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An experimental and analytical study of the. single phase
closed thermouﬂphon is- presented. Emphasis is placed on
N_large length to diameter ratios (Ln/d) and unequal heated

' and cooled lenjkhs (LH/Lo) : S
¥ .
The . experimental study - ut1lized a 10 ‘cm- dlameter steel
thermosyphon &ith LH/d values of 10, 30, and 50 and Ly/Lg
ranging from 1 to 20. Methyl alcohol (Pr=6, 9) was used as~i
the~work1ng fluld Results for a temperature difference
between the heated and cooled sections ranglng from-3° to
- 50°C/were found to ;1e entlrely in the turbulent.mixed
;A?I;oueregime..Increasing Lyyd orankhé.had agdetrimental
effect on the heat transfer. A design correlation is>given

. relating the effect of L./d and Ly/L. on the Nusselt

@ N k)

fhgnumber. : ‘ \ | -
. L , .
The analytical study consisted of developing a- coupllng
' model such that the laminar open thermosyphon solutlon can
. be used to predict the results for the closed system. A
coup;ing parameter, K; wasbintroduced, thus providing
';resuitgﬁfor pure ad&ectiond(xad), pure'mixingl(Kél)} and

refluent mixing'tending towards pure conduction (1<K<2).
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'.. | NOMENCLATURE

tube radius, ‘inside [m) . N

ordinate intercept va;uq torwlinear correlation
positive coefficients in the difference equation
upoc:lﬁt; heat (cén-tant ﬁruiure) (I/kg K]

. tabe diamctcf, inside [m] ‘
qravitqtiohal"accelar;tion'tm/sz] |
cogv.ﬁtive i;eat trapsfal‘ coefficient [w/ﬁ Kj
thermal conductivity [Q/m‘K] .

coupling coefficient for closed thermosyphon

B = ® 5 @ a'0 0,0 0

‘tupe length of open thermosyphon or heated or
oled length of closed thermosyphon [m]

mass flow rate [kg/s)
distance between‘nodes [m]

ﬁ"heﬁf flux density [w/ﬁzﬁ | y
iheat flux [w] i |
radfhs (m)

source ternm

H W O Qe 3

temperature [oC]
temperature difference [°C]
l\
velocity in axial direction [m/s)

velocity in axial or radial direction based
on subscript [m/s]) : ’

-axial length [m])
axial lothh (m)

v

at

& - ; ‘
. coefficient of thermal expansjon [1/K]
.?nonentum~boundary layer thickness ([m]
¢ : ' —~—
‘ X “ -’
’;)) 0 s a »



e tonporaturc‘diffcrgnbo ‘[°C]

x thorhal‘ditrqlivit; i*k/pcp (m3/8) o
AL convergence criterion <<> -—
" viscosity, dynan&c [ul/nz] ‘ -/ )

v viscosity, kinematic  [h%/s]

p denaity'f[}q/mzj ' | | .
é dependent variable - ¥, w/r, or T |

¥ stream function

w vorticity - ’ —
Nondimensional Groups

Gr ;“Grgihaf number = ﬁgATa3/u2

Pr Prandtl number = uep/k
Ra . Rayleigh number -.GrPr_'
Nu,. ‘Nusselt number (open system) = ha/k = Q/2x(T;-Ty) KL

¢

Nuy Nusselt number (closed systém) = hd/ﬁ
= Q/’!(Tl,]_‘Tliz)kL

a  Agad(Ty-Tg) /uaL
tg ﬂgd4(T1'1-T1;2)/an

£l

t

Subgcripts

a based on.radiﬁs

C cold ‘

CA. cold annulus

cc cold core )/’—\\\‘

d based on diameter ) A

E> nodal point east of node of interest

H  hot .

Xi,;«



"'HA dhot‘annﬁlus o I
Hq . hof core

LR adjacent interior node
'Nﬂf nodal point north of node of interest .

o

o "’at point whlch veiocity changes dlrectlon

P boundary node | N

df :" reserv01r or radlal dlrectlon dependlng on context'

se' “‘hodallpoint south of node of 1nterest

W\ o at the. wall |
'e:w. ‘,nodal‘p01nE‘west of node of interest“
oz aXiél'directiono"A B ;d‘;

0 condi#%on at we;lv
| condifion ;t feservoif or'core?entfy
/2 denotes bottom or top half respectlvely of- closed

K =2

- thermosyphon, secoﬁd element denotes tube half
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A thernoSyphon is a device whith‘transferssheat massy and
‘monentum by utlllzlng the buoyancy;forces on a fluid
enclosed in a vessel All major studies so far, in whlch
the name thermosyphon has been used are based on systems

-whlch have ‘a Spec1f1C functlon of removing heat from a

source, carrylng it along a spec1flc path and dep051ting 1t

1n a 51nk Natural convectlon from a heated plate or - /

./
/
: cyllnder has the functlon of remov1ng heat but the ™ ‘/

subsequent transportatlon is unprescribed: thereby //

_‘ellmlnatlng 1t‘fromjthe,thermosyphon classzflcatlon.//

_ Thermosyphons can,be‘classified by the nature of their’
‘boundarles, the number of phases present and the type of
. body forces The boundafy~cla551f1catlons are usually
either_a) Open, b) Closed or o) Closed Loop._Flgure‘l
'.illustrates,the ‘three types’of'boundaries.vThe phases are
gas” and llquld and the types of body forces are prlmarlly

graV1tatlona1 or centrlfugal

'Motlvatlon for study of the thermosyphon is fuelled by it
_'belng a 51mple devxce whlch can transfer heat without power ¥
‘»sources or mov1ng parts. The thermosyphon also has the

‘favourable property that it operates as-a thermal "diode"‘

1
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In a gravxtational field, with the upper seotion coolor

than. the lower sectlon, thermal buoyancy forces are set 'up

which drive the flow and transfer energy by advection® trom‘

the 1ower section to the upper sectlon.vHowever, it the _\ |

upper sectlon xs at a temperature higher than the lower r
section, no buoyancy forces are induced and heat Mranster

occu{s by*the much less efficient meohanism of. conduction.

" On a mathematlcal basxs the thermosyphon can be descrlbed

by the equations of conservatlon of mass, momentum, and

energy. For this set of elllptlcal partlal dlfferentxal

equatlons, an initial condltlon and boundary conditions on-

all of its phy31cal boundarles are requlred to prescrlbe

the .problem. The present study 1s concerned with

steady-state operation, thereby ellmlnatlng the requlrement

- for an initial condition. If the flow may be further - oy

simplified to a boundary layer type‘tﬁen the spec1f1catlohs
can be reduced to prescrlblng the reserv01r or core eﬂtry
temperature, Tqo, for.the open thermosyphon, or Tpy - and/To2
for the closed thermosyphon, plus the physical boundary

condltléns.

Te

‘The non-dimensional group used to describe the flow are

 defined as: . .

, : d&a ‘ = )
Nusselt number: Nu, = , Where q =
o y . ,'aTk : 2raL

* This term implies bulk flow'or flux of energy ie}‘ggcpT

1':_;

R
i u@.ﬁ
SFa



“Prandtl number. Pr - pcp/k

‘boundary layer equations.

| o - pgaTal \
Rayleigh numbeg: Raa L —
o : . 'VN "
« L/a |
.ty = Raya/L  or ty = Rayd/L
s g s
4

——

which haVe been previously deduced [1]* from the laminar

1.2 Applications . .. . o

- r— e
. g .

vShcrfly»before the seccnd world war interestWQs sparked in

the thermosyphon for potential use 1n the coolnng oi gas

S
"~

turbine blades. The grav1tatlonal force field 1s then' ~
replaced by a centr1fuga1 force fleld whlch is. frequently
in the_cxder-of 104 g. E. Schmidt (2] was the first to .

deVelop and build a gas turbine with blades.water-cocleg by

.an open thermosyphon;_From‘there WOrk‘progressed‘into the

“use of closed éhermcsyphcns and liquid metals’as"reportedv

by Bayley and Bell [3]. The‘cldsedrtherﬁosyphpn has the

.

‘advantage of fluid ccczsinment‘and'does not have the E

vibrational stébili%} proﬁlems‘aSSOCiated‘with the open

thermcsyphon.'ﬁcstAYEVestigators have stressed the

importance of the closed. system when deallng with gas

turbine blade cocllng

* Numbers in square brackets- 1nd1cate references llsted
in blbllography



Another application for the closed thermosyphoh is in the -

‘cooling of nuclear reactors. This has an . additignal |
complication of heat generation. D. Wilkie and S.A. Fisher '
(4] have studied_thisvproblem experimentally and B.S.
Larkin [5] has presented a general summary of this
application. Larkin also mentions,the use of thermosyphons
for cooling transformer cores and dissipating heat from

eleqtronic ecuipment

Ly
L]

-Exploration and development of the arctic has brought about
several new northern applications. Larkin- [5] and G. H. (Qy
Johnston [6] have reported on.the‘;pplication of preserving'
the permafrost beneath heated buildings: by using ‘the cold |
w1nte!':1r as a heat sink In 1973 the Alyeska hot oil T
.pipeline provided the largest single application of the
‘closed thermosyphon. Over 120,000 of them nerevused to
provide a freeze "bulb" inythe soil around‘the‘vertical *
support members o? the ele\‘rated'sections of the pipeline. A
two phase model was selected with ammonia.used as the
working fluid. Anvertruded aluminum radiator‘nas press
fitted onto the upper portion of the thermosyphon tO»

: 1mprove the heat transfer between the atmosphere and the -
cooled section. C.E. Heuer [7],reports,that after one‘ ‘

winter season, freeze bulb‘radii of 1-1.5m were'obtained.

The‘single'phase thermosyphon has been preferred over the

two phase model by the Soviets. G.F. Biyanov et ar (8]



- would be vertically driven into the riverbed and would

‘1nto a curtain of ice.*

‘report tnat the single phase modelvhes 7Fen used to freeze

and stabilize large earthen dams in ther S.S.R.'s northern
'areas. It has also successfully been used there to

stabilize permafrost undgr heated buildings. ;

There are several new arctic proposals for the use of the

thermoeyphon. The concept of constructing an ice veil to

‘‘‘‘‘

provide greater hydrological control of‘nortne - rivers has

‘ been‘reported by G. S.H. Lock [9]. A row of-thernosyphons

extend several meters above the wvater surface. The

*

’ relatively warm water would extend over the h&ited length

&

'and the cold w1nter atmosrhere would envelop the cooled

length. Ice growth around“the tubes should eventually form - -

Hydrocarbon production’and development in the offshore.

arctic has also provided several new conceptuel uses for

- thermosyphons. Preliminary engineering of oil production

structures in the Beaufort Sea often call for freezing of

the foundation immediately‘beneath the structure to #

increase the shearing reSistance from an ice island
gcollision. Thermosyphons have ‘been proposed as one method -

to achieve this. Thaw sub51dence around hot 011 wells in

permafrOSt'is another Arctic petroleum problem. A ring of

xthernosyphons could be used radially around the well to

prevent tne'degredation of the permafrost. In noth of the



above applicatlons thermosyphons with large length to
diameter ratios would be required.

N

'a) Open system

In 1953 M. J. Lighthill [1] produced an analytical study on
‘the single phase open thermosyphon which has provided a
foundation for all future thermosyphon work. Lighthill
introduced six basic flow regimes; three laminar and three
turbulent. In tbe laminar regime for large ta fGr Pr a/L)
'ie. large AT or iarge.a/L, he hypothesized that a boundary
layer type of flow WOuld occur yhere the boundary layer
_occuples a small portion of the tube. As ta is decreased
the boundary layers grow until eventuall? they approach the
centerline and restrict the.oppo51ng tlow. As ta is further
reduCed,‘the uall effects reach a naximum where there is no-
longer'a change in profile shapes, only in their scale.
This region he called the similarity regime.

L | o
nghthlll started hls analysis wzth .laminar boundary layer
flow and Pr=« (neglecting 1nert1a terms) . He later
determlned that hls résults would only be aboutdlo% in
error for Pr=2. A Pohlhausen 1ntegral technique was used
with equal thermal and momentum boundary layer thicknesses.vy

N

parabolic temperature and cubic velocity profiles were

14



chosen. Licpthill determined that the volume flow rate is

no longer a maximum at the orifice when ta<34°9‘ This marks
the transition into the impeded-regime. He alsc stated that1
for large values of a/L the flow would tend asympotically
to flow on a flat plate.

'Fcr smaller values of t,, where the bouhdary layer fills ’
the tubc, integral techniques were again used in his }
'ﬁsolution Lighthill predicted th:t@ﬁhqn t,=311 the velocity -
-and temperature.profiles showed no-change in shape, only in
“j_*m‘ bscale. They had beccme‘linear functions of L. Below ta“311;

a stagnant region would exist in the tube.
. ‘/ i .
?\

For turbulent bcundary layer flow the relationship of an

. l . .
earlier investigator was used which gave the Nusselt number
as: |

- 1/3
Nu,=0.11Gr, 1/

Lighthill predicted for large ta that a turbulent boundary
layer flow would exist. Lowering t, wculd result in
turbulent flow filling the entire tube. Finally for a
further reduction in t, he predicted that.a tirbulent
siﬁilarity soluticn_wculd occur. Figure 2 shows all* of -
Lighthill's predicted results. B.W. Martin [30] published
his experimental results on the open thermosyphon shortly

after Lighthill's work was presented. Martin used an opaque

!

»



1) Similarjty flow wn.h st.agxznt portion

2) Similarfty solutions -
3) Ndn-similarity flov with bomdary layer ﬁllmg the tube, Preg= *

4) To the left ofe'the cross involves a physical mpo:sxbxhty

S) Boundary layer flow, Pr=o==
6) Limiting case, free convection on vertical flat plate

/ . Figure 2. Heat transfer for the open thermosyphon in
laminar flow ( following Lighthill [1] ).

]
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test ccll\ot_var;ablcgfhnqth'hadéad electrically to obtain \

a reasonable isothermal wall boundary condition. The
:xpofimcntal‘rosultlprovidtd an excellent verification of
the laminar rasultnxbf Lighthill. Martin observed the
boundary layor{flow, the lim;nar impeded E}ow, and for low
values of ta; a stagnant portion in the bottom‘of.the'tube:
‘Periodic fluctﬁatipns or surges in the flow woro'obéervcd
between the boundary layer £§ow rqgimd and the impeded
reginme. _‘ ‘ - : - \

\
I,

L
& w

Martih also reported on two distinct modes of turbulence.

. For viscous fluids he observed a turbulent boundary layer
and a laminar core. As t, was increased a fully mixed
turbulent flow occurred with_}ower'heat transfer results
due to ﬁhe mixing of the‘hof and cold fluids. For less
.vigcoﬁs fluids (Water)'the turbulent bdué&ary layer regime
was absent. Martin ‘also investigated the effect of”the L/a
parameter. He discovered that as L/a increased for a given
_ta tég_Nusselt number decreased. Fér large values of L/a-
the. flow would avoid the éurbulent_bouqda:y regime and
proceed directly into the fulix'mixed'tufbﬁient flow.
J.P. Hartnett and W.E. Walsh [1}7)conducted e‘xpe‘_kriments on
the open thermosyphon using a constant heat flux wall
condition rather than the usual isothermal condition. The

4

results were plotted using the orifice temperature

subtracted from an average wall temperature. By comparison

\



with Martin's'rioultl the euthor- concludod that”tho

11

e %
,

average performance for constant heat flux is equivalent to

the isothermal case.

