 4.055 } 193,40 4,185 183,37 , 3.353 | 12333 ¢
"250 5.313 | 125,29 ) L2201 P 40721 135137 4.243 ] 125.15. i 3452 | amaz |
ach . 5.587 | 125:98 .| o.z295 } . 4.787 | 12688 4.202 12691 | ¢ 53,966 126.61 |
110 ? 5,460 | 128.78 .2309 4.B52 1 126,75 4.560 1 128.7% | 3.960 | 12571
3zo 5.533 | 130,58 2332 | L 4813 s S 4.419 | 130,34 4014 | 13051 )
350 5.637 | 152,40 L2355 4,543 1 132 39 . 4477 132.36 1 4.065 | a2
330 (£:5.682 | 134,23 2378 T5.G4d 1 1340 4.337 1 134.19 ! 4.122 1033318 !
250 5.756 | 136.07 | ‘0.2401 5.11% 1 '135.05 4596 136.03. | o 1 2.9 | 126.00 |
360 5.610 | "137.53 . L2424 5.176 4 137,90, 4.658 7 137 .84 4.359 137.85 |
470 | - 5.504 | 139.78. 2547 5.24870 105,76 4.51a ) 1300 4.353 | 139,71 |
20 5.975 | 141.¢6 L2470 5.307 1 141.64 : 241 4.772 1 14162 | +.336 | I41.55 !
5 6.047 | 143.55 2492 |- 5.372 " 143.52 2278 4,529 § 14350 0, 4.359 | 143.38 |
. 400 Wl R e 5.433 ) 143.41 | 0.2508 +.837 | 145.39 | 0. SAl | 145,37 ; 0.2479
- reh Abs Prossure 12.psi Abs Presuure 13 psy Abs Pressure 14. ps1 ALt Prossure 16 psa
. rp Gagu Prepsurce 5.50 in. Vae- Ggo Prussure 3,46 la. -Vac CGage Pressure 1.42 AR, Vac Gage ressure 1.3 p.-.x.
: toAsut's Tewp 106.6 F) J (Sutla Tesp 1110 F) -(3it'n Teap 114.9 F) (Sat*n Tewp 123.1 F)
{8ar'n) | (a. 024) (84.46) {7 (0.1750).] (2.435) (95.08) | (0.1753) | (2.271) (95.66) | (0.1753) ><2.coiz U e.1) : (0.1760)

) o - T - o R ' 2 . L . ‘
110 2.640 54.57 0.1759. o T cees S g . . -
120 |5 2,659 ) 96.55 1786 "2.47 96,51 | 0.1778 4 2091 | 95i47 T . ...
130 2,738 9814, L1513 2.522 0 9330 . 1805 | 2334 | 93.06 2.034 57.59 0.1732
Mo -} <0973 [ 1840 2.507 |- 99070 1| -.Ug32 £ 23771 9566 2.0%2 99.39 © 1803
-Iso'f" 2.838 | 101.34 0.1867°| " 2.613 | 10031 | 0.luss 2.421 1 jo1.27 ©2.116, | 101.20 . 0.1435

' 160 2,838 1 102.97 1834 2.8597 17 102,.9% L1885 “8,465 [ 162.50 2.148 | 10283 1852
170 ‘2,938 104.60 §920 2.704 | 104,57 .1011 2.508 | 104.53 2860 10445 | 1538
80 | w987 | 106.25 L1946 2.749 | 106.21 .1837 2.550'| 106.138 200471 1g6al L1913
190 "3.037 | 10790 .1972 2.795 | 107,47 1583 2.593 | 107.64 2.%2 | w77 1940
200° 3.086°] 109.57 | _o0.1997 2,841 | 109,54 0.1588 2.635 | 109,51 S2.299 | ios.44 0.1965
210 3.135 {.111.28 2022, 2;8387 | 111.23 .2013 2.678 | 111.29 2.336 § 11.13 ;- [19m)
200 3,084 § 119.95 | & 204 2,533 | 12,82 2038 2.920 | i12.89 2374 § 11283 7 2016
230 3.233 1 114.68 | 2072 2.5739 114.62 - .2064 2,763 { 114.59 2,411 § 114.53 ?.20n
240 3.283 | 16.36 2087 3.025 | 114.33 . 2058 2.806 | 116,30 2448 | 116,24 2065
2%0° 3.332 | 118.08 o.2121 1 3.0m | ns.0s | e.a113 2.858 | 118.02 2.486 | 117.96 0.2050

