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ABSTRACT

This rvork was undertaken to observe the onset of free-

convective fluid florv in annular spaces ancL to study its effect on

the heat florv. The study trrras concerned lvith exanining the affect

of the fluid-1ayer thickness to length ratios and the attitude of

the layer on the point at which convection starts.

The apparatus consisted of two concentric cylinders. The

layer thicl<ness ivas varied by using outer cylinders of different

cliameters. The thicl<ness to length ratios used ivere 124 and 280 
"

Tests ivere conducted with the annular axis in the horizontal.

vertical and 45 degree positions to determine the affects on the

onset of free convection. Glycerine l,¡as used for rnost of the studies

but supt¡orting work lvas carried out with l,rater and air.

A temperature gradient tvas incluced across the annular fluid
l¡wer hw hcrf from an electriCal ]reater in the inner cvlinder.ar!rur ujr rfrruvr .

I4otion was detected by visual observation of aluminum dust particles

and nolvqfvrene beads. Recommendations for dinens'ìonless nâÍ'âmeters

suitable for specifying the onset of free com¡ection t{ere made, but

the accuracy rvas not intended to be sufficient for ar exact evalu-

ation of the heat transfer ard therefore only preliininary observation

of the getreral trends lvere made.
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TFE ONSET OF FREE CONVECI'I\G FLOIV PATTERNS AND TFEIR EFFECTS

ON TFIE I.EAT TRANSFER IN AJ{NULAR FLUID TAYERS

INTRODUCI']ON

1.1 General Introduction

The use of f1uícl layers for insulating purposes has been a

long established engineering practj-ce. Fleat is transferred by con-

duction alone until some critical condition, which is often referred

to as the convection point, is reached. At this point the fluid
begins to circulate and some additional heat is transferred by

free convection. The criteria for this point is very irnportant in

order to ensure that the naxj-mum insulating effect is being adrieved.

The approach, that has been established over the years, for

calculating the transfer of heat fron a surface to a fluid rvhether

by free or forced convection has been to er?ress the heat transfer

in terms of the Nusselt nrunber, hd/Iç Thus for any convective heat

transfer calculation, the fluid thermal conductivity nr.rst be knor,vn

and since to date theoretical calculations of thermal conductivitv

have been urreliable it must be determined experimentally. Any

experimental measurement of the thermal conductivity of a fluid
mlst eliminate convection heat transfer; therefore, the convection

noint for the anneretus nlrst he ascertained.

The University of l4anitoba Mechanical Engineeríng Department

uses a constant heat f1i.rx across an a¡nular layer to measure thermal

conductivity "
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Tìris experimental investigation was done to find the point

at rvhich the fluid could be expected to move via free convection in

the previously nrentioned appaïatus and also to find the effect of

various inclinations. This point, the convection point, lvas deter-

mined by visual inspection a:rd the flow patterns noted. Also, since

this point is seen in the heat transfer measurements, it was indirectly

checkecl by doing a heat balance. The apparatus was an enlargement on

the conductivity ce1l used by the University of \lanitoba with emphasis

on visual flow inspection lvith only a preliminary design for heat

transfer measurements .

I.2 Nature of Free Convection

lihen a fluid is being heated by contact rvith a hotter surface

ir her-omec l'iøhfer and is disnlaced umvard hv the nresstlre of the sur-I U Vvuvr,rvJ ¿ r5¡1çv r 4l ru r

rournding denser fluid, carrying away heat in the stream of warm fluid

oï "convection currents" thus produced. If the surface is colder

than the fluid the reverse is true, but the same laws applry in either

case. This motion is ca1led free convection. The extent of the

motion ancl thus of the heat transfer is a function of the fluid pro-

perties and the temperature gradients. These quantities have been grouped

together to form a dimensionless nunber ca11ed the Rayleigh nr-r:rber.