Quite recently Gosman, Lockwood, and Tatcholl [12] o

presented a numerical study on the open t ermosyphon. A
finite ditference solution was obtained to the full set of
ellipeic Qquations for laminar flow. The predictiono aro
about 20% higher than Lighthill s results, for the

similarity and impeded regime and slightly below

%if§j§3&l's for the . boundary layer regime.'rhe numerical
whe . '
- sotution predicted a continuous Nu vVs. ‘t, curve as shown in

. 3.
Figure 3. Martin's experimental results for rapeseed oil
(69<Pr<1107) with L/a=47 5 are also presented. The change
in the Nusselt number for 1ncreasing L/a was found to be

negligible, contrary to Martin's experimental“observations.

© %

* < -

b) Closed system | ' —

Lighthill first proposed that the closed thermosyphon be
treated as two open thermosyphons joined together. He

predlcted that under turbulent flow the ramming of the two

-opposing boundary layers would cause a uniform core

temperature. F.J. Bayley and G.S.H. Lock [13] presented the
firSt experimental and analytical study on the closed
thermosyphon. Emphasis was placed on the effect of L/3 and

on the exchange region between heated and cooled lengths.
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Tests were run ulinq air, water, othylono glycol, and
glycerine in a verticdl tast cell of variable length,
heated slectrically and cooled by water jackets. Rooultn
are presonted in tiguros 4-6.

The flow regimes of,tho open thermosyphon are also evident
"in the closed,syStem. As t, is»iﬁcrhaood laminar impedud
regime is seen to give rise to a laminar boundary layer
regime. Turbulence was found to cur approximately at
td=1o7 -0 and a. turhulent impeded\ regime arose at td-lo7 5

~
Increa51ng the Ly/d ratio is seen to have the effect of

]
i

lowering the heat transfer. : e

2

Bayley and Lock proposed three idealized exchange
.mechanismirss’help interpret their results. The tirstv
mechanism is called "mixipgﬁ‘which would qgcur from a“
violent ramming of the two opposing boundary leyerquiving
rise to v1gorous mixing in the exchange region This in
oturn produces an isothermal pool of fluid which each core
_draws upon for its fluid' requlrements; Bayley and Lock
provided evidence for the mixing mode by placing a forced
convective coupling device'in the exchange region. Figure 4
shows a small increase in the heat transfer when the device
ls present Thls was thought to be due to the device -
guiding the boundary layers to the opposite core before

m1x1ng was complete. ’

=N
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rate ( following Bayley and Lock [13] ).
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——— L4

| Bayley -and Lock hypothesized a second exchange mode called

which invoives a crossing over of the boundary
layers in an advective type flow, each becoming the -core of
‘the opposite section. Here lt is visualized that the
boundary layers break up into streamlines or fingers,and?'

the two opposing layers of fluid pass through each other

’ much as the fingers from one hand can interlace through the

fingers of the opposite hand ﬁhe adfective or convective

mode was thoyght to occur for. large temperature differences.

and large Pr umbers. Secondary conduction through the hot’
and-cold streams would reduce the efficiency of the
mechanism. Experimental evidence of the center-line

temperature indicated'that the temperature in the heated .

sectlon core was considerably lower than that in the cold

.

section _core,, thus verifying such a convective coupling

fmechanism. ,

[}

vﬁhlhausen integral -

i

Bayley and. Lock also used a Karman<

" solution to the laminar boundary layer flow w1th either

- —

pure mixing .or pure advectlon. Mixing gave very good
A
results.for ethylene glycol but was poor for glycerine.

_They suggested that. sznce mix1ng lies betweeﬁ the optimum

for advective coupling and the minimum for the conductive
mode,-it.should provide a useful approximasion for most

laminar boundary layer flows. o

! \

) . . ’ {
D. Japikse [14] and Japikse and E.R.F. Winter. [15]

e

BRI
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- Py number fromv4 to 940 The two opposiné,boundary laYers

,Qpite‘recentiy; G.D. Mallinson, A.D. é%aham, and G. de Vahl

18
J

presented an analytical and experimental study of the
¢1osedathermosyphon. Flow visualization techniqﬁes‘Were

applied‘to a transparent closed cell for fluids ranging in

X i"z‘

" met and exchanges basically in an advective mode. Distinct

'flow streams were observed flowing into the opposlte core. ’

|
‘These streams alternated one up, one down, aan§§\3nx\,,

/

.Mixihg snddconduction were‘seen;to play secondary roles. -

.

Japikse usedia'thermosyphon with Ly/d=4 and ty ranging from
109°25 o 107°9. Turbulenqe occgrred at approXimately_
107'00. ’

Japlkse ‘also developed a numerlcal solutlon of . the open
thermosyphon by lptegratlng the governlng equations o
directly ‘with cublc temperature and vtloc1ty profiles and
employing an iterativetprocedure.tolobtain thevNusselt
number. Good,agreementvwas obtained with the-results of
Martin. JepikSe then used an overall energy balance and
appifed tﬁe,mechanical ehergynequation in the oontrol
voihﬁe'of the exchange region in‘the closed thermosyphon to
'soive for-the‘temperatures To1 and Toa- A Simplified. |
convective modei;was used with an ei‘hange parameter ?Q
egreemeht of better than~10$ was found with the heat

transfer data from Bayley and Lock [13].

:

° ) : : R

- .Davis [19]) produced a numerical and flow visualization



study of a rectangular closed thermosvphon.'Numetical"
'results for a three-dimensional flow model are presented
for td<4x105 which augment the results of Japikse. These -
confirmed the conduction regime (Ra<103) w1th the flow |
separating and returning to its own half An advective
‘ regime was evidenced for increasing Ra. The numerically
produced streamlines Were in good agreement with the r
‘ experimental flow Visualization carried out in the study.‘
For the case of td>4x105 their numerical scheme became
‘unstabJe
. N
1,»& §Y cope of thesis
. v , . _

‘The development of the far north has brought along a new

4range of problems that can be claSSified under the 4 W
inter-disc1plinary title of arctic engineering One of the s
‘newest problems involves using the natural cold reserVoir h
of the arctic to transfer heat from the- warmer earth's

surface. Permafrost stabilization, the growth of ice dams,»

the freeZing of artifiCial islands all provide promiSing

new applications for thermosyphons However, these

thermosyphons w111 ‘require a relativelx large heated length

and thereby from economic and structural considerations a

large LH/d}ratio. Also of iﬁterest will.be the‘case of
uhequal heated and’cooled lengths. The major object of this .
work is to explore the‘effect of these parameters on the

heat transfer rate. In most situations it will be desirable.'

[
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for the cooled length to be considerably shorter than the
heated length. The heat trqnsfer frdm this shorter length

; : ' ' )

L]

B oan<i§ augmented somewhat by the use of fins.

The single phase thermosyphon has been chosen for this -
study due to its'inherent simplicity. Once the single phase

model\is better understood the results should prov&de a

o greater understanding and a lower bound to the more

efficient two’phase model. From an operatlonal>standpoint
‘the single phase thermosyphon does]not'reduire sealed, |
‘_preseurized tubes like its two phaee counterpart. It can be

" easily field 1nstalled by v1bratlon or pile dr1v1ng w1th

the filling fluld s1mply being poured into the tube and a’
cap placed over its top. If de51rable, the heat transfer .
can be consideri?&y increased by the 51mple addition of a
compressor and “Some rubber tubing to form an aerosyphon

[16]. The heat transfer resu;ts for the aerosyphon have

been reported to equal and»suroa§sﬁ§hose of the two phase o

model.

This thesis'has been divided into two main parts:

' experlmental results and numerlcally generated theoretlcal
results. The exper1mental sectlon con51sts of heat transfer
curves generated for a 10 cm dlameter 51ngle phase closed
tubevthermosyphon w1th LH/d ranging from 10 to 50. The |
heated/oooled length ratio was also varied from avminimum' {jl

value of one to a maximum value of 20." A vertical
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orientation was chosen for tne thernosyphodﬂso tnat rasults
may be easily compared to those of past investigators.
Thermophy51cal property values of several easily obtainable
fluids were examined in ordér to select a likely candidate
for future arctic appllcations. ‘Methyl alcohol (methanol)
was chosen as the test fIuid since it remains in a liqugd
state over typical ambient temperatures, ‘has'a relatively‘
constant Prandtl number, and iswreasonably priced.

The theoretical work was‘performed on an ope; systen with a

closed thermosyphon coupling model applied to it.

* Isothermal walls and an adiabatic base were prescribed for

the boundary condltlons and .constant propertles for the
fluid were assumed. A vertical orlentatlonlof the

thermosyphon was selected such that the governing equations

.could be reduced to the Smeler two-dimensional

ax1-symmetr1c form.



) .
2.1 Objectives

I
'Th;ié‘main objectives were kept in mlnd when. pqrformlng the

experimental portion of this thesis. They were:

~ 1) To obtain heat transfer data for a closed thermo-
‘ syphon with the large Ly/d (slenderness) ratios ’
that would be characteristic of an arctic

application.

2) To obtain heat transfer data to explore the effect
of unequal heated and cooled lehgths, specifically
Q“ for the case of large heated lengths.
SR /,- .
' 3) To study/the coupling mechanism between the

heated and cooled sections.

The first two objéctjvés were achieved bylgonstructing an
experimental rig and measuring the wall teﬁperalures énd
the supplied heat flux. The third objective required a
probe to scan insiae the thermosyphon and observerfluid.

behaviour in the immediate vicinity of the coupling plane.

22 ' . )



2.2 Experimental xig

' Y

In a characteristic arctic application such as the
‘formation of a Jintgr ice veil in‘a river or the
stabilization of permafrosf beneath heated structures, it
is likely that the Ly/d ratio of a thermosyphon would be in
the range of, 20-50. Once above the ratio 50:1 the delicate
structural coﬁkidgzations of the tube would begin to make a
fieldﬁiqgtaIlaﬁion,‘such as pile driving into foundation
material, difficult and expensive. In addition there is the
ﬁeat,transfer benefit of keeping the diameter as large as
practicable since ty is propor;iona} to the diameter ‘raised
to the fourth power and only inversely proporgizfgi to the
length. (See Introduction).

Keeping the abové in mind;~thermo$yphon tubeé consisting of
a 4 inch hominal steel pipe (102.3 mm I.D., 114.3 mm 0.D.)
in heated lengths of 1.0;.3.0, and 5.0 m were'selected'fpr
the experimentéi rig. Brass has been the usual choice of
past investiggtors for the tube material due to its high

" thermal conductivity (111 W/mQC). However, it is unlikely
that it would be used in a major field appliéagidn due to
its high éost. The thermal conductivity of the steel pipe
is 45 W/ﬁ°c which, as will be shown»later, produces a
maximum error in the thermocouple temperatu:e readings of
only 0.7°C or 1.6% of the difference between the hot and

~

cold wall temperatures.
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Heating was aupplied b;iwrapping nichrome electrical
resistance ribbon around the pipe wall. Electrical
insulation between the steel pipe and the nichrome was
achiovod by using high temperature (200°¢) electrical
resistance tape. Several eleo;riﬁgl shorts occurred as a
result of'small nicks in theft;%efbut these were readily
detectable from the overalljr&&ist&nce«of the system and

easily repaired.

The electrical wiring‘ol;’-‘t‘he nichrome ribbon was arranged
such that for the 1. 0 3.0, and 5.0 m heated lengths, there
were two, three, and five resistors in parallel. This
lowered the total resistance of the system such that the
power requirements could be met by the 220 V line voltage. )
Unfortunately, separate power supplies for;each resistor

were unava@lable, therefore some altering of the
resiStances.was performed in ao‘attempt to achieve a better
approximation to an isothermal wall condition (see section
2.3). Figure 7 illustrates the wiring details used for the
5.0 m length." The other two heated lengths had a similar

“

configuration.

Power was fed from the 220 V line power into a 2 kVA variac
poﬁer controller. The drift in power readings in the 50 W
to 2kW range was fouod to be less thah 2%. For power
readings of less than 50 W a Hewlett-Packard 6286 A d.c.

‘power supply was used. The drift in the steady state power

->
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Electrical wiring and wrapping of the 5.0 m
heated length. .
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supply for this unit wasﬂohsesyed‘to'be'less than 1%.

. Due to the large number of turns in the 5 0 m Heated length
it was thought prudent to Check if the alternating current
power supply could be inducing eddy currents in the ‘tube.
The induction in the nichrome‘wire was measured to be
0 040 mH, which with the 11 0 ‘total rosistance of the

. windings, resulted in a negligibly ‘small power factor angle

" of 0.08°. Thus the-reactive power dissipatedﬂthrough_the |
nichrome resistance differed_tromrthe supplied‘power by»
less-than o.oooi%. " | \ -

. - R . ~ . T
The bottom of the steel pipe resfgd(on a 100 mm thick piece
of blue STYROFOAM SM’ (k=0.029 W/m°C) which provided the
adiabatic boundary condition for the base of the tube. A

; 10 mm thick styrofoam disc that fitted inside the 4 inch
pipe and rested on top of the meth8nol was used'to provide
an approximation to an. upper adiabatic boundary condition.
Insulation for the walls of the heated section was supplied
by 50 mm thick formed fiberglass steam pipe insulation
(k=0.09 W/m°C) An 18 mm thick insulating ring of ard i
rubber (k=0.15 W/m°C) was placed in the~joint-hetween_the
hot and cold.sections in an attempt to reduce axialu

P

s
conduction.

ea

s\ Cooling of the upper part of the thermosyphon was effected.

hy the use of‘a waterjacketlehis was constructed from a

v
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1.00m length of 16 ga. galvanized lheet steel rolled and
welded watertight to provide a 12 mm annular -7.3-3% The .
'waterjacket was then securely. aealed to the outlide of the

- inc¢h pipe by the use ot "o" rings. Tube fittingﬂ of.3/4 :
| ?Lbh d%ameter were locdted at each end of the watorjackot

'for the cold water inlet and outlet. Fiéure 8 illuetratee

the general arrangement of the thermoayphon rig. L

'Cooling oflgne'thermosyphon~tnfoughbthe waterjacket was - .
_.accomplished ;;.us{qqﬁﬁh .colduwater supply of the
building. fne water supp was‘found to have a slow drift’
| in its temperature of 2 or 3 ép.every few pours.wThis was
nét thought to significantly affect the "instantaneous".