200 .32 19.81 .1 2146 3.117 | 119.79 . .2137 2,890 119.76 2:523 1 119070 - - L7114 -
270 3.431 { i28.35 | .70 3.162 | 121.53 L2162 2.922 | 121.30 2.5¢0 ¢ 120 45 -2138
280 3.479 1 123,31 | . 3194 3.208 | 123,29 .2166 2.573 | 123.26 2.59% | 13 L2162
.290. 3.528 | 125.09 | 2218 3.254 [ 125.07 22309 |- 3.018 | 125.04 2.633 | 124.99¢ -2186
300 3.87%| 130.88° 0.2241 | +3.300 | 126.80 0.2232 | ~3.050.{ 125.84- 2671 | 126.78 0. °~1o
310 . 3.627 | 128,08 L2285 3.045 | 124,66 LE256 J03 | 124064 2.703 | i23.53 2330
320 3.676 | 130.49 " 258 3.091 | 130.47 -.2279 L1451 130,44 2o 2,756 | 130.3% .2257
330 3.725°| 132.31 .2311 3.435 | 132.2 2302 ~3.187 | 132.26.| _ .2794 2.783 | 13221 2250 - -
40 . 3,7 | 13414 42334 P 3481 134,12 2325 3.229 | 134.09 JZ3L7 .| .2.820 .| 13463 | -2303

. > Do 1 t B Ed . . . - N . . ..
ase ’ 3.823 | 135,58 0.2357 .. 3,526 ] 135.96 0.2348 |- 3.271 | 135.04 0.2340 2,857 | 135.88 0.2325 -
360 3.872 7. 2380 3.572 | 137.81 mn |oa, A37.99 .. 2363 2,885 | 137,74 2339
370 | ".3.002 | 139.69 2402 3.617 | 159,68 L2354 3.155 | 139.65 L2386 | 2.932 | 139.60 . .37l
360. 2.572°) 141,57 2425 | 3,662 [ 141,56 | ° 2418 #3.397 | 141.52 w2408 2.966 ) 14197 394
LT 4,021 | 143.43 AT T 3,707 | 143,44 | L2438 3.439 | 14341 .2430 .| -3.005 | 14335 ] 2416
400~ 4.009/ 145.34 | o.2463 | . 3.5 ;;143.33' 0.2461 3.481™ 145.31 | 0.2¢53° | 3.042 | 145.25 | o0.243s
- 410 4.117 | 147.25 0.2401 b Py 2 i T T S X 3.5%2 | 147.22 2475 | 3079 1 w707 | 2460
Y4z vaes R »3.831 ] 149.16 0.2505 3.562 | 149.14 0.2497 [ 3.215 | 14310 |- .2462
., $30., vers veas . Cer A ceas ceee ceee ciee, | 3152 | 13103 | 0.2504
) . B P e - . ,
- -