Free convection motion can be divided into different clas-

-:ç;-^+;^-- .lona¡jino ¡non'i ts f'ì orrr natterns. lthen tlfe nOtiOn iS>l-II\-dLI-UIIJ \lSPErrufrr5 UlJUtr I LJ rrvrv P(¿LLUrrrJ. il

rmiform rvith no mixing, the movement is ca11ed laminar flolv. In this

resimc the heet frrncfer ânnê2rs to be a fgnctj-on of the I/4 pot¡et
, u¡tv ,rvs v

^f +1^^ D-.,1 ^.;^L nUfnbef. N-n.,. fc +ha \f inerq¿5gg a tfansitiOnUl- LIIU r\d-i/ IçrËrr i(At 
\r L¡rv r\RAY

zone appears rvhich extends o\¡er a relatively long range. A
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fUrther ins¡s¿5s in \r hrinoc a nerv regime CharacteTízed by a'" "R{.¿

a conpletely disorderly pattem rvhich is constantly shifting. This

lnovement is called turbulent flow and the corresponding heat transfer

ânneârq tn he a function of the 1/5 porver of N^^sY lrv øL r 
^¡iY 

'

In this work the velocities are extremely small. Some in-
1"t

vestigators have given this a special classification- of its or.vn

even though it does resemble the laminar region in nost respects.

Because the heat transfer is so closely comected to the flolv modes,

heat transfer regimes can be classified by specific flow patterns "

Eckert and Carlson' classified tire lotv velocity regines by tenrpera-

ture considerations, as the conduction regime and as the thermal

bolnrdary layer regime; eadr regirne having a definite flow pattern

and definite terÞerature distribution.

The rate at r,vhich l"ieat is transferred by free convection

betlreen a fluid and a solid surface is indicated by the convective

film coefficient, h. hhen ûvo surfaces are close to each other

f+Lo 1-^,-Jqør 1.ver is no lonqeT'cmall in comnarisOn Wíth theLLfIç UUUIUATj'/ LAJvL fJ ¡rv J¡¡r4ar

dimensions of the fluid space) the development of the flow is often

strongly influenced by the shape of the boundaries and the problem

is quite different fron that of free convection. The process of

heat transfer includes radiation between the two surfaces and con-

duction through the fluid Layer: The extent to u¡irich radiatioir and

conduction affect the total rate of heat transfer betrveen the tlo

surfaces depends r4ton their temperatures, the rvidth of the fluid

space, ffid other factorss. IV. J. I(ing4 states, that if the f1uic1 is

a liquid, the convection curlents normally dissipate all of the heat

x See Bibliography
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heat between the two surfaces must be taken into accotmt"

Since the heat florv is based on the conùined rate of heat

transfer by conduction, convection, ancl radiation, some investiga-

tors lrse a tem called the apparent thennal conductivity, defined

by the conductive heat transfer that is applicable to the geonetry.
T

Mull and Reiher" used an equivalent thernal conductivity, Ke, which

conbined tire effect of convection and radiation.

The transition from conduction to contrection, that is the

convection point, is followed by an abrupt increase in tlie apparent

thermal conductívity due to the added heat transferred by con-

vectíon.



TIIEORETICAT CONS]DERATIONS AND LITERATURE REV]EI,V

OF FREE CON\,ECTION IN ENCLOSED SPACES

2.7 Convection Florv Patterns and Florv Instability Point

Convection florv patterns ivi11 be discussed u-rcler trrro nain

headings: geometry , that is plane layers and amular layers; and

layer orientation, that is vertical or horizontal. The fundarnental

equations of fluid motion for all theoretical analysis begins lvith

a differential'element, Figure 1, and are the following:

1. Continuity equation derived from the conservation of

inass on an elemental volune

Õ = )f * à9!0 + a(f u) * a(/ttt)
¿T dY ÐX Ð2.-

momenlun

2"

on

t )P-Px24+rt

Navier-Stokes equation derived fron the conservation of

an elemental voh.nne

u)A*W-* u)U =2X )Y eZ

with similar equations for the y anð. z directions 
"

.î"(q3)ry(#r #.tn*)

FIGURE 1 Differential Elenent
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3" Heat balance of the elemental volume

Lf 8+uà!+vX+LúàtJ= å'f +è3 +à'Éo(Lò7 àx Jy à¿J èXz òy" èZe

This equation is developed frorn an energy balance on the

differential element, Figure 1, and is thus a three-dimensional case

because the energy flow has been accounted for in the X, Y, and Z

directions. Internal heat generation has been neglected because it
is not apnlicable in this case and the equation has been further

simplified by assuming tÌrat the thermal conductivity is uniform

throughout the systeni; that is, the material is assurned to be hono-

geneous.