—

results because the time response of the thermosyphon to

. ¢
. an approxxmate 10°c step change 1n the temperature of the
‘ cooling water was measured and found to be in the order of

minutes, wh11e a'51gn1f1canﬁ drift in the_eooling water

‘temperature required a'time;gpan'in theforder ©of one hour.

k3 .
., ]
€

-

Copper-constantan thermocouples were attached to the
'outside of the tube wall using a high thermal but low
_electrlcal conduction thermocouple pasge The thermo-
couples for the 1.0, 3.0, and 5.0 m heated lengths wvere
arranged in a diametric plane as shown in Pigure 9: their )

51gnals were fed into an Qmegaswitching box, from which the
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~output was fed into a Fluke 2175 A digital thermometer,

factory calihrated for copper-const;ntan thErmocouples.

fFlgure 9 1llustrates ‘the thermocouples that were’

' operatlonal overuall of the tests and that were used in the

6

analysis of Chapter 3. S , o

h

The accuracy of the temperature.readlngs depends on the
&L
unlformlty of the thermocouple wire and the callbratibn and

1ntegratlon capabllltles of the dlgltal thermometer. The_

specifications for the thermocouple wire is 1% of the .

telp ture, referenced to 0°C and the accuracy of the

‘ ,Fluke digital thermometer 1s rated at o. 2°C ~lherefore for

the: minimum 12° and the maximum 70°C wall temperatures

ﬁﬁcorded errors of: "£0. 3%¢ and +0.9° respectlvely could be

'expected.sA check on the accuracy of the thermocouples was
‘performed using a 50% glycol-water bath with artemperature

rangevof 24°¢C to 43°c. It was found that all of the

thermocouples consistently read the samevtemperatures to

within O;IOC;_However, the magnitude of the thermocoyple

"readings when cOmpared~with two mercury thermometers

(accurate to 0. Z°C) showed a con51stent offset of 1. 9°C$§"

Since thls offset was constant over the entire temperatune.

7range, and all data is processed using a temperature

difference, the temperature offset will only have a minor
effect essentially limited to the property values of the

e

* The effect has been attrlbuted to the dlgltal
thermometer callbratlon.>-
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fluid. The accuracy of AT for the outside wal} temperatures

should be about 0.1°¢.

'An initial callbratlon curve to measure. the "heat leak" was
performed for ‘each of the heated 1engths of the
thermosyphon. For these tests the thermosyphon was fllled
with styrofoam chips (aggregate conductivity kso 1 W/m°C)
the cooling water was turned on, and the wall temperatures
ere recorded for various amounts of electrlcal power. A
‘plot of the power supplied and the hot wall and room

temperature dlfference resulted 'in a callbratlon curve,

'approx1mately llnear, pa551ng through the orlt'
wg,u_' .
1 contalns the callbratlon curves ﬁag 1the 1.0, 3 0, and *léi\

Appendixu

5.0 m heated lengths. | : v “ ,
v ) O ) ) » £y

As part'of'aomore detailed analysis of heat'tratherifrom a
representative point A in the tube wall (see’Figure 10)-a ;.
numerical'solutionfof’COnduction in a solid cylinder of h

1nsu1at1ng materlal was performed to verlfy the assumption.

that the "heat leak" was primarlly radially outward (route

N

1) .and not bezng conducted axlally into the cold section

(route 2). Isothermal boundary conditions were'prescribed‘

on the cylinder walls with a temperature step change ‘ \\\
between the hot and cold sections. A finite difference [
method as outlined by Patankar [17] was'used.for the

* ,Baseg%on the mean of air (k=0. 09 W/m°C) and
styrdgoam (k—o 12 W/m C)

/.
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‘numerical algorithm. For aktypical case of Th-50°C, Tc-15°¢
and k=0.1'W/m°C, the numerical solutio‘n indicated that a
heat flux of approximately 1.0 W would be transferred
;axiall§“through the styrofoam chips at the‘junction between
the hot and cold walls. The magnitude of this heat flux o
‘remained constant for the three heated 1engths. However, -
the percentage of the "heat leak" that axial conduction
' represented 1n flux supplled to the rig was 5. é% 3.4% and-
2.%% for the 1.0, 3.0 and 5.0 m heated lengths
respectively. These percentages oﬁ_the "heat‘leak" did_not
\significantly vary wfth the magnitude of the temperature
.step change, thus verlfylng that the "heat leak" was
prlmarlly radlal.QThe "heat leak" typlcally comprised about

5% of the total heat supplied.

The nichrome resistance wiré'used for heating the lower
section of the tube was wired 1n parallel. Since’ the power
is inversely proportlonal to the re51stance in a parallel
c1rcu1t the resistance of the upper coils of nichrome ‘was
,reduced by the se%ected use of jumper wires in an effort to
increase the power supplled to the upper portions of the
héated section. In addltlon the rubber- gasket used for
thermal insulatlon between the hot and‘cold tubes was
increased in thickness from 6 mm to 18 mm in order to
reduce axialvconduction through the steelbtube- Typical'
wall tenperature\pistributiOn'curves for the thermosyphon

filled with styrofoam chips and with the working fluid,
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methyl alcohol, are illustrated in_Figures 11 .and 12.

As indicated, the dee}red isothermal walls with a step
change at the junction plane was not achieved with the
thermosyphon filled with methanol. However, for a typical
field application the‘expected boundary coﬂditiens would
likely involve a smooth temperature change between the hot
and cold eections and some compicnise bOCWLrn ie Ld;rmal';
and constant heat flux wall conditions. The figures ';1'§‘
indicate that the hot wall temperature is closer te a
linearly decreasing function of distance from the tube

bottom than an isothermal function.
|

{
!

. ¥

Hartnett and Welsh (11] have experimentally studled the
case of constant heat flux for the open thermosyphon( Ehelr
measured wall temperature~prof11e as shown in Figure 13 was
simibar to the profile obtained.for the 5.0 m heated length
in this study.' In their analysis they used an average wall
temperature in calculating the Nu number and determined
that this was equivalent to the isothermal case as studied

by past investigators. This procedure is also followed in

this thesis.

To test the hypothesis that a linearly decreasing wall
vtemperature ﬁerely reflects a constaht flux boundary
condition, -the riumerical solution (Chapter 4) was used to

generate corresponding data. Contrary to expectations, the
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wall temperature diqtribﬁtion was found to be an jincreasing
function of distance from the tube bottom. Therefore the
decreasing wall temperature distribution as observed by
Hartnett and Welsh and in this study is not‘simply‘due to
the Fonstant heat flux boundary conQifion. Some other
phénomenon éuch as junction inter-mixing orvcoré'boundary
layer inter-actioh must be involved.

)

The thermocouples measuring the wall temperature of the

thermosyphon were located on the outside of the tube, but
the inside‘tube temperature is u#ed in the heat tr;nsfer
ana;ysis. A simple conduction calculation was performed to
estimate the inside wall temperature and hence QPe

associated error in considering the inside and outside ,wall

temperatures to be equivalent. In the insulated heated

- section of the thermosyphon the worst case radial "heat

leak" was measured to be approximately 100 -W—across the
tube wall. Using Fourier's law to calculate (To-Ti)“

6=-kAaT/aR=-kzaRL(To-Ti)/(1n Ro/Rj)

where k= thermal conductivity of the tube = 45 W/m°C
Ro= outer radius = 57.15 mm
Rj= inner radius = 51.15 mm

'L- 1.0 m ’

resulted in an inner and outer wall temperature difference
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of less than 0365°C"
However, for the uninéulated coplqd section all of the heat
supplied.was transferred radially thereby increasing 6 to a
worst case value of approﬁ{mately 1700 W corresponding to
an inner and outer wall temperature difference of 0.7°cC.
Fortunately the tamp-ratufaﬁdiftarence‘bctwccn the hot and -
cold walls.was much larger than this, resultiﬁg in a
'maximum error in Ty-To of 1.6%. For smaller vaiuaa of 6
the percentage error in AT by tpking the outside wall
temperature equal to the inside wall tempegqture wag
reduced to a lower limit of about 0.5%. .

L o
As part of the coupling région.studies, an axial
copper-constantan‘fhermocéhple probe was constructed to
examine the couplin§ mechanism between fhe heated and
cooled lengths of the thermosyphon. The probe,lillustrated
in Figure 14, consisted of a 3.1 mm diamet?r’stainleSS
steel tube that ran axially along a piece of piano wire
anchored at both ends of the tube. The piano.wire was
situated 12 mm from the tube wall enabling the thermocouple
on the probe tip to take both axial and radial profiles.
The probe was able to extend 1.0 m from the junction plane
downward ihto the heated section and iso mm upwards info'
the cooled section. The thermocoqple emf was recorded by a
- Hewlett-Packard 7101 B strip chart recorder. The rgshonse

time of the.thermocouple and recorder was measured to be
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less than 0.2 seconds. ‘The reuolution of tho recorder was

0. 001 v correspondinq to 0.025 ©c.

.
N Lo Y )

9

An experimental program was : iated to exhand the earlier .

“-WOrk of Bayley and Lock [1 pbtaining heat transfer

data for the closed tube th phon As noted previously

the primary objectives were to investigate the effect of ’
large LH/d ratios and unequal heated and cooled lengths.

Table 1 provides a list of the experimental configurations.

" e

Ly L d = Ly/d  Ly/lc  logjotg

(m) (m) (mm)
#1 * 1.0 1.0 102 10 1 7.6-9,2
#2 3.0 1.0 102 30 3 6.9-8.5
#3 3.0 0.6 102 30 5 7.2-8.5
#4 .. 3.0 0.3 102 30 10 7.3-8.5
#5 * 3.0 1.0 , 102 30 3 7.2-~8.4"
#6 5.0 1.0 102 50 5 7.1-8.3
#7 5.0 0.5 102 50 10 6.9-8.3
#8 5.0 0.25 102 50 20 6.9~-8.3

Table 1 Experimental éonfiguratioﬁs

* Indicates a free surface boundary condition.
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elimina servations

'The‘first eXperimental test‘(LH/d=10 LH/L —1)|was performed

?

with a free surface as the upper boundary condltlon. It was

- thought that due to - the lar§e length to dlameter ratlo that

43y

' the upper boundary condltlon would not 51gn1f1cantly affect
the results._Nevertheless an exploratory test was

;undertaken to check the 1nfluence of the upper free
f‘ ;", R
ﬁsurface as revealed 1n Flgure 15 All other tests were

performed Wlth a 12 mm thlcR styrofoam float whlch rested

3

"on top of the worklng fluld. As seen, no dlscernlble “

dlfference exlsts between the experlmental results w1th and&

w1thout the float.

In the lower ranges”of td a‘largetamotnt'of scatter (40%)
exlsts in the experlmental results. Some of this 1sﬁl

attrlbutable to the hlgher percentage error 1n thermo- .‘ ﬂﬁt;
couple me surements when operatlng at small AT values, but .

the largestrnncertalnty results from the measurement of the

heat flux at these: low power readlngs.~81nce the cq ‘ﬁ§E17

'g temperature is flxed by the domestlc cold water supply

(~12°C), typical hot wall temperature readlngs 1n the 1ower

N
td range were 7 10°C below the average room temperature of
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~cold wall temperature dlfference, a cor

n“’ ‘ﬂ;-_‘
e J‘&

to adjust for the heat gain for. hot wall temperatures below

‘room temperature;'the calibratlon curve was linearly

extrapolated through the origin to.supply.values for a

negative TH'Trooh' The calibration correction was then

added to the measured power‘supgly to result in the total

_ heat flux to the hot wall.

"
S
&

An'error“ahalysis'waslperformed'on data points at the low

end, mid;§$nge, and upperJEnd‘of the Nug-t4 curveQ_The

.large vertical error.bars for the smaii tq values reflect -

the.approximate 50%'unéertainty ihythe supplied>heat flux.
As the hot wall temperature 1ncreases above the room
temperature (td=107 7), the uncertalnty 1n the supplled
flux decreases to approxxmatel; 2%. This is reflgcted in

é

the dramatic decrease 1n the magnltude of the vert1ca1

error bars. The horlzontﬂl error bars, belng largely due to

-

temperature uncertaintles, rémain relatlvely constant with

*
o\

respect to the log scale. _ v
; ‘ R v.»v‘. - R .
‘4. . . p' - . : A“; - !‘,} hd w
‘ o T .
For\a chanqe ‘i ﬁ-Tc of about 5°C a time " span of
: ¢, e,
approx1mately six hours was suff1c1ent for the system to
1‘ i ‘\) .

 reach a.steady-state temperature distribution relatave to
: ‘ e, re LT,

.\%"

' the resolution of the digital,thermometer.[3%§$3long,length'

of time can largely be attributed to the hea absorblng

capacity of the thermal insulatlon surroundlng the heated

’section of the tube. For a 1arger 1ncrement in the hot and

spondlngly larger\




-

"time span was required for the systenito reach stéady-

state as measured’ by the resolution of the digital \

thermometer.-

Test No. 1 in this study had a length/diameter ratio of 105

and equal heated and cooled lengths. The heat@transfer

o fa.r
‘results are presentcd 1n Flgure 16 along with those of

ley and Lock's [13] for LH/d—7 5. The Pr number for
f%er uséh in [13] is assumed to. be about 7, slightly

gher than the average value of 6.9 fon,methyl alcohol
-used in this. study. The results of this study’compare
favourably with the results from Bayley and Lock Both the

slope and’ the magnltude are seen to be - in agreement.

';The thermocouple probe that was descrlbed in Chapter 2 was

_used to obtaln center-llne temperature profiles and radial .

profiles in an attempt to clas51fy the flow regime of the -
’thermosyphon. It was found that the flow was.turbulent and\,
mixed over the entlre range of tg values (107 2<td<109 2) |

‘ThlS 1s also 1n agreement W1th the observations;pf Bayley.

and Lock who observed a tran51t10n to turbulence at td=107.
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given heated length by lowering the fluid level in the tube
(see Eigure‘é). The results for Ly/d=30 and Ly/d=50 are

presented in Figures 17 and 18 respectively. As the

"heated/cooled length ratio is increased the Nusselt number

decreases, The magnitude of this decrease is dependent on.. - Fer

both LH/L and LH/d.
) DN

Referring to Figure 17'with in/d?QO, a small decrease of

approximately 0.02 in the Log, oNuy number can be observed

‘between Lﬁ/Lc=3 and Lh/LcsS;»Between Ly/L.=5 and Ly/Le=10

the reduction increaseé to approximately 0.1. Increasing

the Ly/d ratio to 50 (Figure 18) and comparing the Ly/Lc

: ratios for 5. and 10, there appears to be very- 1li ttle

difference in the middle and upper sections of the curves.
Not until Ly/Lg is,increased,to 20 is-a,noticeable

reduction in the heat transfer evident. The lower portion

of the Ly/L.=5 (Lyy/4=50) curve drops helow the values for

- Ly/Ls=10. ‘No explanation can be given for this other than

the large anount of uncertainty that occurs for values in

. this lower td range.

For laminar flow in short tubes (small L/d ratios) insight

»into the effect of decreasing the cooled length with the

heated length and td (AT) held constant can be obtained by

considering the normalized relations for axisymmetric

boundary layer flow. The characteristic velocity and

ithickness of the boundary layer are governed by the
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fbllowiné relationships: (See'Appendix 2)

Pr

pge

veX 1/4 ‘ ' : \»

where X is the heated length and 6 is the temperature
difference between the tube centerllne and the wall. Since
the temperature of the tube centerline has been reported to
‘be approximately constant [14]‘and equal to the "reservoir"
temperature.'é can also be thought of as the temperature

difference‘between the "reservoir" and the hot wall.