‘.
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o

| TADLZ WL PRoERiEy

Cr 3

P Tr, ey wa

FEREZAVID U.-.Pu:': {ceatinued

} B, Abs. Proagure 18 poi . Y A%y Pressure 20 psi Abs Pressure 25 psi . ‘Abs Pressure 30 psi
.8 R Gage Pressure 3.3 psi Gage -Pressure 5.3 psi . Gage Pressure 10.3 psi | « "Gage Prissure 15.3 psi
Pt {S1t'n Temp 126.6 F) {S3t*n Teap 134.6 F) (Sat'n Tewp 147.8 ¥) (Sat’n Teap 259.1 F)
e} v , h Lo v o h -8 LY b s L A ] Y
* (sai'n)| (1.795)]" (97.68) |+ (0.1764) | (L.625)| (08158) | (0.1769) |  (1.317)f (100.50) | (0.2778) | '(1.109)|.(102.15)| (0.1787)
. : . . . . P . . . . ¢ :
130 1.790 | 97.91 | -0.176% R S .
\ 140 1.833 [ 95.3i 1793 1.640 - 99.43 '0:1783 | 5 .
150 1.867.| '101.12 0.1822 1.672 | 101.65 0.1810 1,322 100.87. o.1784 {0 ... TR SRR
Y. 160 1.501 |. 102.75 1848 1.703 | 102.53 1836 lggu | 10350 8111 1am | ore2i3 [ 0.1796
170 1.935 | -104.39 1675 1,724 | 104732 J1862 | 1,373 101.14 ] el1maT 1.132. | 163.9¢ IS
‘14d 1.905 | 10604 L1501 1.755 1 105.97 Jggsé |- 1.3us | 105.50 .1463 1.153° | 195,62 1842
190 2,002 | 107.71 - ;1926 1756 | 103,85 | 1914 1.423 | 107.47 * 11589 1173 | .107l20 1848
200 2,036 | 109.39° | 0.1352 1.827 | 109.32 0.1948 7|  1.4487 139,15 0.1915 1,194 | 108.97 | ©.1384%
210 2.069 | 111.08 1ar7 1,857 1 111.01 J196e L 1.7z 110084 | 1940 0| 1.215 | Tio.e7 1919
220 2,103 | 112.77 L2003 1.837| 112070 ~1991 1.497. | 112.54 1966 1.236 | 1127 1845
230 20135 | 114.4% - L2028 1.917 ] 11420 2015 1.522,f 1I4.25 L1991 1257 | 117703 -1970
230 2.169 | 116.18 L2052 <IN 1,947 . 1la.12 <2041 | 1.546 | 115.93 .2015 | 1.276 | 123l80 -1935
250 2.203 | 117.90- | 0.2077 1.979 | 117.84 0.2065 1571 nr.es [ ezodo | 1.2 F 1175V | 0.s0s
. L2101, 2.Q07 | 119.58 2080 | . 1.595 | 119.4% -20G4 1.3%0 ! -115.28 203
.2125 2.037 | 121.33 .24 1.Gis-l 12119 .2639 1.341 | 121.03 2064
r .24 4 2,066 | 12308 2138 | - 1.643 | 122.8% ‘2113 1.362 ;1 122.60 L2092
EILE] 2038 | 12487 1. (2152 1.657. | 124.73 | _2t3¥ 1.382 | 127059 .211&
0.2197 | 2.128 | 126,67 0.5345 1.681 | 126.53 0.2160 |- 1.402 | 126.38 { G.2140
- .2220 .2, 153 1284 .2209 1.716 | 123.34 ~2184 1.522. 1 135.20 .2153
284 2.187 ) 13028 |- L2202 NN 1.741 | 130016 L7 1.442 1 13c.0n 2157
2257 2. 2:7 132.10 L2255 1.765 ) 131.98. .2231 1.492 | 131.85 L2
.2230 2.237 (3384 22278 1.769 | 133.u2 .2254 1.483 | 133.69 | 2233
0.2313 3277 [ 125.7 0.2301 1.613 ). 135.65°| 0.2277 1.503. [ 135.54 9.2256
« .233§ 2,308 | 137.64 L2324 1.833 § 137.52. S.2200 1.524° | 137.40 2379
.2358 2.338 | 139.30 L2347 1.852 ) 139.39 .2322 |- 1.545 [ 139.27. 8302
.2381 2.368 | 141.38 .2369 1.885 [ 141:26 .2345 1.565 | 141.15 2325
2403 2,393 | 143.27 12592 1.910 | 143.15 -.2387 1.385- | 233.05 YT
0.2425 2.427 | 145.17 0.2414 1.933 | 14505 | - 0.2359 1.604 [ '144.95 0.2369
2547 2,456 | 147.08 .2436 1.957 | -146.97 L2411 1.624 | 146.86 .2391
2469 2,485 {7 143.01 .2453 . 1.581 | 1£8.90 2133 1.645 .| 146.3% 5413
0.2451 2 515 150,94 2480 . 2,003 | 150.13 2455 1.665 | 150.73 2435,
2.544 ) 152,89 500 | 029 | 152,48 2477 1.685 | 150,68 Zis7
. . 2,052 | 154.74-| o0.2458 1.706 | 154.65 | 0.2439
Tos Abs Pressure 35 psi VG Abs Pressure 40 psl ) Abs Pre:-:-urp 30 psi Abs Pressure G0 psi
Fp Gage Preasure 20.3 psi n Gage Pressure’ 25.3 E)al_ " "Gage Pressure 35.3 psl Gage Pressure 45.3 psi