Because an exact solution using these equations is difficult
without making more simplifying assunptions the usual practice is to
use logical grouping of the governing factors into dinensionless

parameters. The most important paraneter is the Grashof mmber,

NCR. It represents the ratio of the buoyancy a:rd inertia forces to

the viscous or drag forces. The other very important dimensionless

naramafor ic fha Þrnnfltl nllmher N_^. ThiS pafanetef iS a fneaSUre' rl(

of the molecular diffusivity of momenttm to the molecular diffusivity

of heat and is therefore a fünction of fluid properties on1y. There

are many more parameters applicable to natural convection fluid flow

and heat transfer, but in general they contain the same terms that

are expressed in the Grashof and Prandtl nimbers"

In order to prevent confusion arising from the terrn convec-

tion point pertaining to both the heat floiv and the fluid florv, the

follorving discussion on fluid flolir will use tire analogous term

'instability point' in lieu of the fluid convection point.
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Florizontal Plane Layer.s H9a-9ed From Belot^r

TheearliestandthemostextensivestudyoftheConvec_

tionpointorpointoftlrermalinstabilitytvascloneon]rorizontal

layersheatedfrombelow.Inlg0l,Benardobservedaclearlyde-

finedflorvpatternattlreonsetoffreeconvectivef.otv.This

cellularmotion'nowcalledBenardcells,circulatedinhexagonal

prisms r^¡ith the l{aÏmeÏ liquict ascending at the middle and the

cooler liquid descending along the sides '

FIGURE 2 Benard Ce11s

Many experimenters followed Benard's work with both

theoretical and experimental ínvestigations. Lord Rayleigh6 and

LI. Jeffreys 
7 showed mathematically that a fluid l'ayet was in

stable equilibrium even if its density increased r'pwards provided



its viscosity rvas sufficient. They found also that equilibrir-m

conditionSWeTegovernec1by^=#*'uhereHisthet1rick-

ness of the fluid 1ayer. t{. Jeffreys obtained a detailed solution

for several bounclary conditions ; for tivo rigicl bor.rndaries, an

^-^r^cô.r hc fnrrnd fhc anrrilibrirm criterion of À = 1709.çtIUJ-\J>ELt Jl_rcr(-lJ , I rç t\J(llrLr LrrU gLlU

This result has been confirmed many times, (8, 9, 10, 11, 72)"

In particular, it was fou-rd that À rvas the sole parameter deternin-

ing stability and was independent of ce11 shape. This nr¡rber r,vhich

is the product of the Prandtl nunber and Grashof nurber is notv

called the Rayleigh nunrber.

17
Chandra-" followed r4r tl're work on the stability point with

a detailed exanination of the convective florv patterns in air. He found

thef the flow na.tterns varied with the thiclc'ress of tjre 'laver a¡.d

tha f omnorâf rr'ì^ê rl'i ffcrcnr-c o'ì r¡i- - -'-^ r.: ^¿:.^ ^+, 5-'^ng cwo olslrnct gToups:

1. lVith a thickness greater than 0.4 inches the polygonal

prismatic cell was the basic form (Benard Cell). The pattern did

not renain fixed; cells joined into long ro11s in an irregular

manner. The diameter of the ce1ls and the widths of the ro11s

increased with depth and temperature difference.

2" I,Vhen the thickness is less than 0.25 inches there is

no longer any prismatic cel1s.

The results confirmed Jeffreys' theory for the appearance

of ce11ular notion for all depths doutn to 0.28 inches but at

shallotver clepths another type of motion appears at a Rayleigh

t' Smbols defined in i'Jomenclaiure



number less than 1700. This

curve differs from Jeffrey's

is seen in Figure J rvhere Chanclra's

curve at layers less than 0.28 inches
for the chosen

instahìlitv 3

nâì rnlêfêT þ\
\XÈ\z

Depth of Layer {mn)

FIGURE 3 r;':ial'rrrity Parancteï vs Layer Depth for Jeffreys'

Theory a'd Cira:rclra's Exeri'enta1 Res'lts lRef. 1S')

schmiclt ancl silvestonl postulatecl that the assumption of

constant fluid propertics rvithin the layer made by Rayleigh ald

Jeffreys rvas inaccurate in the sjrallolv layers.