' /T.
For a constant & both the velocity and the thickness of the
cold boundary iayer decrease with a shorter cooled length,
“hence iowering the mass flowlrate of the cooled annulus.
This has the effect of decreasing the amount of cold flnid
available to travel down the heated length's core, thereby
IOﬂEring the AT between the centerline and the wall for the
heated length. Since the core temperature has now been
.increased in the heated length, the heat flux w111 be
decreased resulting in. a lower Nu number for the same value
of tg4. o |

In tubes with large L/d ratios, it is hypothesized that the

increased velocity gradient promotes mixing. The intensity
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intensity‘of the ﬁixing is expected to increase as Ly/d
increases. The expe;imental results indicate that _
shortening the cdqled iéngth has little effect on the heat
transfer until ILy/L.=10 for Ly/d=30 and Ly/L_=20 for
Ly/4=50. Therefq?e tbe heat trégsfer effectiveness must be
largely CQntrolfed by.the lower portion of the cooled
length: ie. by the reglon close to and including the

coupling reglon

The experimental results tend to'support the effect of
LH/L diminishing as: the Ly/d ratio increases. Further data |
from Bayley and Lock [13] for Ly/d=7.5 indicates a decrease
of 0.1 in the LogygNugq number for a small Ly/L. ratio of 2.
Again thls suggests the deCrea51ng 1mportance of Ly/Le as

Ly/d is increased.

3.4 Effect of Ly/d

»

The length/diameter ratio of the heated length was éxtended
by the attachﬁent of .two 2.0 m long additional heated
lengths. For each of thrée cases é caiibration_curve (see
Appendix 1) was completed to measure the heat leakrénd thus
modify the supplied heat flux. The heat transfer fesults
for Ly/d=10, 30, and 50.are shown in Figure 19. Heated and
cooled lengths afe equal for Ly/d=10, while for Ly/d=30 and
50 the heated lengths are five times the cooled length.

From the preceeding section it was seen that the effect of
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Ly/Le diminishes as the length/diameter ratio is increaled:
Since the results for Ly/d=30 showed negligible change
between LH/L =3 and Ly/Le=5- and the results for LH/d-So
showed negligible change between L/L/=5 and Ly/Lo=10, it
is probable that these results would also be comparable to
those with equal heated and’ceoled'lengths. Unfortunately
obtaining experimental data for verification is beyond the
capacity ;f the present rig.

‘The effect of increasing Lﬂ/d is to produce a downward
shifting of the heat transfer curve. The LH/d parameter is
included in the td varaable, however, its entire effect is
’ev1dently not contained within t4. Figure 19 also includes
“the results frem Ba&ley and Loekhtlu] for two smaller LH/d
values. The same trend of shifting the heat transfer curve
downward is evident but not to the same extent as the
results from .this study.

The -numerical results of Gosman et al. [12] and the'
analytical results of Lighthill [1)ghave indicated that /
only the Pr number and the tq parameter should affect the
heat transfer for en openvsystemt However, experimental
observations of Martin [10] have indieated that for a
constant Qalue of td‘the Nusselginuhber is inversely
proportional to Ly/d. Such is also ‘bhe case for the closed

system where adverse mixing ef the gore and boundary layer

flow isllikely the cause of the effect. The laminar flow

)

A



Ly/d will increase both the magnitude of the yixing and t “?

suggested that as LH/d ;s 1ncreased the transﬁgion to

'rig, including the insulation and the waterjack

54

equations used by Gosman et al. in t@eir anglysis would be
unable to predict this mixing, thus their results do not
reflect a separate dependence on Ly/d.

The laminar velocity profile inside the thermosyphon
contains a point of inflection thereby characteriaing it
with an inherent low level of stability As LH/d is
increased, the boundary layer velocity is increased thus
increasing the magnitude of the velocity gradient and hende
shear. This should promote turbulent mixing between the.

™ .
\‘:5 Y B

core and the boundary layer flow. Purther increasing of

extent that the mixing extends down the tube. Probﬂ stu&xébm

.-k..
T

from Bayley and Lock [13] and from this study, haveig; y:

F R

turbulence will occur at a lowér value for tgj. T%ib;'k

discussed further in the follow1ng section.

L2

. ) . e \ .

C et . '

I =
observed to be approximately 2 hours. By shutt



then reversed to explore the transition to turbulence.

The tip of the‘traVersing thermocouple<probe’discussed in
Chapter 2 was placed 75 mm below the phyeical coupling

plane at an approximate radiue of 45 mm (ie. 5 mm from the »
heatedeall). The probe was aonnected to a Hewlett-Packard
3108 B strip chart r:corder with a resolution of 0. 025°c.
Figure 20° shows the onset of turbulent flow in the boundary 4
vlayer area for Ly/d=50. No evidence of a periodic
1n;tability was found. The thermocouple probe was used,to
estimate both the hot wall and cold wall temperatures at ;h

the transition point indicating a 0 4$é temperature

ﬂ**ﬁ .difference corresponding to a ty value of 1.2x10%. The
lihnsition to turbulence for Ly/d=10 occurred at a- (Ty-T.)
figxﬁa}ue of 0.5° corresponding to a tgq value of 7.5x10°.
: ”Tif?ayley and Lock [13] in their experiments with water also
.‘noted a decreasing value for the~transition to turbulence
" as the Ly/d parameter was‘increased. They observed’a
transitional ty value of 4.0x107 fdf Ly/d=3.75 and 7.6x10°
for Ly/d=7.5. (,

As pointed out in the preceding section, increasing Ly/d
increases the velocity of the boundary layer without

affecting its. thickness for a given value of ty. Therefore .

rom the conservation of mass, the core flow'must also

increase in velocity The net effect wil) be a substantial
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meets the core flow. since'the Reynolds or blent
' stresses are proport¥onal to the square of the velocity.
gradient, increasing Ly/d should have~a_subé€antial effect,

on both the transition to turbulence and the intensity of

turbulence;

The closed thermosyphon can be reated in the manner flrst
suggested by L1ghth111 by conslderlng two open
'thermosyphons coupled together/ The heated section ‘will be
- comprlsed of a thln rlslng boundary layer adjacent to the |
' -heated wall and a slowly mov1'g central core travelllng in .
,lthe opposite direction. A 51(11ar 51tuatlon exists 1n the
‘cooned length In the coupllhg reglon the boundary layers
: must somehow transpose themselves into the: slower mov1ng
core .flows. To achleve thls Bayley and Lock: [13]
,".hypothe51zed three p0951b111t1es as descrlbed earller in
Chapter 1. These are:.
1)-M1xnng
2) Advection.

3) Conduction

')
P
<

e e 3 5

" or a comblnatlon of the above. e

Conslder the case of 1ncrea51ng LH/d ﬁlth!equal heated and'f
cooled 1engths for laminar flow w1th advective couplings As},

? seen ‘from equatlons 3.1 and 3.2;the boundaréslayer.velocgty°

¢
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-junction plane This should have the effect of reduCing the

LH/L =5.

~,ﬂf1ﬁ ‘ e
58

and thickness will both increase giving rise to mixing

rather than the advective coupling. A further increase in

Ly/d will further increase the velocity, causing core ‘and

'boundary layer mixing to occur both bplow and above the

B
heat transfer below that for pure mixing in the absence of -

o A
impeded flow. S o ) i :

Centeréline temperature profiles for the range of ty

" covered by this study indicated that the flow was fully

mixed turbulent ‘Bhe magnitude of the fluctuations were

[

rapproximately in.proportion to the hot and cold wall

A

temperature difference{ Figure 21 is supplied as reference

9.

indicating typical center—line temperature fluctuations for

td=L08 6’ and Ly/d=50s—~"" - SR R

gt

,.i»‘

'~However, as mentioned preViously, a quaSi-steady laminar
' S

flow was achieved by letting the thermosyphon reach the

| ambient room temperature and then slowly increaSing the

B

power of ‘the’ heat,source. Figure 22 shows a typical laminar |

flcenterline temperature profile for tdzlxlo LHAd~50 and -

| ;o
i ' o y y :

|

A slight decrease in” temperature is apparent as the"
| temperature profile is followed upwarﬁs from the base of

'f_vthe tube. At approximately 3 diameters below the coupling

plane the temperature decrease is repl%ced by an isothermal

)
i
I
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e

regitn extendin%.tb the junction plane. Imnediately above

thie plane a’eharp increase in temperature isiobserved.

X
These results can best be interpreted by recalling that the
boundary layer velocity in,a tube of given diameter is
proportional to Ly/d for a constant tg. Equations 3.1 and
3.2 imply that the‘heateg poundary layer for Ly/Le=5 will
haVe'a substantlally”larger mass flow rate and thickness
than its cooled counterpart As the two boundary layers

collide in the coupllng reglon, continulty will requlre

. that much of the heated boundary layer return to its own

core (see Figure 23). However, .the remainder of the heated

"fluid, having a larger thickness than thé opposing cold

*

~ stream, would be likely to push its Way,>relative1y,
. ne _ 3

unimpeded to the core of the cooled section 0Meanwhi1e the
cold boundary layer and the returnlng heated fluid would
cembine and move towards the heated section's core. The
ffnal temperature proflle could likely Yesult in an
isothermal seqpion below the coupllng plarie and an

advective effect EbOVe it %ig?een in{Flgure 22, .. -

regime Accordlng to the analysxs by nghthall [1], the 1ft7

data is. expected to 1ie along a 51ngle curve;on a log-log,a'f

P

- B --‘13"“ ‘v~,'§
™ . S : . o8



: midpdint of the data.'

-
-

plot A least squares regression was used to fit the data

in the forh@ 5
— ey
e J‘
Nug = beg" : (3.3)

o

Since there was a great deal of uncertainty in the data in
the'lower tq ranges, ele‘tﬁéydata in the middle and upper
ranges of the curves waé”used'in an attempt to curve-fit.

Table 3 lists the eight experimental curves with their

‘minimum tq value used in curvwe-fitting and their respective

slopes and intercepts.

Ly/d Ly/Lg tq (Min) b . n b*
10 T 108-1 0.135 - 0.29 0.0674

- 30 3 107 -2 0.020 0.33 0.0209
30 . ° s 107+3 0.016 0.34 0.0195
30 10 107+5 0.004 0.40 0.0154
30 3 107-2 0.008. - 0.38 0.0209
50 . 5 107+5 0.004 0.38  0.0110
50 10 107:2 0.023 0.29 0.0110
50 20 .107-5 0.005- . 0.35 0.0070

Table 3'Experimenta1 Curve Fitting (td<109‘1)

.The average value for the SIOpes of the- curves after
: wtf; curve-fitting is 0.34. For turbulent flow on a flat plate a
'i:?slope of 1/3 is expected"The intercept was found to be
ivery sen51t1ve to. the slope of the curve as can be seen by
.the large varlation in values for b. A new intercept b

‘rwas calculated u51ng a slope of 1/3 applied through the

a
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Further curve-fitting was performed by assuming b* is a
function of Ly/Le and Ly/d. The Nugselt number can be
described by the power law

' . . < * L)

Nug = 1.19 [(d/L)3(Lc/LH)£d]°-29

"and was seén to reasonably"fit the data on a single curve
as shown in Figﬁre 24. The éntire daté, including that with
a large uncertainty ie. low ty values, is presented in
Figure 25. : . _
Extrapoiation of the data for'iarger values pé t4y should
not present a problem since the flow is already turbulent
and likely to keep the same slope of for larger temperature
differénces. Extrapolation for lower: vaiues of tg than the
oneé listed in Table 3:is not recommended since the flow

will now have the tendency to change to a laminar boundary

layer type. The experimental results from Bayley and Lock -

L

(13] and Japikse [14] provide a better guide in the Lg&?nar
regime. Only three cases for the curve-fitting were;ﬁ§$j
gmc,

therefore equation (3.4) is recommendedrbnly for&ﬁhe.range

avai;able‘for the effect of Ly/4 and four cases for |
&

N

of Ly/d and Ly/Lo listed in Table 3.
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Figure 24. Experimental data used for curve-fitting.
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thermosyphon

All. experimental data for the closed



M.J. Lighthill provided the initial groundWork for the .

analytical predictions for the‘open thermosyphon by using‘
an integral-profile technique‘on the boundary layer
equations His results in the laminar regime were seen to
agree within 10% of the experimental results but no attempt
was made to predict the behav1our of the closed
thermosyphon. Further extensions on Lighthill's work was
performed by Bayley and- Lock .[13]) and Japikse (14] on the
open and closed thermosyphon. Japikse used a simplified
convection model with an arbitrary coupling parameter, ¢,

|

which represented the conductive loss from a convecting

stream as it passes through the coupling region. Therefore,

¢=0 was used-for pure mixing and ¢=1 for pure advection.
Japikse was able to match Bayley and Lock's\éxperimental

results -within 10%.

However, - integral-profile techniques suffer tﬁe
shortcomings of becoming complex for any. but'the—simpiest
of boundary conditions and of having to predict the profile

shape prior to solving the problem. A further problem also

ﬂexists as Ly/d is increased. As seen in the previous

chapter the heat transfer results in turbuient'flow drop

well below those for shorter tubes/due to mixing of'thev

/
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core and boun@ary layer. The coupling parameter in
Japikse's model;has a limiting case of pure mixing
corresponding to Ly/d~10 and thus would only be of limit;c
use for large Ly/d ratios; |

Finite difference methgds.for the numerical solution have
the advantage of easily varying the boundary conditions
without adding more complexity to the solution method A
second ‘benefit is that hhe full set of elliptic equations
can be solved rather than the approximate parabolic ones.
Gosman, Lockwood, amd Tatchell [12] used.a two-dimensional zé
axi-symmetric finite difference procedure to solye the
conservation equatioms for the open thermosypﬁon. Their
technique was employed and expanded in the present study to
include the coupling'of'two open thermosybhons to model the
closed thermosyphon.

!

equatjons and solution procedu
’) . " : .

The two dimensional conservation equations for mass,

‘ energY. and radial and axial momentum under steady laminar

conditionsaare used in the finite difference solution. It
is assumed thatvthe gravitational force acts axially and

that viscous“heating and tangential velocity are

_negligible. %osman et al [20] have shown that the pressure /2
can be eliminated by transf*ng the equations into the
-stream fu.nction and vorticity. This results in th}e%‘ 7

1.
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v s ) " :
B ) . ‘9 had
) . s . & ’
‘ o *f :
non~linear’ elliptic partial differential equations which-
) have the common form: , "'
ey ay\ 8 , 8y ] 8(c¢¢) L '8(0’4) " ,
ayl (-—-)— —-(¢-—) . — b¢r .« — b# +‘rd¢ -0 (.1)
dr/. 8r\ 8z iz dz ar r
where r and z are respectively the radial and axial
co—ordinates in afcircular-cylinder co-~ordinate framm The
dependémt variable 4 fnay stand for' o
i i 1) the var1able #/r where the vortlclty, w, 1is defined by
. . ?ﬂ . : 4
SR Y .w a\i av ' . *
s & PR AL ' (4.2)
P L 482 dr . '
) ..‘_,-‘# . , . . ’\ | ' ‘ ) ) |
2) the ,streamflgxcgtlon ¢ wheré , _ 1
5 M _ ) *
“ y‘i’-flpt(v drvn) (4.3)
- r' K * ‘ ! . v : . .
'*. 3) thg flu;d temperatuﬁe‘z T ‘
The funcﬂ}pns‘ a¢, b¢, c¢, and d¢ stand for the coefficients - ‘
[ ]
whlch may be deduced from the equations and are ,given 1n
’ o ‘ . a' 46
'rable 3T v
& 'A L 3 ) ’ A ' ‘ v
Variable -l‘,,‘a¢ o b¢‘ C¢ d¢
- ¢ . N :.l,,W B “
R R R V7T oy
w/r - r? 2 b 3p rfa ap
- rg,— - —[—(v 2+ 2)-.. .
ar ' 2|94z ir '
.9 ap : ,
- _(vr2+v22)__ » ‘ . ‘.;
ar 9z B L
T 1 wer 1 0
Table 3  Coefficients for Equation 4.2 .