(5at'n Tezp- 169.0 F) (Sat'n Tenp 177.9 (Sat’n Tezp 133.5 F) {Sat’n Tesp 206.9 F)
» - . - . - - - - - — [ P
(Sat'n) |’ {0.9580)\-{103.60) | (0.1795) | (0.8435){ €104.50) | (0.1802) | (0.6609)|(107.14) | (0.1016) | ¢0.570%) | 150.06) 0.1827)
170 0.9594 | 10347 | 0.1797 T R
- 180 .| o0.9780 | 105.43, .1824 0.8462 .| 105.26 0.1808° R ..
190 %0.9983 | 107. 10’ 1830. | 0.8627 | 106.34 .1834 A NP -
200 12015 - '103 79 0.1875 0.879e | 108.62 u 1860 - |. 0.6899 | 108.27 0.1833 T R
210 1.033 | 116.49 196t | C0.B953 | 110 32 .1885 | 0.7031 | 109.57 1858 | o.5738 | 109.60 | 0.1815
220 J1.031 | liz.20 1927 | -o.0l14 | 112,03 1811 0.7163 | 111.69 L1884 .5833 | 111.31 .1861
250 “1.068 | 11331 | 1952 0.9274 | . 113774 1936 1| o0.7295 | 113 41 ;1509 .5968 | 113.04 1585,
240 1.088 | 115,63 1877 0.9435 | 115.47 1961 | 0.7430 | 113714 “1931 6082 | 114.78 1912
i 250 1.106 | 117.37 | 0.2002- }- 0.9596 | 117.21 0.1986 0.7562 ué!.go 0.1959 | 0.6193 | 116.5¢ | 0.1997
200 1.124 § q15.12 2025 | "0.9756'| 118.97 .2010 0.7653 | 118.67 ;. 1984 -6303 | ¥8.32 [ . .1961
_ -210 1.142 | ‘12088 .2051 0.9915 | 120.74. | * .2035 0.7821 | 120.45 .2008 L6413 | 120,11 1935
. 280 1.160 | 122.66 2075 1.008 | l22.52 L2659 0.7950 | 122.23- |- 2033 .6525 |- 121001 .2010
, 290 1177 | 12445 L2098 | -1.023 | 124.31 .2083 0.8079 | 124.03 L2057 .6639 | 123.72 .2035
300 1.195 1- ¥26.26 0.2122 | "1.038 | 126.12 0.2407 0.8207 | 125.84 0.2081 | o.6751 | 125.53 | o0.z088
310 1.2i2 < /128,07 2145 1.054 | 127.94. .2131. | 0.8335 | 17766 L2104 6860 | 127.36 .2083
320 1.230 V 125.89 . ;2168 1.070 | 129.75 2154 0.8463 | 120,48 2128 6962 | 120019 | 2108
130 1.248 | 131.72 .2193 1.085 | 131.59 .2178 0.8501 | 131.31 2152 L7079, | 131.03 2130
340 1.266 -| 132.56 L2218 1,101 .| 133.44 .2201: | o0.87186 | 13316 L2175 ~7188° | 132.89 2153
* 350 r.284 | 13s.a1 .| o.Z2se {117 | 13s.e0 0.2224 0.8544 | 135.02 0.219 0. 7296 | 134.35.] 0.2176
. 360 1.302 | 137.27 .2262 1.133 | 137.16 .2217 0.8973 | 136.89 2221 L7403 |.136.63 21399 .
370 1.319°4 139015 .2285 1.148 | 139.03 - 226% 0.9101 | 138.77 -2244 .7510 | 13s.52 | % 2222
360 1,336, |-141.03 .2307 1.164 | 140.91 .2202 | 0.5228 | 140.67 - L2056 7619 | 13042 .2245
3% 1. 351 142,83 | - .2328 | .1.17% '} 142.81 2314 | 009354 | 142057 2289 | 3725 | 14233 2267
- 400 1.370 | 144.83 0.2352 | " 1.194 | Jd4.72 0.2337 0.9480' | 144.48 0.2311 | 0.783L | 144.24 | 0.2290 -
40 1.388 | 146.75 22374 )| 1.210 |.146.64 2359 0.9605 | .146.41 .2333 L7937 | lestx6 | - .2m12
420 1.405 |.148.68 .2356 1.225 |, 148.37 .2381 | . 0.9728 | 148.35 2356 .8043 | 148.10 L2334
« 430 1.422 | 150.62" L2418 | -1.240 | 150,51 .2403 <] | 0.9851 | "150.30 .2378 6151 | 150.06 .2356
440 1.439 | 152.58 L2440 1.256 | 152.47 ~2425 0.9974 | 152,25 -2300 .8257 | 1s52.02 L2378
4s0% | 145t | 15054 | 02460 | L2mn | 1seeas | o.2447 | 1.0m0 | 15422 0.2¢21 | 0.8362 | 154.00.| 0.2400
- 460 1.47¢ | 156.52: |  ,2483 -286 | "156.41 .| ' -,2468 1.623- | 156.21 2442 8466 .| 135.98 2422
470 21,491 158.51 0.2505 .302 |.158.40 .. 2490 1.036 | 158.20 L2464 L8570 | '157.58 22143
480 i 1. :u'{ 150 -:o 10.2511 | 1.048 | 160.20 |  .2486 .8675 | 159,98 | .2455
490 e e e 1.060 | 162.22 0.2507 | 0.8776 | 162.00 | 0.21486
- * ‘o
- ! A ~
- \ . .
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".Upper Heater-Volts x amps A
jLower Heater Volts x amps_:::