Florizontal Plarelaygrs l{eated From Above

Free convection currents are non-existent in horizontal

pla:re layers rr'hen the fluid is heated from above , (74, 15) . The

difference beti,veen the fluid weight and buoyancy force of tire
^*^"; +^+': ^-^^'1 r; cl cl i q r-ellceri hr¡ fhe f amnorrfrr-¡a ¡¡-¡r'l-i an+ L,,+ +1"^5r 4vr LcILI\JIlctt_ Il-v^e

net force tends to stabilize motion since it is outr,r¡ard at the

borindaries as conpared to tire net force in the horizontal layer

heated from be1ow, rvhich is inward at each bounclary. sone evidence

of convection ca:r be seen at the edges rvhidr cau.ses sonie cellar

motion.

- 
leffreYs'theorY

---- ExPerttnental



Vertical Plane Layers

The first systematic experimental investip-atìon of hear

transfer in plzne vertical layers was repoïtecl by lr{u11 ancl Reiher.
tr

Later Jal<ob" simplified and generalized their results clivid,ing the

convective-f1ow regions into two regimes, the laminar florv region

and the turbulent flow region. Jakob postulated that the enclosed

vertical boundary layer rvas similar to that for the single vertical
plate and that the exponent in the heat transfer equation

NNU = t NRny" r4/as dependent on the f1ow. From the experimental

riata tlre exponent (n) was foturd to cirange from r/4 for laminar to

I/3 for turbulent at lri*, of 2 x 105 lvhere the characteristic

dimension in the Grashof nunber is the rayer thickness as compared
o

to li-n.. of 10" for the vertical nlâfe l\rhere thc nlefe lenoflr ic
P.AY rv¡ ró Lr I r J

the characteristic climension iii ìrl^-. ITIGIIRE 4 slrowq flrc rr¡nc nf
{.rtJ. url Yv v r

bor.rrrdary Tayer conditions that were fould experimentally in laninar

flot," over a heated vertical p1ate.

FIGURE 4 Bor¡-rcia4' Lai'er in a Vertical Plane Layer
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In 1953, van Der Held and De GraafTí plrblisrred. a paper on

convection heat transfer in enclosed plane air layers. These

authors felt that the nature of the convective florv hacl a definite
influence on the heat transfer; thus, any study of the heat florv

must include a study of the mass f1ow. Both an opti_ca1 method;

using the principle based on the change of the index of refraction
with density change, and smoke visualization were used. l{ith tire
optical niethod numerous clisturbances weïe visible , arr running

downward as soon as the layer inclination r^/as increasecl past 10o.

I'vith the smoke the disturbarces became visible as motion in the

form of ro11s r,vith their axes perpendicular to the layer axis.

The air spiraled rprvards along the circumference of the ro11s and

came back along the centre. This notíon only existed in the la:ninar

region, 2000 < l\RAy.40,000. At 70o inclination to the vertical,
a lanrinar circulation appeared as long as N*, r^ras snaller than

40,000 .

An analytical examination of fluid florv by free convection

was rnade by BatcherorrT in 1954. He established several ranges of
the Non.,. for different H/L values i^¡hich were the criteria forIT¡\I

stability of his different flows " For large values of H/L, the

bor-urdary layers on the two wal1s were assumed to overlap in the

centre of the enclosed space. This regime Batchelor called the

asynptotic state. The flolv is purely vertical with the ternperature

and velocity profiles being as follows:
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e= 9
u ( t- v)(t- z t)= Nn"r

/¿

FTGURE 5 The As1'rnPtotíc State

The criteria for this asYnPtotlc

Llowever, some horizontal convective flolv

top and the bottom"

In disct'lssíng the criteria for the florv to be laminar'

Batc]relorpostu}atecLthattuloequationsmustbesatisfied:first,

the criterion for lalninar flow on a single vertical flat plate 
'

N ..- ftl/L\S . 109; and second, in the asymptotic flow for-rrrd in large H/L
r\D^V \^-/ -/l:wI

ratios, the laininar floi'v brealcclornm woulcl occur when the maxunum

velocitydifferencegavethecriti.calReyloldsntlnber
for the laminar breakdown on an isolated plate' The resulting

criterion being NRA' = 18,700 NPR' The governing factors for

laminarflor^Jinverticallayersisthusmuchmorecomplextllan

forthehorizontallayersanclthecriterionfortheconvection

point in the vertical layer is probably more cornplex than the

singleÌ\*rr;sedinthehorizontallayerandwillpossiblyfollow

thesamegeneralpatternasthelaminartoturbulentct}Tve,FIGURE6.

e
xI

IluI n!