»
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For simplicity the fluid‘properties have‘been taken as

unlform chept for the term rgiap7ar Whth rmpreSents the

'7 source of vorticity due to buoyancy forces. The Bous51 sq " -

<

‘; approximatlon ygs been used to reformulate th1s term asf

Boundary conditlonl for the stream functlon, vort1c1ty, and

temperature must be prOV1dedJ6t on all‘the boundarles of

- the doma%h of so%utlon. The condltlghs 1mposed by Gosman et

al [12] will® b%\used since thelr results for the open

thermosyphon We”f very close to the exper1mental results of -

wall and base boundarles w111 be

ki

.From the deflnltlon

- - ft ;"4equatlon 4. 3} the stﬁfam functlon assumes

v

f‘ »'a constau} value along the wall ThlS value
. o 1s arbltrarlly takén as zerop e e fﬁiﬁ
”’.Q b)zrbmperature' For the calbulatlons performed =
- tin this study the s;de wall 1s 1sothermal‘and “
SR RS A et o e
B .f‘the*base 1s adlabatlc. o _"q“i o },\_'_ R
Ca %ggg)AVortiCLty* Thegwalg vorticxtles are g
ce S B o l-ﬁ . : kS
Af7fjf:gi;y ‘.”calculated\from éhe extrapolatlon formula
L e 3<'/’1 ) app<T1~Tp)r\i :
ﬁ‘-te- 2‘ (1&5)
__-.vbi.‘t':/_.v';av i o S ” ( ) o . ; . _.-“-, f



n

where ‘the- subscripts p and i refer to the
boundary node and the adjacent interior node
respectively. The symbol nj stands for the. )

-
l

represents the acceleration parallel to tﬁg ﬁﬁ&

3

dlstance between ‘the" ‘two nodes and a

£

a T

-

LI . wall in questlon. Thus for the 81de wall a=gz
and for the base a=0. The above equation has.w

been derlved by atchell [18] from the o "j‘

-f,@' equatlons on e assumptlon that a one—_

3 wﬁ‘f _&«,;:ng A R
2) AXIS'of Sngetry \ o . "; ,;A_‘, . |
a) Stream Functioh: Again £rom the definition it

1s clear that ‘the stream functlon must be 5\7

""hh constant value along thé axis and that this

‘fvvalue must be the same as - that at the base
v o i \ ‘ | | |
'b)bTemperature grom SYmmetry th§>rad1al ﬁff.gf “;

,varlat,pn of temperature at the axis will‘he ; 1;,

:Z8ro 1e.»aT/ar—0

o - . ER A . o / .

’ B it -
_ 4-]51ff,c)pvortlclty For the reglon very close t:xﬁhe(ﬁ;
AT . : ' .

symmetry axis Tatchell [13] has Shown that tg‘;:eeg

R | _*-&br%ﬁ—where’$ is not a funotion of r. This,;f"*

(15 in accordance W1th the observation that in
s J =
x,va great many flows the shear stress near a

e . . . ‘ LI .
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e _ L . s B ‘
. L ‘ symmetry aXIS (very sim;lar to. w in this |
o "',ﬂ T “&egion) varies linearly with r. Therefore the
A S . »follow1ng relation has,been used. | ‘
LT ey ey Be/T) -/
S TN SRR . S /
.3} Core entry R e R
B B “o | | ‘
a) Stream Functlon. The boundary condltlonlat
= theqorlflce has been 1mposed such that the
streamllnes run parallel toéﬁhe ty be ThlS
o - v ‘T*ﬁ- implles that 3y/82=0 |
D) Temperature. For the boundaryrcondltlon fo;
R f o ,;.‘ ii temperature at the orlflce 1t has been
: .
L . §§§' . ssumed that 1ncom1ng fluld w1ll be at the
' T reserv01r temperature whereas for outflow the
d temperature does not change with respect to
= o ‘1ts ‘axial p051tlon. 1e._ Inflow’*T—
A | 0 '~ outflow a'r/az- ' .
iy ’ : .« : (™
"fF _ C c) tlcaty' It has also been assumed that - the
o '~ﬂ§,‘ e equi-vortlclty 11nes run parallel to the ax1s'
B R S B of the tube at the orifice. ‘ie. pw/az=o, ’
< | ?igure-zéjproyidesra‘summary,ofathevboundary'conditions.
C e | s ‘ ‘ ; ‘ ‘ ' - ‘%
o i‘»The flnlte dlfference solutlon procedure outllned by Gosman

‘;N‘n;et al [12] integrates equation (41&) over the small control % {f;

\f "‘volume shown in F%%ure 27. Thlsfapproach ensures that the
. ’fconservation ‘of ‘the property ¢ is upheld for each | .
'j , h; Eindividual control volume. "Upwlnd" dlfferences were used

\
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to represent the advective teéms in order to ensure

.convergence of the sglution. This results in the general

form of the difference equationé

ﬂt'

o

Cn(én—4p) +Cs (¢s"¢p) +Cg (¢E"¢p) +Cw (¢w‘¢p) "’S"'o

E 2
o

o

dlfference equatlons for the -'cqntrol volumes at the

\

b rﬂes resultlng in a set of non -linear algebraic

equat‘pns w1th the number of unknowns equal to the number

_ ions. ' ' Cl A

o e ) N e > h ' L4

JW‘*' _ e °

A
N

" The startlng values were found nosht051nfluenqp-the final

results therefore the eCOnomlcal procedure of using the

resultsgggomgggf prevxous calCulatlon as the in1t1a1
"condltlon for a new calculatlon was used . The Gauss-Seidel
’ 'a % .

successive substltutlon method ‘was used to solve for ¥, o,

. and T Thls meant that th@dgrld was scanned once for all

o

,he vﬁ values onceiar all the w values, .and once for all o X
h 1teratron. The 1terat1ve procedure

| the T values for e
e -
was halted when ‘the value of the convergence criterion (M
L

dropped below 0.01 for every variable and node.\The

change criterion used was' = - . : o E
Tt . % v o : . ) o ] '= o L ¥ .»‘; A
- - ' SR
N_,N-1 X
#N-gN - 3 SR -
. ' N s A" . o " . o "
¢ | .
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'_Gosman's previous wark on the open ther
'grid size of between 15 and 31 lines in
: wou-l‘)u:'esult in a solution that was with

A S _ . S AP 5!
AT R P [ELE N B . . L g v, f . “!’,,

o o o , X v ey
. N e
| . PWE et . s,
» v . . . . . . h M
. . B4
3 -
Co . .

{ @

»}"‘n

‘ ﬂﬁh direction

:'3% of that which
k)

would occur for an’ infinitely fine gridf As a compromise ot

between economy and accuracy a‘grid sx;e~of 20 lines n

B

’eaach direction wai‘chosen for the solutions.nln adci,n o
1/ '

. the grid size near’ the wall was further reduced“to

L]
-the nqQrmal spacing.

P
o

.i.a "

_The average Nu, number kas calculated from the tempéraﬂﬂke.

. ‘Vg-"
distributions in the flow using the relation

~ - ] . - v . ) »
. ¥ - &
N > Tha a3/, /@: L >

. ] Nu - = _—_‘—_——_ "u “1‘:' b3 R . )

[N -

where"h'and aT/an'are the avérage heat tranSferfcoeffici?ht'
and the average norma} temperature gradient on the'
non—adiabatic walls and k is the thermal conduct1v1ty of*

P 'y

AP
the fluid. Simpson's rule of. integration was ysed £6' obtain \

. the: average temperature gradient at the walls. Figure 28

compares the results of Lighthill and Gosman et al. w1th
’ &

the results from this study. As: antic1pated the results L
from this study have neafly duplicated those of Gosman with

the exception of the largest value for t,- Roundoff error

i
i
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'constant bﬁwﬁt

78

Increasﬁng L/auqu a?constant ta has a negligible effect on
the Nua numbeﬁk“% redicted By Lighthill's diménsional
an "gqisu. l,‘Th:“é hpunda% lhyer thickness also remains'

,velocity is directly proportidnal to L/a.
This is in a” ent with the normigized relations,given'in
Chapter 3.3,4 ) | |

. '4

KT NN
IO »ix.“..r., .‘v-
1: . N M

[

3 ' : : . W

The te erature and velocity profiles determinqd from the -

fnuﬁ%ﬁi‘q@ solution are 1llustrated in Figure 29. In the

aggime the temperature profile is. 1n

f agre!ﬁgpt wibh“Lighthill ‘but’ the ve1001ty profile

does not exhﬁgit the §lug typé-of flow which nghthlll

;,e" %

'assumed. This indicates that the energy equation is- rather
Ve o K

, insensitive to the type of velocity profile assumed for the

core flow. X theﬁcase of impeded bouhdary 1ayer flow(

‘both the velocity and temperature profiles-show good

;agreement‘with‘Lighthill's predictions. L N Cow

e

4.4 Closed. thermosyphon coupling model . i%

The suggestion by Lighthill that the closed thermosyphon be

: represented by two open thermosyphons w1ll be adqpted here

“together with a coupling model to join the two open tubes

-~together. By considering the velocity profiles as’ shown in

.Figure 29 the advective fluxes can be represented by.

"
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Gosman's predictions (Pr=100, L/R=45)

Lighthill's solutions (Pr=«)

4

Comparison of predicted velocity and
temperature profiles at z/L=0.5 with

those of Lighthill,

[12]
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- For the case-of a purely advective cpupling-mechanism the

’meohanism, the eated core flux will be equal to'thefgold

.and the‘“coid(égue"

%

. Al"v Rw -h ‘
aca = pcp/v'z'rgur dr|- (4.9)

o

R,
/ vzrzﬁ- ar
0

R -

" “cc

. ot \
\ S

L]

~wall. Similar relations can be wr&tgén for the "hot

annulué" and "hot ‘core". ; , L \\3

. -
» .
.Y, . . v

'Ignoringﬂé§galconductjon, an energy balance on the

tﬁermcsyphb requires that

O = acc - 4ca - . (4.11)
6]{ = aya - 3He . (4.12)
i . : % . :
S and. *‘6]{ = 60 - , (4- 13)

-
i

.
‘o

ﬁheatedtcofg" flux willy

annulus"'flux.&tn’

(4.10)

“%hé}e;gheﬁsubscripts CA and cckstand f@? "cold annulus" and

"cold core""""respectiveiy, R, is the radius wi*
velocity changes ‘direétion and R, is the radiusP@®the

1

e situation of a pure mixing coupling

" core" flux which will be equivalent to the average of, the

hot annulus and cold annulus fluxes. Equatiohs (4.14),

-e

. h
’»‘ « &

(4.15) and (4 16) rcprosent the cases of pure advgftlon

r
-9

»

80
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*

equal to:the "colad éhnuius" flux

x will be -equivalent to the "hot -

and

(‘i

i v’,&
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pure mixing.
~ Advective ayo = agp i o (4.14)
- ' 8ce ’VHCA | ‘ . (4.15)
Mi*ing agc = acc = 0.5(agptac,) : (4.16)
| : 3
By(cqnsidering equations 4. 14-5 16 an ampirical coupling R
. . . - : s
S "t relatlon can be wrltten such tgat ' ' \%
3c = aca -~ 0.5K&gp - agy) | (4.17) !

"

where K- 1nd1cates secondary mixing. Thusg{jf'pure anection'

//K— , for pure m1x1ng K-l and for refluent mixing tending

Q .
\‘ ultimately towards ‘pure conductlon, 1<K<2. ' : »

t

/
~

‘. .substitution of equéiibns 4.11=4K13 into 4.18 resultg in’ A

Y B S
B ane = + ayge (4.29): "o
cc 3HC . , ( o
P . . .o (1-K/2) S A Wﬁ
; ) '»1v~~ _’-V“,x’“ | :E ‘ '...f e
3 and furfher substitution of the advéctive fluxes ylelds vi;
‘ Ro &y(2-x) . R0 CoL s
PCp V,T27xr dr = ———— + PCp V,T2ar dr  (4.20) K
| . (1-k/2) e

By defining ch and Ty- as avefa@e cbre.temperatures,rﬂe '
P R T
temperature may be removed from inside the integral for

both the cold and hot core fluxes yielding ; o

.
” . »
. .- .
L. - . . . . ? y .



A}

' T /: c>2 d O (17K T /: oz d | ( J
pC rry dAr = . + pC xr dr 4.21) .
FEp-ccC 2 _ p-HC z Wit
- Q. . S ' (1 K/Z) S o} ' : //_/ 4

.. . ’

which may ‘be re-written by using the definition of the mass .

“flow rate ﬁ to yield

SR e ' .
| S ﬁ%:' T 6"‘(1-” e Boem (4.22)
*, R ' C.A . o .
“ . e (a-ksz)  OREET
e : e

It waé*teen from tﬂe experimental resultssof Chapter 3 that

LR

the effect of Ly/Lc is small Tompared to the effect’ otnthe

vparameter LH/d Furthermore, the effect rthe length'
ratio diminisgzg as LH'd 1ncreases. Since a ‘major . objective
of this work is to investigate thermosyphons with large
5 Ly/4 ratios,,the simplifying assumption of equal heated and
; cooled lengths will be. made. The symmetry of the problem t

t';q;<q§-now dictates that ﬁnc=ﬁcc enabling eguation 4. 22 to be -
L N I .