32212 5 x 11,5
ffﬂ?Q%i

x 7 85

. ngpié-Data Sheet o
Date: Mé}'Il/?Z:‘ u R "Run No. 4. ' T,
B, PR 736 in Hg e76° F 3 Heater:s59 =« . *
Room Temp: 83.5 Riser Size: 58 p o .
Data Llstlng Page 5 Column 2 .'Hé&ter'ﬁlevétion:fo_- )
" Heat- Input Sectlon . PR . A -
Static Pressure Drop IS.S'?O s ‘ISfDZUU?EQFV; 'éf
. Correction for Zero N R 05\ ) f+;05~f"%-
(Inches df‘FreOn) L _ R
* Mass Flow Reading . o~ . 7.1 - 3.8 <7.25~ 3.95 -
- Correction for'Zero . '—.tQS T - 505 .
Heat’ Input Sectlon
';Potentlometer Readlngs
‘Bottom to:Top- (Mllllvolts) _ .
"1 ¥ Ircn- Constantan 22,907 -
2 L 2.758
3 2.7
4. 2.514
s 2. 425 SRR
6 2:271 AR
7 . - 2,231 :
v g ’ 0 ©2.231
Potentiometer Readlngs : o
. Copper Constantan (M1111volts]~u' ﬂ“ i
-~ Heat Input Section Qutlet - 2.377
;Rlser“Sectlon Inlet 67
:“_‘.Three Feet Ug}Rlser - '
"~ Heat Input Sectlon Inlet‘u'I g
' Po‘y;er ___ — S ,:ﬁF'L” e S

215“x_11;55;;f

I uFlow Sltuatlon
) h ‘——--‘A -

:lWéf?fnearf'*Z

| ‘Reversal -
soereversals ity



I T
B R

-

" Raw Data Partially

- Ya:“"

Jure 29/72

.. May 30"

'59 inches

"5

'h‘-:'ng éﬂ o
.‘. %g \ —

F'Heater P051t10n7‘

0. 1nches

"6

i |

‘|Barometric Pressufe

756 Osim @76 F

749&1‘@33

| 740.1 ev3

-744.4\@97\

“Room Temperature

83.5°F

%4.5

715

78.5

Test Section
Pressure Drop =

,14,65.1n_Freon )

, fﬁ 6

14.9

- '[Mass Flow Rate

.. .485 1bm/sec

.467

_.a67

14,50 \_

453\

Inlet .Temperature ..