Nonv

sÍate rvas that Il'lL > Ë'
would be Present at the
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80

t\, l', 0O
t vRAy -

40

to 20 30 oo 
H /Lto 

60 7D ðu 
'Q

FIGURE 6 Crj-tical Relations Governing Lanj-nar Flow in

Vertical Plane La1'g¡t (For A'ír Ref' I7)

'[V. Carlsonl8 .o.rd.rcted a detai]ed stucly of the bor¡rclary

Layer profile and convective f1or,v phenomena in vertical air layers

usíng a Zelmder-lr4ach i-nterferolleter. FIis experimental results

inclicated that the florn¡ in vertical gas layers is complex and not

o +rmefìnn nf N ^ only and that convective flow takes place at aIL
cL luluurv¡r vr rìGK

gas-layeï thickness and gap temperature differences. He defined

four different convective-f1ow regimes :

1. For N^- < LZ4 Nr,r,-2 (+. NDD) H/L there exists laninar. GR YK '¿I TK-

flow,upattheh.otplateancldor.¡natthecoldplate.Linear

temperature profì-les are characteristic of this regime '

2" For lrl-- > r24 N',.,-2 (+. NDÐ) H/L a¡d 0'5 < ô/L < 1-til{ vK '¿r -rK'

convective flow predoninates and ternperature profiles are no longer

lineaz-. Fl.,.r,ctuations in the flow occur in the central core of the

I Urbqleh't

6 - bc.nciary laYer tiiickness
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1a1'er,but separate boundary layers do not exist. A ternperature

gradient along the centre line exists, increasing from the botton

to the top.

3. For 6/L < 0.5 separate boirndary layers form ancl the

flow is sinilar to that of a single vertical p1ate.

4. Foï N^- t 10v turbulent florv rvill exist ef the nlate
ul{

surfaces.

The first regirne has one governing factor: the linear

l-cmner:frrra nrnfile The nrnfi le r-an onlv he linear if tlie fluidçu r vl arir

r¡elocifi' is'\¡erv qln'r' fhercfnrc the dìmensionless nlrmher II-* whichJrv|v',L¡rv"'''GR'"

is a neasure of convective fluid flow will be the goventing factor.

In the second case tlìe velocity has increased enough to form a

temperature boundary Layer r^drich introcluces the second conclition

which insures that the gap tirickness is large enough to form a

boundary laye-r on each enclosing plane and small enough that the

bou-rdary layers are related. In cases three and four, the gap

thickness is wide enough that two separate boi.u-rdary layers form

with the transition from laminar to turbuleilt convective flow

nr-r-lrrrino ef ì\l-- = 109..',.ó *" ,'GR

Horizontal and Vertical Anni,rl nr T.qr¡arq

The first experinental investigation of free convection rn

an annular space with a horizontal axis was clone by Beclcmann in
'lo

1931. Jakob'- reported his results, stating that free convection-

flow rates decreased with the difference in dianeters and in air
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became negligible vrhen the difference lvas less t]narl I/4 inch.

flow in the ar¡rulus was reported as the norn¡ characteristically

knotttri kidney shaPe, FIGURE 7.