??*4:1* fre-wrﬁtten in its final form asgi

':'. § “)‘la 3‘

‘:n o Y o ;:4‘ : ,ﬂ . e ( ;.:vi’ ' .
&Hzf‘lz 32) \ ,; A Y,
&cp<1-x/2) - '

as

‘}whpre TCC and THC can also be thought of as the cold and

hot core entry temperatures, Toc and Ty, respectively

P B
) ! . L. ° ’ N . /
: "o

The numerical. resylts for the open the“

-used to provide resulté‘]f,é&he closed thegmosyphon WR'
; iy, LT ’
f.":.' \ ? CYy @ .

providing a vafﬁe tor ﬁﬁh.wﬁ ‘1ing coeffiofhnt, K, is/ \

";:'v"" B S $

lpecitiod. Thq coupliné progral listed in Appenddx 1 inputs
| e AR’

-~
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i

‘,

the mass and heat fluxes from the open solution and solves

the, ¢losed system'sVCOre“entry temperature and Nussalt
nutiber for a range of K values. o

. , ‘ . >

-,

Figure 30 illustrates a plot of Nuy vs. tg for various

- values of K. The shape of the curves are very similar to

;'loglotd-s 2 for the closed system. The magnitude of th

the relations redicted by ‘Gosman et al. [12] as miqht be
|Q L

‘expected, since this.is .,an extension of the dpeh system

I 4
solution. The change in slope of the curve for K-l (mixing)

occurs. at about loglotd=5 2. This is in agreement with tnf
change in slope predicted by Gosman et al. at loglot =3, 7-

which, by assuming pure mix1ng, also corresponds to

Nusselt numbers are also 1n agreement when the diameter,

‘rather than the radius, is useQras the characteristiq/

" | R

-

length for Gosman's results. . y

N N .
0 1 . . :
: [ . ! \ = i s,
. . . . .. N : | : .
/. . . A ; ’

/ ’_’.a

~As K 1ncreases beyé/d cne, the knee or bend in the curve is

,segnwto chome%less distinct and to occur‘at a larger value

'for td. Since. increasing K represents the flow tending ‘W"

ultimately towards pure conduction, it is not unexpected

" that the bend in.the curve, representinq tﬁ—‘transition

~from boundary layer flow to impeded flow, should become ,

. less pronounced and eventually disappeqr Howeverr as K-2

_unacceptable

ko

the solution is s1ngular and the*physical implication is

¢ e
. - v A , !

o .
@ ) .
i DR IR § 2 R &
14 . - RN e g i Vbl g : B O T
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Figure 30.
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The experimental results for LH/d=10 .30, and 56 are
superimpos d over the numerical resulte in Figure 31.
AAthough he experimental data 1s for, fully mixed tﬁrbulent
flow and he theoretical curves are for laminan flow, Sbme .
51m11ar1t1es ‘are evident. The effect of increasing LH/d N
'appears to.be 81milar to increasing K. Since K>1 jhas- heen

a defined as refluent m1x1ng tending ultimatelyatowards pure
conduction, it appears that an increase in LH/d causes: anvﬂ
iincrease in the degree of mix1;g and a correifonding '

reduction in: ‘the heat transfer effic1ency Further studies

on the effect of LH/d in the laminar regime are required to

o

define a reiationship between K, LH/d and Ly/L..

Also included in Figure 31 is the limiting case of pure
conduction in a cylinder (Lﬂ/d=10). The three points
defining thellower limit of the thermosyphon were arrived

‘\\\at from the numerical eolution:of'conduction»in'a cylinder,

as outlined in Chapter 2. As expected, the Nusselt number

-Aresults°for the pure conduction case are constant and have

Loy

a'magnitude of approx1mate1y 1% 09 the value for the least

eff1c1ent experimenta& case (LH/d S0 LH/L 20), thus !

- providing some encouragement for the practioality of long

thernosyphons in the turbulent regime.

\

N
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This thesis has considered two mainjareasdof,research to
‘ i . AL researc )

further our understanding of the closed thermosyphon.
I : . ) ‘ - S

-
L

In the first apea’an experimental investigation of the

::closed thermosyphon was perforyed w1th an empha51s on

| large Ly/d ratlos and unequal-heated and cooled lengths.

The sécond area con51sted of‘a coupling model such that<
the numerlcal heat transfer results from the lamlnar open
thermosyphon could"be-used to preditct the results for“the

closed system.

A}

It was observed experlmentally thai'LH/d had a 51gn1f1cant

effect on the heat transfer for the closed thermosyphon
under turbﬁtent condltlons. ThlS is 1nvcontrast to the
'j‘

lamlnar jfw
only ta- and the Pr number would affect the heat transfer

for the Open thermosyphon. From the thermocouple probe’
measurements all of the_experlmental data was seen to be
'bln the fully.mlxed turbulent reglme. As LH/d ncreased
the ta value for the fran51tlon to. turbulence decreased.
~It is belleved that thls is due to the 1ncreased veloclty
gradient brought about by 1ncrea51ng the heated length
The turbulence is thought to have promoted m1x1ng between

the core and the boundary layer fiow thus resultlnglln a

lowering of the Nud-td curves.
&5
' 87

'iedlctlons of nghthill who concluded that
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I'}I/LC'

" conduction. The case of pure advection should represent
_ 1 _

' ..

K Increasing Ly/L. also had a‘detrimental effect on the

' Nusselt number but to a much ¢esser exafnt than'LH/d; It
T e ) I L ) ° -

. was found thagsthe effect of LH/L decreased as Lﬂ/d'

increased. Again this was thought to be due to the
increased turbulence and mixing brought about by the

larger velocity gradients. As the intensity of turbulence

rose, the increased mixing in the flow likely cqused a

3 ]
higher percentage of the coole& section's heat.transfer to

take-place in the region immediately above the junction

"plane, therefore dimimishing the effect of Ly/ Lo for large
Ly/d. |

S

°

. The experimental data for turbulent flow in the closed

thermosyphon was reasonably represented by a de51gn'

correlation taking into account the effect of Ly/d and

)

v

=
R
! © !

n .
The second contribution of this thesis was in developing a

-coupling model such that the laminar numerical results

from the open system could be modified to predict th:
results for the closed: thermosyphon A coupling parameter,
K, was 1ntroduced which has a value of zero for pure

advection, one'for.pure*mixing, and a value between one

. ) : . ~N
-and two for refluent mixing—tendiﬂgyultimately towards

A

“the upper_bound of performance for a laminarrCIosed

thermosyphon. Thé actual performance is a function of

88
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: qeometry, specifically LH/d and LH/c' Further

investigation in the laminar flow regime, is required to

‘determine how the coupling parameter, K, relates to

.\

geometyy and thE‘temperature difference. The lower bound
J

- for the performance of "the closed thermosyphon is the cabe-\‘

.aof pure conguctrpn in a cylinder. o

) Several recommendathﬂs for future work are listed below

———— o

1) -studieé-on large Ly/d ratiosain both the laminar
~and turbulent regimes to detefﬁine where the .
transit{on to:turbulence oecnrs and to‘
demonstrate the dependenceof the coupllné
- ‘coefflcient K, on LH/d and LH/L
2) A*modification of the existing numerical model to

enablYe it to handle turbulent flow.

PN

3). Studies on conveCtive boundary conditibn SO that
the effects of w1nd speed on the “performance of

the thermosyphon can be quant;fled.

4
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APPENDIX 1

Calibration Curves \f,or the Closed Thermosyphon
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Ug 3 Vg dv Vg
Xc‘ax Rc dr R
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U2 uwgu UV, vau
— — ¥ —
i'xc_‘ ax. ‘_Rc ar
U, ud Y, vag
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same

(o4

[

order as V./R, resulting in

following normalized variables -

v . 8

924

’ 1 3¢
v——-—————_—--}-_——
R, dr : arz, r 3r;

the continuity equation (4)}>
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(6)

=
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v E
.
Uc azu 1 8u '

L ¢+u——2 — =] (5
’ ar2 r 3r;

s

Uo/Xc must be of the .
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By aSsuminé that the advective terms are as important as \

'conduction, it follows that L
2 " ‘ ) . ' | /,./ID\
pcRc : , . : ' _ /o
- 0(1) . : , (9) /
C Xen o . | 4
v e . . -
- T o \ ./
. S o : . /
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: Lt / )
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ﬁgoCRCZ - ‘ .
= 0(1) S (10)
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Applying (7) to (10) yields
a Pel X, 1/2 v .
U, - < | o (11)
e Pr ‘ :
'fland sdbst{tuting (11) into (9) results in
. 'chu‘l/a -
bc = Re -( ) . (12)
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A L . APPENDIX 3
Program. lisfings for the Open Thermosyphon 3olu/tion,
Conduction in a Cylinder, and t'h’e Coupling Model..,
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46

H

WO I00 s W -

2

naaaa

.C*x% TEST IF MAX NUMBER QF ITERATIONS PERFORMED /

100

c I OPEN THBRMOSYPHON USING STREAM FUNCTION & VORTICITY
c . ISOTHERMAL WALL TEHPERATURES
o

DIMENSIQON A(21,21,8) ANAHE(G &) ,ASYMBL(6) , BE(21),, BW(%I)
+ BN(21),BS(21) ATITLE(18) FLUY(Z\) TBAR(zl)

,connou /CVRBLE/A ANAME ASYHBL
. 'COMMON/CNUMBR/NW, NF,NT,NRO,NMU,NL,NV1,NV2, IE, IV

+ /CGEO/IN,INM,JN,JNN, IHIN(21) IHAX(21) X1(21),X2(21),

+ R(21), NCORD/CGEN/RORBF ZMUREF , NMAX, NPRINT, IP,;CC PR(Q)
+ RP(9),RSDU(9)

connon/c ONST/TR,TW,TL,RR,BETA, coun

SUBROUTINE FOR INITIALIZATION AND PROGRAM CONTROL'

ENSURE THAT DIMENSIONS OF ARRAYS' ABOVE CORRESPOND WITH
VALUES ASSIGNED TO N1,N2,N3 ,
DATA N1,N2,N3/21,21,8/ T
INM=IN-1 o
JINM=JN-1
C***CALL INITIALIZATION SUBROUTINES
CALL % GRID (N1,N2,N3,BE,BW ,BN,BS).
CALL  INIT (N1,N2,N3,R)
WRITE (6,333)
RITE (€,334)ROREF,ZMUREF,TL,RR .
TRR-BETA*Q 81%(TW- TR)*(RR"*4)*PR(3)*ROREF**2/
+- (ZMUREF##2*TL)
WRITE (6, 335)TR T™W,PR(3), TRR
NITER=0
C#% ITERATION AND PRINTOUT CONTROL LOOP
1 CONTINUE
» NITER=NITER+1 :
Ck* DO ONE ITERATION /
CALL EQN (Ni,N2,N3,A,BE,BW,BN,BS) !

IF (NITER.EQ.NMAX) GOTO 8 /

c IF (NITER.EQ. 10).GOTO 13 - T
c IF (NITER.EQ.20)GOTO 13 ' '
C’ - IF(NITER.EQ.40)GOTO 13
c IF(NITER.EQ.80)GOTO 13" '
(o IF (NITER.EQ. 160) GOTO 13
c 'IF (NITER.EQ.300)GOTO 13
IF (NITER.EQ.500) GOTO 13
GOTO 14
13 WRITE (6, 106)NITER
SUMM=0.0

DO 88 I=2,INM
suxu-suuu+(3 O*TW-4.0*A (I,JNM, NT)+A(I JN-2,NT)) /
o+ (2% (X2(IN) -X2 (INM) )

- 88 ° " CONTINUE

I=IN L :
1 SUMN=SUMM+0. 5% (3.0%TW—4. OwA(I JNM, NT)*A(I IN-2 NT))/
+ (2. o*(xz(au)—xz(auu)))



53
54

55
56
57
58

' 59
60,

61
62
63
64
65
66
67
6t
69
70
71
72
73

14
SEE

76
77
.18

79"

80

81

82
83

" B4

85
86
87
88
89
S0
‘91
92
93
94
95
96
97
98
99

1100

101

102

103
104

=2 -
SUMM=SUMN+0. 5*(3 O*TW—-4.0%*A (I,
+  (2.0%(X2(IN)-X2 (INM)))
‘ RNu-SUHH*RR/(TW-TR)/FLOAT(INM)
WRITE(6,107)RNU '
CALL PRINT(N1,N2,N3,A,ANANE,IN,JN,1,IE)

14 . RES=0

NX,NT)+A(1,JN-2,NT))/

DO 7 K=1,3 . ' . )
IF(ABS(RES) LT. ABS (RS U(K))) REs-RSDU(K) " Ah
7 RSDU (K) =0 : '

Cxx TEST IF CONVERGENCE CRITERION (CC) *SARISFIED ~ «
IF (ABS (RES) . GT.CC. OR. NITER LE, 5) GOTO 1 s

C#x END OF LOOP . .
GOTO 9 S
9 WRITE(6, 113) <, —

8 - WRITE(6,108) NITER ‘<. e '
 SUMM=0.0 . S ;",’?"ig“
" DO 86 I=2,INM N ‘
suun-sunn+(3 0*A(I,JIN,NT) 4. o*a(x JNM, NT)+A(I JIN-2,NT))/
b (2% (12 (IN)-X2 (INN))) S~
86  CQNTINUE S
I=IN
 SUMM=SUMM+0.5% (3., 0%TW-4, O*A(I JNM, NT)+A(I JN‘Z,NT))/
¥ (2, 0"(X2(JN)-X2(JNH))) ~_

~.

~ - L

I=2 , S
sunu-sunn+o 5+ (3.0*A(I, JN NT)-4.0%a(I,JNM,NT)+ LI

+  A(1,J8-2,NT)) /(2. 0*(X2(JN)-X2(JNM)))
RNu-SUMM*RR/(TW TR) /20
WRITE(6, 107)RNU .
C#k* OBTAIN VELOCITY DISTRIBUTIONS .
CALL VELDIS(N1,N2,N3,3) . ~
Ci% OBTAIN MASS FLOWRATE :
I=2 ‘ o .
FLUXT=0 ' 'y
TBART=0 S -— C '
NN=0 ' - h
DO 47 J=1,JN '
IF(A(1,J3,NV1) .LE. 0.0) GOTO 92

=3 : FLUX(J)-ROREF*A(I I NV1) %2, %3, 1416%X2 (J)

- FLUXT=FLUXT+FLUX (J)
TBAR (J)=A(I,J,NT) %2, X2 (J)
TBART=TBART+TBAR(J) . .
: NN-NN51 1 - v
92 CONTINUE ~ ' '
47  CONTINUE
DR=X2(2)-x2(1)
FLUXT= (FLUXT-FLUX (1) /2.-FLUX (NN) /2. ) DR
- TBART=DR* (TBART-TBAR(1) /2.~TBAR (NN) /2.) / (X2 (NN) #X2 (NN) )
QHOT=2, *3. 1416*TL* (TW-TBART) *xRNU*COND
WRITE (6, 108) FLUXT, TBART, QHOT
WRITE(6,110)NN e
C*x FINAL PRINTOUT '

c 101

.\v\‘
’



102

" 105 . CALL PRINT(N1 'N2,N3,A,ANAME, IN,JN, 1, IE)

106 DO 44 I=1,IN ‘ :
107 DO 44 J=1,JN - ' ,
106 © - DO 44 K=1,7 ' S

109 WRITE (7, 133)A(I J, K)

110 44 - CONTINUE

1 STOP .

112. 133 FORMAT(E13. 7)

113 318  FORMAT(/,2X,11E10.2) :

114 106  FORMAT (3X, 'NITER- ', I3) -

115 113 FORMAT(/, 3X, 'CONVERGENCE OBTAINED )

116~~~ 107  FORMAT(/,5X, 'NU=',E12.3)

117 112 FORMAT (5X, 4F8.3) ,

118 110 FORMAT (5X, 'NN=',13) : e ,
119. 108 FORMAT(/ 5X, nass FLOW=',E10.3,' ~TEMP CORE-L.FQ 4,
120 R -Q=',F10.3) '

121 - 333 FORHAT(/ 5X, 'THERHOSYPHON FINITE DIFFERENCE SOLUTION' ,/)
122 334 FORMAT( 5X, 'DENSITY=',F8. 2 ' ',8X, 'VISCOSITY=',E10.4,
123 + ' ',5X,'LENGTH=',F8.3,' ',SX, 'RADIUS=',F8.5) .
124 335 FORMAT(SX 'RESERVOIR TEHP' ,F5.2,5X, 'WALL TEMP=' sté
125 "+ B5X,'PR=', 'F8.2,5X, 'TRR=",E{2. 3)

126 336 FORMAT (2X, E12 4)

127 433  FORMAT(/, zx 4E13. 4) , T ’ .