~110.0°F

109.%

109.4 .

‘16338' ~’,\

Outlet TEmperature

136.3°F

135»1\

134,97

TN

" |Total Power at
.iReversal -

3054‘watts

3044 -.\

2933

2497

Reversal

Total Power_Befbre :

'2943 watts

;923 '\

. 2879 .

2447

‘ﬁl-SectlonnOUtlét .

Temperature”

1350°F

135.1

T 134.9

132.8  }/3

-RiSér*Setfiﬁn'Ihletﬁm'

Temperatuze

134.6°F

134.8 -

13435

" 132.5°

- 'Temperature 3 Feet
 |Up_Riser

. 134.1°F
¢ o .

134.1

133.9- .

113201

Temperature In Heat

. |Input Section
" |Bottom to Top

b L TL.

S 132.2°F .

=3
ol

1 133.2

129.8

| ‘T2

|- 128.2°F

: .128021 \VI E

{° 132.2 . °

- 125.8°F

rt126.2

132.,7

1183

}f":i

1270

15

116.3°F

11675

12403

CSheTe

'111.0°E - -

';111s3 § '

119.0

T7 -

- 108.8°F -

108,77

1135

T8

109. 8 F -

~109.2

| 110.7

 'Page-Nﬁmb¢r fﬁ;”y

']?plumpNumber S

'... g




-
S
-
&
o
[

fHeater
Length.{

4

P051t10n

8 -

- P?ge 1

Sample of F1na1 Data

_Co}umn‘

: 'VFIOW- ‘Rate -
:-1bm/hx

agr

a8

-
I
|

-1‘ ' 1n}l].es 1

~

!

B ) I_. ' _'
e R N

© ©

S%11

11
113 ¢

16

16 o
2n
37

RN i

13 .

€

A‘m'wbwl-tﬂ WA N N

e s A

: ,_.-;;,-.2; I

W)

Coe

e |,

P

HN e e R e N

*

KL S

1595

1710.
1692 -
1681
1681
1681 -
1674
1674
1674 |

"1681°

1674- -

1638 N

1656

“ 1‘16?4‘}%'
N

1595
1620

END

"6 72
6. 68
6. 35 “

6.859 g

A 6.75 -

'6.55,_
6.44
6.50 o

© 6.48

" 6.39°

6.21

" 6.30 .
. 5.79 "

L a2

6.36 |
-6.36. |

LR S

IMUM |

1440
1404

1378

1304
1422
END

. 4.02
4,027
'3.88
'3.98"
3.98

EHNIMUM

_59"‘ L .'.‘_-_,‘__

NN G b

M

- - - - Y wiowv |

L
-
;o

B W NN

1697

:gx“;;f _;

1746}
,1631”

1681 °
1692 -
1681
- 1674

 1681: 1

J6.84x

. 6.95
76.66
“'6:76

i —6:88 | _

"6.69
. 6.82"
" 6.69




Heaﬁef . Position’ : nge': ,Coiumﬁ-.‘F16w5Rate X
‘Length;‘j ) -inch¢5a Y e Lo 00 |1bm/hr I T |

1681 | . 6.70
1674 - | &.96
1674 | 6.3
1656 | .59
| 1656 17 6:36 -
713 16747 | 6.31
18 - 1656 | .21
5 I B o ULEND pMAxIMUM |
T 3N IR © | 1822 | 3,98
S 1422 | 303
| 14227 | 308
1422 {. a0t
e END. - |MINIMUM.
| 1638 - 526
1530 | 4.43
Jo620 0 | 40
1548 [" 468
-1595 )

....v | . 59 T | ..9 . \
L - ) . - et q 9 . .
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