The

FIGURE 7 Free Convection Flotv in a l-lorizontal Arurulus

Averydetailedstudyoftheflowfieldandtypesofflot^¡

instabilities was done on a horizontal arurul-s (a.xis in the hori-

zortta1 plane) by Liu, lr'f'ueller and Lalrclis20 ' For large gap sizes

the flow was relatively insensitive to the geometry with instabí-

litiesneart]retopandsiclesdevelopingwithincreasingNRRY.

with small gap sizes the geonetrical effects become predominant '

Tlre fluicl moved rapiclly in a thin layer near the rylindersr verti-

ca1 surface remaining practically stationary in the centre gap'

Tlre vel0cities in the vertical f10w varied fron 5 to 50 rt/h-r at

N*, = 104. At I'lRAy belor,v 1600 the flotv ivas nearly stagnant at the

top and bottom regions rr,ith a greatly reduced kidney-shaped boundary

Laye-r flow at the sides. At u NRAY of 1700 ce11ular florv started

near the top and extended for an angle of

vertical centre 1ine. Both geometry and

25o on either side of the

fluid proPerties aPPeared
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toaffecttheflowpatternw]rent]regapsizeissmall,FIGUREB.

FIGURE B Horizontal Annular Fl0rv PatteÏns as a Function of

D/D.and¡t(* >tl
or"i"o'

In 1962 Crai,¿forcl ancl Lemli.h2l di¿ a theoretical stucly of

free convection between horizontal concentric cylinders tsing the

steady-state nomentum, eneïgy and continuj-ty equations uihich they

convertecl to finíte difference equations and solved on a computer.

The stream fi.rrction shoivecl the characteristic two kidney-shaped

circulation patterns as mentioned before. The centres of rotation

were located above the horizontal axis with the velocity lowest near

the centres of rotation and the bottom of the annulus "

Verylittlewor]<hasbeendoneonverticalannularlayers.

For snal1 Do/Di ratios it would seem reasonable to assul1e that the

vertical plane layer woulcl exhibit similar flor^r patterns since the

principle florv is vertical and is not affected by the rval1 curvature

but only by height and gap thickness '

Eqlerimenousperfo'rmedonlotatingcoaxialverticalcylinclers
22

have shov¡r cel]ular motion to be set rp in the a¡lular space.
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1a 
't

TayTot'" did a matheniati car anarysis of this system usitrg ¿nalogors
equations to Rayleigh for notion in rrre horizontal layer. iì ,"-
stability point vuas again 1700 for the ce11u1ar motion ivhicir is now

called Taylor vortices, FIGURE g.

F]GURE 9 Taylor Vortices [One Surface Rotating)

I\ialowit, Tsao, Ðd Di prina23 fou"rd that the floru stabì_lity
between rotating concentric rylinc1ers is effected by a radiar tem-

perature gradient. Tenperature has at least a secondary effect on

the couette type of flor^¡ betr,veen rotating rylind.ers and, this type of
florr¡ may be expected to appeaï in vertical spaces on floin¡ due to
free convection only.

Sr¡mary of Florv Conditions

1. For al1 but very narïorv gaps betlveen plane surfaces, the

instabilíty point for free convection flor,v in horizontal layers

tu

É
OC
5

(9
z
Ë
FoE
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heated fron belorv is rve11 defíned at N^n., = 1700.tú\t

2. For horizontal layers heatecl fron above the fluid layer

is stable "

3. The instability point for vertical layers is a complex

nroh'l cm heino â r..'^^+.:^- ^f ^ + r ^-r rryl-l-^ ^haïaCtefiStiC flOW,-*--Þ - I|.-IIILLI\JII Ur ¿l L, L 9 dlu rr. rllv !

in r¡avr-'i nn'l -.,1ì¡¡l1j ¡21 I evers i c 'i lrrlenenr'lenf of D /0. "_LtI VçI La\-d-f U)/ Iarrur Lv@L LqJ vrJ IJ "o, --I-

4. Horizontal cylindrical layers contain three different types of

flow. The instability point is a finction of the following three types:

vertícal layers

horizontal layet heated fron below

horizontal layer heated fronl above"

Tha crrhilirr¡ nninf iç nroh¡hlv a ír,mc.'i.ion of D /r\ ^¿ ^-r T
rtlu J veuLLLL/ yvt¡rL L¿ LJLvusvL) d rJliULrUtL wL DO/ Dit ÀLs eru !'