128 END '

12°‘i' c v .
130 C BLOCK DATA

131 c _
132 BLOCK DATA )
" 133 COMMON /CNUMBR/NW, NF NT,NRO, NMU, NL,NV1 szpxs Iv
134 + /CGEO/IN,INM,JN,JNM, IHIN(21) IMAX(21) X1(21),X2(21),
135 + R(21),NCORD
136 ° + /CGEN/ROREF ZMUREF, NMAX, NPRINT 1p,ccC, PR(9) ,RP(9),
137 .+ RSDU(9)
138 counon/cc NST/TR, Tw TL RR,BETA, COND
139 o]
140 Cxikkx*INPUT OF NUMERICAL DATA .
141 T C : o :
142 - C*% PROGRAM AND PRINTOUT CONTROL DATA
143 - DATA NW,NF,NT,NV1,NV2,NMU,NRO,NL/1,2,3,4,5,6,7,8/ o
144 . DATA 1E, IV/3 7/
145 DATA NMAX,NPRINT,IP,CC/500,200, 4,0.00100/
146 ' DATA RP(1) ,RP(2) ,RP(3)/1.0,0. 6,1.1/ .
147 Ckxx PHYSICAL DATA
148 . DATA ROREF,ZMUREF/786.6,0.5514E-03/, PR/9*6 862/
149 DATA conn/o 20/
150 DATA TR,TW,TL,RR,BETA/20.,29.23,3.0,0. os 1.20E-03/
151  C%* GRID DATA
152 -~ DATA NCORD/2/,IN,JIN/21,21/, IHIN/21*2/ IHAx/21*20/
153 ° END .
- 154 = C. ,
155 C**SUBROUTINE FOR BOUNDARY CONDITIONS : T

156 - C

(5]



157
158
159
160
161
162
163
164
' 165
166

167

168
169
170
17
172

173

174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204

205

206
207
208

_ CH*XSYMMETRY AXIS

S\ " 103

SUBROUTINE BOUND(N1,N2,N3,A) /‘
DIMENSION A(N1,N2, N3)

COMMON/CNUHBR/NW NF,NT NRQ,NM@.NL.NV1 sz 1E,1V

+ /CGEO/IN,INM,JN,JNNM, IMIN(21) IHAX(21) 31(21) X2(21),
+ R(21) ,NCORD -

COMHON/CCONST/TR,TW,TL,RR,BETA 5

C#%% WALL VORTICITIES

DO 101 I=1,INM
DX2=X2 (JN) X2 (INM)
"Rw=(R(IN)+R(INN) ) /2
RHO= (A (I,JN,NRO) +A(1,JNM,NRO)) /2
101 a(1,9N, Nw) 3.x(A(1,0N, NF) ~A(I,JNM, NF))/RW/R(JN)/DXZ/DXZ/
+ RHO-A(I JNM, NW)*R(JNM)/R(JN)/Z +RHO*S . 8@ BETA *
+ (A(I.JN,NT)ﬂA(I,JNM,NT))*sz/e./A(I,JN,.XU)/Rw
DO 102 J=2,JNM
- DX1=X1(IN)-X1(INK)
RHO= (A (IN,J NRO)+A(INH J,NRO)) /2 .
102 A(IN,J, NW)-3 *(A(IN,J, NF)-A(INH J, NF))/R(J)/R(J)/DX1/DX1
+ /RHO-A(INH J,NW)/2 .

— e

DO+301 I=1,INM '
A(1,1,NW)=A(I,2,NW) . B
301 A(1,1,NT)=A(1,2,NT)
C##* ORIFICE BOUNDARY CONDITIONS
CALL VELDIS(N1,N2,N3,3)
DO 109 J=2; 32&
IF(a (24, uv1)) 202,201,201
202 AQ1,J, NT)?B(Z J,NT)
GOTO 203 .
200 A(1,J,NT)=TR ,
203 .CONTINUE - ——
_ a(1,3,NF)=A(2,J,NF) \
109  AQ1,J,NW)=A(2,J,NW)
C** ADIABATIC BASE
DO 103 J=1,JNM
103 a(IN,J, NT)-A(INH J,NT)
‘ RETURN
END

c ~ —

Civ#hk#k*SUBROUTINE FOR CALCULATION OF AE,AW,AN,AS -
c . e . . -
c ‘ ‘ -

SUBROUTINE CORVEC (N1, N2 N3,A,AE,AVW,AN, AS 1,J,K)
DIMENSION A(N1,N2,N3) =
conuon/cnuuan/uw NF,NT,NRO,NMU,NL,NV1,NV2,IE, IV .
/CGEO/IN, INM,JN,JNN, 1x1n(21) IHAX(21) x1(21) x2(21)
_ + R(21) ,NCORD .
c .

DV=R(J) * (X1 (I+1)=X1 (I-1)) * (X2 (J+1) -X2 (I~ 1))
G1Pw=(A(1,J3+1,NF)-A(1,J-1,NF)+A(I-1,J+1 NF)
+ -a(1-1,J-1 NF))/DV N



209
210
211
212
213
214
215
216

217,

‘218
219

220
C 221
222
223

224

225
226
227

228.

229
230
231
232
233
234

235

236

237"
238

238
240

241,

242
243
244
245
246
247
248
249
250
251
- 252
253
254

255
256

257
258
259
260

G1PE=(A(I,J+1,NF)-A(I,J-1,NF)+A(1+1,J+1,NF)

+ =A(I+1,3-1,NF))./DV

«G2PS=(A(I-1,J,NF)-A(I+1,J,NF)+A(1-1,3-1, NF)

+ =A(I+1,3-1,NF))/DV

G2PN=(A(I-1,J,NF)-A(I+1,J, NF)+A(I-1 J+1 NF)

+  =A(1+1, a1 ,NF))/DV
C COMPUTE AE,AW;AN,AS
APP=1 :
IF (K. EQ.NW) APP=R (J) *R(J)
AE=0.5%APP* (ABS (G1PE) -G 1PE)
AW=0. 5*APP* (ABS (G1PW) +G1PW)
AN=0.5%APP* (ABS (G2PN) -G2PN)
AS=0. 5*APP*(ABS(GZPS)+GZPS)

RETURN
- END
cC . . ¥
. c . -
Chidee*MAIN ITERATION SUBROUTINE
it .
o]

SUBROUTINE EQN .(N1,N2,N3,A,BE,BW,BN,BS)

DIMENSION A(N1,N2, N3) BE(N1) Bw(N1) BN(N2), BS(NZ)
, COHHON/CNUHBR/NW NF,NT,NRO,NMU,NL,NV1,NV2,1E, 1V
+ /CGEO/IN,INM,JIN,JNM, IHIN(21) 1nax(21) x1(21) ,X2(21),

+ .R(21),NCORD.

+/CGEN/ROREF ZMUREF, NMAX, NPRINT 1P,CC,PR(9), RP(Q) RSDU (9)

COMMON/CCONST/TR, TW,TL,RR, BETA
C**OBTAIN EFFECTIVE VISCOSITY

CALL VISCOS (N1,N2,N3,A)

CALL VELDIS (N1,N2,N3,R) .
C**VORTICITY SUB-CYCLE T

DO 11 J=2,JNM

IL=IMIN(J)

IH=IMAX (J)

DO_11 I=IL,IH
C**OBTAIN SOURCE TERM

CALL SORCE (N1,N2,N3,A,SOURCE, 1 J,NW)

" " CX*OBTAIN AE,AW,ETC
CALL CONVEC (N1,N2,N3,A,AE,AW,AN,AS,I,J,NW)

C**COMPUTE BBE,BBW,BBN, BBS
RSQ'R(J)*R(J)
BBE=2, *RSQ*BE (1)
BBW=2, *RSQ*BW (I) -
BBN= (R (J+1) *R (J+1) +RSQ) *BN (J)
BBS=(R(J-1) *R(J—-1)+RSQ) *BS (J)
ANUM= (RE+A (J+1,J,NMU) *BBE) *A (I+1,J,NW)
+ ,+(RW+A(I-1,/J,NMU) *BBW) *A (1~1,J, NW)

+(AN+A (I,J+1,NMU) *BBN) *A (I,J+1,NW)

+ +(as+A(1,J~1,NMU) *BBS) *A(I,J-1,NW)+SOURCE
ADNH-AE+AW+AN+AS+A(I J, NHU)*(BBE+BBH+BBN+BBS)

IF (ADNM.EQ.0.)GOTO 11
C**STORE OLD VALUE OF VORTICITY

PRg—
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261
262
263
264
265

266
- 267

268
269
270
271
272
273
274

275.

276
277
278

279

280
281
282
283
284
285 -
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300 -
301
302.
303
304
305
306
307
308
309
310
3N
312

’ - 105

18 2=A(I,J,NW)

C**CALCULATE NEW VALUE
A (1,3, NW) =ANUM/ADNM

C#*CALCULATE RESIDUAL
RS=1.-2/A(1,J,NW)

C**UNDER OR OVER-RELAX IF SPECIFIED
A(I,J,NW)=2+RP(NW)}* (A (I,J,NW)-2)

‘C#*STORE MAX RESIDUAL

IF (ABS (RS) . GT.ABS (RSDU (NW) ) ) RSDU (NW) =RS
11 CONTINUE
C**STREAM FUNCTION SUB-CYCLE , ' .
DO 21 J=2,JNM
IL=IMIN(J) Lo
IH=IMAX (J) '
DO 21 I=iL,IH ‘ g
CALL SORCE (N1,N2,N3,1, So %E,1,J,NF) '
C#*AVERAGE VALUE OF R USED FOR EVALBATION OF BBN, BBS, BBW, BBE
., R1sg=1./R(J) /R(J) ‘
ROP=A(1,J,NRO)
'BBE=4./(A(I+1,J,NRO)+ROP) *RISQ*BE (I)
‘BBW=4./(A(I-1,J,NRO) +ROP) *RISQ*BW (1)
BBN=16./ (A (I,J+1,NRO)+ROP) / ((R(J+1)+R(J)) *%2) *BN (J)
BBS=16./(A(I,J%1,NRO)+ROP) / ((R(J-1)+R(J)) #*2) *B5 (J)
ANUM=BBE*A (I+1,J,NF)+BBW#A (I-1,J,NF) +BBN#A (I,J+1,NF)
+ | +BBS*A (I,J-1,NF) +SOURCE
ADNM~BBE+BBW+BBN+BBS
IF (ADNM.EQ.0.)GOTO 21
2=A(1,J,NF)
A(I,J,NF)=~ANUM/ADNM
RS=1. -Z/A(I J,NF)
a(,o, NF)'Z+RP(NF)*(A(I J, NF) Z)
‘o IF(ABS(RS) GT. ABS(RSDU(NF)))RSDU(NF)-RS
21 . CONTINUE .
A(1,1,NF)=(A(1,2,NF)+A (2, 1,NF)) /2
C**SUBCYCLE FOR OTHER VARIABLES
K=3
DO 31 J=2, JINM
IL-IHIN(J)
IH=IMAX(J) .
DO 31 I=IL,IH
CALL SORCE (N1,N2,N3,A, souncz I1,J x)
CALL CONVEC (N1,N2,N3,A,AE,AW,AN,AS,I,J,K)
BPP=A(I,J,NMU)
BBE-(A(I+1 J,NMU)+BPP) /PR(K) *BE (1)
Bﬂw-(A(I-l,J,NHU)+BPP)/PR(K)*BW(I)
BBN=(a (I,J+1,NNU) +BPP) /PR (K) *BN (J) .
BBS= (A(I,J-1,NMU) +BPP) /PR (K) *BS (J) -
ANUM= (AE+BBE) #A (I+1,J,K) + (AW+BBW) *A (I~1,J,K)
+ +(AN+BBN) *A (I,J+1,K) +(AS+BBS) *A (I,J-\,K) +SOURCE
ADNM=AE+AW+AN+AS+BBE+BBW+BBN+BBS
IF (ADNM.EQ.0.)GOTO 31 .
Zz=A(1,J,K) : o



313
314
315
316
317
318
319
320
321
322
323
324
325
326"
327

el
o -

329
330
331
332
1333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349 -
350

351 ¢

352
383
354
- 355

- 356
357
358
359
360
361
362
363
364

T

A(I,J,K)=ANUM/ADNM
T*RS=1, -Z/A(I J,K) .
A(1,9, K)'Z+RP(K)*(A(I J,K)-2)
IF(ABS(RS) GT. Aas(Rsnu(K)))Rsnu(x)-Rs
31 CONTINUE ,
42 CONTINUE v
C#*INITIATE ITERATION ON BOUNDARY NODES
" CALL BOUND(N1,N2,N3,R)
. CALL VELDIS(N1 N2,N3, A)

o

RETURN '
END
C .
Ck#%%*GRID SUBROUTINE
c :
SUBROUTINE GRID (N1,N2,N3,BE,BW,BN,BS)
DINENSION BE(N1),BW(N1),BN(N2),BS(N2)
COMMON/CNUMBR/NW, NF,NT,NRO, NMU,NL,NV 1,NV2, IE, IV
+ [CGEQ/IN,INM,JN,JNM, IHIN(21) iMAX(21) x1(21) X2(°1)
+ _R(21),NCORD
conuon/ccousw/ra TW, TL,RR, BETA e
C**CALCULATION OF BE, BW,BN,NS
c
C*x*COMPUTE GRID CO-ORDINATES
c .