2.2 Heat Transfer Equations

Dimensionless Parameters

The conrplete nathematical analysis of the thermal bor.rndary

trwer iq a r¡errinr¡nlr¡cd nrohlem and is in fact irnpossible rvithoutLAJWL rJ 4 vvL)l

some sinìplifying asstmtptions. The early heat transfer equations

were obtained by fitting experimenLal data to dimensionless grotps

r^¡l'ieh cnnçar" ë, fn ha fhc onrrernìno naramete'ìs for the situationlvllfvll 4v|-,9ørvu uv u9 Lrru óv

)A
consj-derecl. The Rayleigh Algebraic lvlethod'* tvas used to derive the

applicable dimensionless groups for enclosed spaces (Appendix A).

j¡J,,,, = 6 rì{ r\l FI/I Dr/L). 2.1
t\ U L"GR, irPR, r¡l !, 

1'

The result obtained by applying dimensional analyses is limitecl by

+L^ r'nl-ìli+.¡.-4 cormleteness 6f tìra aqqrrmnt.irìns aS tO the gove1ningLl.-tu vdl-J-L-l-L Ly dllu uv¡lrlJ!u uvtrvJJ
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parameter made prior to the analysis. The derived equation is in

general agreement rvith all free convection experinental determinations,

namely Nr,, = Õ (\T aanmaf'rvl rn.l r,rill l-rc nreSLU11eCl tO be a Staft-. t\u ,'RAy, ¿;vv|,v wL / ) e

ina nninf

Eouj-valent Thermal Conductivity for air Arurular Space

The heat flow in this e>meripental lvork was calculated

Lrsing Ke, the equivalent thennal conductivity rvhere Ke is defined

by the heat conduction equation for annulaT spaces" (See Appendìx

B for derivation a¡d assulptions) '

2"2

The early pïactise in the convective heat transfer fie1c1 was

to Llse the convective film coefficient in the dimensionless nunber

N---, fo rlefine the heat f1ow. Lately, the ratio Ke/K has been r.-ised,'NU ""
o¡¿fcncir¡clw p,1z anrrcrìno fha hoat tfanSfeffed aCfOSS an enClosed

- ) çLtu4LArrS u¡lv ¡ru

gap using I(e and h, it can be shown that Ke/K = Nl,U"

=hAt

^ ln fD /D.lu -o t-'
ttU = ;-¡ a-----f----;--fL ¿ 1r ¡u.-uo/

Ko Af
tf ' = æYY

2.3

t,'

lie hX 
^r-T=-K="NUx

ho qf 1:l l rrr¡rv9v r!w\'

dimension

energy flor,v per utit area

in the direction of the heat flovr



19

Plane Layers

In 1946 Jakob5 evaluated the clinensionless heat florv formuli

fron l,Íu1l aird Reiherrs results for enclosed plane air layers and

cornpared his equations rvith other data. LIe defined three regimes

for both the horizontal and tlte r¡erfìce'l lnwer.

Conduction

Ke/K- 1 rvhenNa**O .2.4

Laminar Convection

\G/K=. (Ncnrl/4; rvhen

Turbulent Convection

I(e/K = . (Ncnr1/3; rh"rl

For horizontal layers with heat flow rpi,uard it r'¡as shor^¡n that the

heat florv iras dependent only on the rayer thíclq1ess, but for verti-
caI layei-s it rvas fourd that the heat florv rvas dependent on the
'lerzor- ha'inL+ +^ width ratio for values from 3 to az. Alfhonohr Gurv rv! v @IuuJ !I vlll J LU T¿ c ¡-I trrvuBrt I

/1flrr.ra r{req n^ nrrhfi5þgd clata belOW N^-, = 10-. JakOb nost¡latej tjte' L'KL / '\vu PvJ Lur@Lvu Ll

general form of the heat flow equations for the vertical ancl_ hori-

zontal layers on their respective graphs as seen in FIGURE 10 ancl

11.