DO 10 I=1,IN
10 XWI)=FLOAT(I-1) *TL/FLOAT (INM)
> DO 50 J=1,JN
50 X2 (J)=FLOAT (J-1) *RR/FLOAT (JINM)
DELX2G=X2 (JN) -X2 (JNM)
X2 (INM) =X2 (JN) -DELX2G/4
X243NM-1) =X2 (IN) -DELX2G/2
X2 (INM-2) =X2 (JN) -. 75*DELX2G
X2 (INM-3) =X2 (IN) -DELX2G
JINM3=JNM-3
"~ DO 51 J=1,JNM3 -
51 X2 (J)=FLOAT (J-1) #X2 (INM3) /FLOAT (JNM3-1)
C**CALCULATE R(J) ACCORDING TO CHOICE OF CO-ORD SYSTEM
DO 11 J=1,JN
R(J)=x2(J)

11 . CONTINUE

C*x*COMPUTE BE,BW,BN,BS
DO 21 I=2,INM
DXi=1, /(x1(1+1)-x1(1-1))

‘ Bw(I)-Dx1/(x1(I)-x1(1 1))

21 BE(I)=DX1/ (X1 (I+1)-X1(1)) ‘
DO 22 J=2,JNM ) .
DX2=0.5/(X2(J3+1)-X2(3-1)) :
BS(3)=(1.+R(3-1) /R(3)) / (X2 (J) -X2(J-1) ) *DX2

22 BN(J)=(1.+R(J+1) /R(3) )/ (X2 (3+1) -X2(J) ) *DX2

C**PRINT OUT CO-ORDINATES

. WRITE(6,101) (X1(I),I=1,IN) ‘\}
WRITE(6,102) (X2(J),J=1,JN) ‘
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365 'RETURN , i
366 101 ‘,ronnaw(zsn DISTANCES IN DIRECTION-1/(IH 4E25. e)) \
367 102  FORNAT(25H DISTANCES IN DIRECTION-2/(1H 4E25.8))
368 END
369 ¢ .
370 C**SUBROUTINE FOR CALC. OF INITIAL VALUES AND FIXED B.C.'S
3 c
372 SUBROUTINE INIT (N1,N2,N3,A)
373 DIMENSION A(N1,N2, N3) '
374 couuon/cnunan/uw NF,NT, NRO,NMU,NL,NV1,NV2,1E, IV
375 + [CGEO/IN,INM,JN,JNM, IHIN(21) IHAX(21) x1(21) JX2(21),
376 + R{21) ,NCORD
377 ‘+/CGEN/ROREF , ZYUREF , NMAX ,NPRINT, IP,CC,PR(9) ,RP(9) ,RSDU (9)
378 COMMON /CCONST/TR, TW, TL,RR, BETA
379 C*#SET INITIAL VALUES ‘L
380 DO 30 K=1,7 A
381 ., DO 30 J=1,JN ,
382 DO 30 I=1,IN o
383 30 A(1,3,K)= 0.001 C
384 C READ IN OLD VALUES v
385 DO 31 I=1,IN
386 DO 31 J=1,JN
387 DO 31 K=1,7
388 READ(8,134)A(1,J,K)
389 31 CONTINUE ,
390 C**SET DENSITY IN FIELD
391 DO:50 I=1,IN
392 - DO 50 J=1,JN
393 50 a(I,J,NRO)=ROREF
394 Cx*SUPPLY’ BOUNDARY CONDITIONS
395 C**BASE '
396 DO 20 J=1,JN
397 A(IN,J,NF)=0.0 --
398 A(IN,J,NT)=TW
399 A(IN,J,NV2)=0
400 A(IN,J,NV1)=0.0
401 20 CONTINUE
402 c**sxnz WALL
403 , . DO 34 I=1,IN
404 a(1,o0x, NF)-O 0
405 e A(I,JN,NT)-Tw
406 a(1,IN,NV1)=0.0 ’
. 407 a(1,JN,NV2)=0.0 '[
408 a(IN,J,NV2)=0,0
409 Cx*AX1S , »
410 A(I,1,NF)=0.0 .y - ‘
411 34 CONTINUE
412 RETURN
413 134 FORMAT(E13.7)
414 END
41 = C

416 Cx**OUTPUT SUBROUTINE
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SUBROUTINE PRINT (N1,N2,N3,A,ANAME, IN,IN,NBEGIN, NTOTAL)*
DIMENSION A(N1,N2,N3) ,ANAME(6,N3)

JX=JIN/10
IF(JX.LT. 1) JX=1
IX=IN/10 - )
IF(IX.LT. 1) IX=1 ' A
K- ‘ - Py g
WRITE (6, 100) s
DO 2 L=1,JN,JX
J=JIN+1-L -
WRITE(6, 101)(A(I J,K) ,I=1,IN,IX),J
WRITE(G 102) (I,I=1,IN,IX)
wg;ra(s 103)
DO 3 L=1,JN,JX
J=JN+1-L
WRITE(6,101) (A(1,J,K),I=1,IN,IX),J
WRITE (6, 102)(1 I=1,IN,IX)
K=3 . : ,
WRITE(6, 104) o ’ ‘
DO 4 L=1,JN,JX
J=JN+1-L 4
WRETE (6, 101)(A(I J,K) ,I=1,IN,IX),J
K=4
WRITE(6, 105)
DO 6 L=1,JN,JX"
J=JN+1-L
WRITE(6,101) (A (T, J LK), I=1, 1IN, Ix) J
K=5
WRITE(6, 106)
DO 7 L=1,JN,JX
J=JN+1-L
WRITE(6,101) (A (1, J ,K) ,I=1,1IN,IX),J
INK=IN-1
DO 47 L=1,JN,2
WRITE(6, 108)A(INM,L, 1) ,A(INM,L,2),A(INM,L,3)
FORMAT (/, 15X, ' VORTICITY')
FORMAT (2X,11E10.2, 18)
FORMAT(/,1X,'1',11110) .
FORMAT (/, 15X, ' STREAM FUNCTION')
FORMAT (/, 15X, ' TEMPERATURE') '
FORMAT (/, 15X, ' AXIAL VELOCITY') ’
FORMAT (/, 15X, 'RADIAL VELOCITY')
FORMAT (2X,3E12.4)
K=NBEGIN —
DO 10 M=1,NTOTAL :

108

WRITE(6,100) (ANAME(L,K),L=1,6) -

DO 2 L=1,JN,JX
J=IN+1-L :
WRITE(6,101) (A(1,J,K),I=1,IN,IX),J
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469 c K=K+1
470 COC  WRITE(6,102) (I,I=1,IN,IX)
471 c RETURN _
472 - COOC TFORMAT(1H130X, 21HTHE DISTRIBUTION F  ,6R6/
473 c 231X, 57H~=======m=msmm—eeac —oe e ittt et L L /
474 c 3150127x.1ua/127x 3H-=-//) ‘ :
475 CO1C  FORMAT (1HO,3X, 11 (1PE11.3),3X,12)
476 ~ To2C FORHAT(!HO//BH 1,4%,10(12, 9x) T2/4H ---)
41 RETURN
478 END
479 - ¢
480 c i
~381 ° C***SUBROUTINE FOR SOURCE TERMS
T 482 c .
483,- ¢
484 SUBROUTINE SORCE(N1,N2,N3,A, SOURCE, I,J,K)
485 * DIMENSION A(N1,N2,N3) ,
486 coxxon/cuunaa/uw NF,NT,NRO, NMU,NL,NV1,NV2,IE, IV
487 + /cﬁzo/rn,xun.an,aun,zuxu(zt).1xax(21),x1(21),x2(21),
498 + R(21),NCORD
489 coxnon/ccousr/rn TW,TL,RR,BETA «
490 C**FOR STREAM FUNCTION , -
491 IF(K.EQ.NF) GOTO 22
492 IF (K.EQ.NW) GOTO 33
493 : SOURCE=0
494 RETURN
495 22 SOURCE= A(I,J,NW)
496 RETURN |
497 C**FOR VORTICITY /
498 - 33 S1=-X2(J)*9.81*8(1,J, NRO)*BETA*(A(I J+1,NT)
499 + -a(1,3~1,NT))/ (xz(J+1) X2(J3-1))
500 SZ'(A(I+1LJ,NV1)**2*A(I+1.J,NVZ)**Z-A(I-I,J,NV1)**2
. 501 + =A(I-1,J,NV2)*#2) / (X1 (I+1)-X1(I-1))*(A(I,J+1,NRO)
502 N - + -A(I,J-1,NRO))/(X2(3+1)-X2(J-1))
503 S3= (A(I,J+1,NV1) %*x2+A (I, J+1 ,NV2) *#*2-A(I,J-1,NV1) **2
504 + . -a(1,9-1 NVZ)**Z)/(XZ(J+1)1X2(J-1))*(A(I+1 J, NRO)
505 -+ -A(1-1,J3,NRO)) /(X1 (1+1)-X1(1-1))
506 " SOURCE=-S1
507 RETURN ' , {
508 END ' j
509 c : : !
510 c , :
511 Ch*xSUBRCUTINE FOR CALC OF V1 AND V2
512" c .
513 c ,
514 ' SUBROUTINE VELDIS(N1,N2,N3,R)
515 " DIMENSION A(N1,N2,N3)
516 Connon/cnunaa/uw NF,NT,NRO, NXU,NL,NV1 ,NV2,IE, IV
517 + /CGEO/IN,INM,JN,JINM, IHIN(21) L INAX (21D, X1 (21) X2(21),
518 . *+ R(21),NCORD - -~
s19 . couxou/ccousr/ra TV,TL,RR,BETA  °

$20 - C**INTBRIOR NODES _ /




521
522
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529
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548
549
550
551
552
553
554
555
556
587
558

5§59

560
561
562
563
564
565

566

567
568

-

DO 50 J=2,JNM
Hz-(x2(J)-xz(d-1))/(xz(a+1)-x2(a))
RY2#R(J) * (X2 (3+1) =X2(J=1))
IL=ININ(J) | -
IH=IMAX (J)
DO 50 I=IL,IH
H1= (X1 (1=1)=X1 (D)) /(X1 (3+1) =X1 (1))
RX1%R(J) * (X1(1+1)=X1(1-1)) "
- A(I,I,NV1)=(A(1,3+1,NF)~A(1,J,NF)) #H2+ (A(1,J, Nr)
+  =A(1,3-1 NP))/HZ a
AC1,d NVI)-A(I J,NV1) /RX2/A (1,3, NRO)
A(I,J,NV2)= (A(I+1 J,NF)-A(1 J.NF))*H’«KA(I J,NF)
+ —A(I 1,d NF))/H!
50 A(1,0 NVZ)-A(I J,NV2) /RX1/A(1,J,NRO)
C**%ON PLANE OF SYMMETRY
J=
bo 20 1=1,1INM
A(I,1,NV2)=0,0
20 A(I,1,NVI)=A(I,2,NV1)
C ORIIFICE ‘ NT
DELX1=X1 (IN)-X1 (INM)
© DO 21 J=2,JNM
H2= (X2 (J)-X2(3- 1))/(x2(a+1) xz(J))
RX2=R(J) * (X2(J+1)-X2(J-1))
AC1,3,NV1)=(A(1,3+1,NF)-A(1,J,NF)) *H2+
+ (A(1,J,NF)-A(1,3-1,NF)) /H2
AC(1,J3,NV1)=A(1,3,NV1) /RX2/A(1,J,NRO)
A(1,J3,NV2)=0.0

-

21 CONTINUE
{™~~ RETURN
END
c .
. ‘

C#**SUBROUTINE FOR CALCULATION OF EFFECTIVE VISCOSITY
c
c
SUBROUTINE vIsScos (N1,N2, N3 ,A)
DIMENSION A(N1,N2,N3) i
COHHON/CNUHBR/NW NF,NT,NRO,NMU,NL,NV1,NV2,1IE, IV
+ /CGEO/IN,INM,JN,JNNM, 1x1u(21) 1xax(21) x1(21) X2(21),
+ R(21) ,NCORD
+/CGEN/ROREF ZMUREF, NMAX, NPRINT, IP,CC, PR(9) ,RP(9) ,RSDU (9)
~ DO 10 J=1,0N
DO 10 I=1,IN
. A(I,J,NHU)'ZHUREF
10 CONTINUE
RETURN .
END *
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~C CONDUCTI?N

C

IN A CYLINDER

’DIHENSION T(12, 602) TT(12 602), c1(12) c2(12), c3(12)
+ ca12), cp(12) TO(12 602) , DT(12) A(12) Q(12)

OB IO D WN =

;C‘

200
100

* INTEGER N,M,L,K
'REAL KK

DR=0.005

N=12 !

M=202

' TH=60

KK=0.20
TC=15
L=100
W=1.5"
QSUM=0.0 -

INITIALIZE TEMPERATURES

po=300 I=1,N (
DO=200 J=1,M,

_IF(J.LE.101. )THEN

T(I,J)=TC
ELSE
- @(1,3)=TH:
. ENDIF
CONTINUE
CONTINUE

- DO 50 K=1,L

Cc BOUNDARY CONDITIONS

300

»

400

500

600

DO 300 J=2, 101

T(,J)=2. *TH-T (2, J)

A (N, J)=T(N- 1,J)

T0(1 J)=T(1, J)
- ToW,I) =T, J)
CONTINUE.

DO 400 J-foz,u—1
5 T(1,3)=2.%7C-T(2,J)

CT(N,J)=TeN=1,J)
To(1,J)=T(1,J)
TO(N,J) =T (N, J)

CONTINUE -
DO 500 I=2,N-1

T(I,1)=2.0%TH-T(I,2)
L To(T, D=r(1,1)

' CONTINUE
- DO, 600 1'2 N-1

T(I,M)=2, *TC- Tgr M- 1)
Tq(1,K) =T (1,¥)

"CONTINUE .
. DO 700 J=2, H-
DO 800 I=2, N-1

: c1(1) (N I)*DZ




SR
tud

A
3 g & ;2
52 , . C2(I)=(N-I-1)*DZ - B
53 ) Cc3(1)=(N-I-0. 5)*DR**2/DZ .
54 : C4(1)=C3(1) '
55 cp(I)-C1(I)+c2(1)+c?(1)+04(1) , -
56 i TO(1,J)=T(1,J)

. 57 | T(I, 3)= (C1(I)*T(I—l,J)+CZ(I)*T(I+I,J)+C3(I)* C
© 58 + - 1(1,3-1)+04 (1) *T(1,J+1)) /CP (1), ,
.59 800 CONTINUE S
60 700 CONTINUE : '

61 o DO 900 TI=1,N-1
62 - o DO 910 J=1,M
63 . T(1, J)-W*T(I J)+(1-W)*TO(I J)
64 910 CONTINUE
65 = 900 CONTINUE } , ,
66 WRITE(6,10) ( T(1,101),I=1,N) '
67 . WRITE(6,20) ( T(I,101+1),I=1,N) .
68 C WRITE(6,20) ( T(I,80),I=1,N) .
69 . c WRITE(6,20) ( T(I, 120) I=1,N) )
70 50 CONTINUE ‘ Lo
oo T DO 1000 1=2,N-1
: 72 DT(I)=(T(1,101)-T(1,102))/DZ
s, 713 A(1)=3.1416%(((N-1) #DR) *#%2~ ((N-1-1) %DR) #%2)
14 Q (1) =KK*A (1) *DT (1)
75 : QSUM=QSUM+Q (1) ‘ :
76 1000 CONTINUE f
.17 WRITE(6,30) (Q(I),I=2,N-1) )
8 WRITE(6,40)QSUN :
79 30 FORMAT (2X, 'Q(1) ', 2X,10F8.4,/, /)
80 40 FORMAT (2X, 'QSUM=',F8.4) .
81 ' 10 . FORMAT(2X, 10F8. 4, /)
82 .20 F0RMAT(2X,12F7,3,/,/)
B3 - STOP ‘

, 84 END




WO IO U b Wk —

10
40
20

30
Rt

f

¢

COUPLING PROGRAM FOR THE CLOSED THERMOSYPHON

FLUXM=0,310
‘QHOT= 1006.0
COND=0. 20,
CP=2491.
PR=6.86
RHO=786.6
V1S=0.5514E-03
THC=20.00
THW=29.23 * -
. BETA=. 12E-02
RR=0.05 , ' - ' N
TL=3.0 :
LD=30
DELTT=THW-THC
WRITE (6, 40) o o
DO 10 I=1,40 . : ' R .
RK-FLOAT(I 1) %0.05.
ch-THC+QHOT*(1\—RK)/(FLUXM*CP*(I.—RK/Z ))
TCW=TCC-DELTT
RNUD=QHOT/ (3. 1416%TL* (THW-TCW) *COND) °

TD=BETA*9.8 1% (THW- TCW)*(RR*Z)**4*PR*RHO**2/(VIS**Z*TL)

- WRITE(6,30)LD,RK,TD,RNUD, TCC,TCW

CONTINUE _ ,
FORMAT(3X,' L/D K TD NUD',/)
. FORMAT,(3X,14,2F7.2,E10.3,2F8. 3)

FORMAT (3X,14,5X,F8.3,5X,E10.3,5X,F8.3, 3X, F8 3, 3X,F8.3)
FORMAT (3X, é?g 3)

END '
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