tog Nc,t

FIGURE 10 Jakob?s Correlation for llorizontal

104.i{GRL.2x105 .2.s

2 x 105 . NGR' . ro7 "2.6

¡rrr !a/çaJ



20

a lo7 N6,

FIGURE 11 Jalcob's Correlation for Vertical Air Layers

.Iakob modified his results for fluids other than diatomic

f lrìr.ic hv nrìrttrnfyi¡.q by (N-./0.72)" rvith n = I/4 for laminar flow"-t"r'"Õ -) .' P_tì., -'
anrl 'ì /7 for frrhulent. The l¿ninnr r-ece fho nnp of ìnterest. isvøJv, ur¡v vtrv vr rtruvIUJ u, I

given below:
,A\J{nrì znnf rl 1ar¡ar - Ke/K = 0.272 (N-.X N^^, J " 10?N^-, <2XI0"r\v/ ¡\ ,- PK- - tjRL' (Jl(r

vertical layer - Ke/K = 0.195 (NpR* *aor)% (H/L)-1l9r04<Na*<2x105 . z.B

Also included in the data was a result for inclination of

the air layer at 45o which confirned that for angles fron 0 - 90o

linear interoolation between the equation for horizontal and verti-

cal Iaycr rvould give reasonable results.

, The next major rvork on enclosed spaces was done by De Graaf

a:rd Van Der IIe1d16 ,ring air layers " They concluded that heat

transfer is independent of height for the vertical layer using

nâl^Tow a'ir 'ìÊvers brrt did find that heat transfer ruas a function of

Iayer inclination in the convection region.

2.7
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K.
K

otó6o9oHoh NcLtNATtoN va¡a'

FIGURE 12 lleat Transfer in Air Layers as a Function of

Inclination

Their experinental results can be

- -^ohorizontal - 20" NNU = 1

NNU = 0.0507 rY 0.4
'nGR

70o to vertical NNU = 1

Interpolation betrveen the horizontal to

i¡ossible betu¡een the 20o to 70o positions '

Batchelor" , in the exan,ination of the vertical enclosed

Layer also dicl a mathematical analysis of the heat transfer problem'

a

For N-n., ( 10J a first approximation of Nnn, gave:
lWr

&a
NNU = H/L + y, (Np,ny)

sr-mmarized

.Zx1o3)

103 . N,,-,.,
(fI\

.6x103)

as follols:

)q
A

< 5 x 10-) 2.I0

. 2.TL
A

x 10-) z "Lz

r¡arf i r-n'l he'ì n o

(Ncn

0 .s7 (104

(Ncn

(2x

NNU = 0.0384 NGR

The second regime was definecl

cussecl in section 2.I; that- is, flow

* - Constant

by asynrptotic floiç as clis-

in ivhich the boundary l-aYets

'NGR
<B

the

a 11
L"LJ

Na" -- tSooo
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from each surface occupy the entire layer thj-cicress and in which the

florv is slorç enough that the temperatuÏe gradient is a straight line '

A second criteria for this heat transfer equation to be valid is

2.r4

H/L , NRAy/s0O.

(zy, - 1)
NlnU = I1/L + jT- NRny

I/2"ZtI
Thethirdregimehasai¡.riformcoTeteilperature.Fluidand

tempeTatllre bourdary layers aÏe pTesent at both surfaces rvith a

uriform teniperature coTe section separating the temperature bor'n'rdary

layers.

NNU = ,, **rtla lu¡¡73/+ ^ 
1Í

y3 = 0"3 gives goocl correlation rvith e4perimental data'

Usinginterferometerstudiesoftemperatllreprofilesin

vertical layers Carlson ancl Eckertl-B ptoposed heat florv equations

r.-rsing the temperature profj-les as their criteria'

l.Condu-ctj.onReginre_thete]T[]eÏat].1ïeprofilesarestraiglrt

lines indicating heat is transportecl by conduction on the central

part.Tlrefluiclmayno¿becorrrpleteTyatrestbutnoheattransfer

is connected r¡ith the flow" Distortion of the temperature field

near the corneïs indicates sone convective heat flor'v taking place '

Forairrvíthatermacidedforthecornereffectstheheat

florv can be aPProxirnated bY

N*n, = 1 + o.00166 L/l{ (NGR)O'9
1\U

Z. Bolrrclary Layet Regime - the clistinguishing feature is a

2.16
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central

thernal

core r¡íth a const¿ìnt horizontal

boundan' LaTrsY on each surface.

i\nu = 0.11e (Ncn)0" (L/H)o'1

tenperature Profile and a

2.r7

L-Ê

t- lc

regrrne

Temperature Fielcls

conductíon regtme

il'i a Vertical Aír LaYer

yín

boundarY laYet

FIGUiìb 13

The test results t"¿ere insufficient to determine the limits

of the concuction regime but it rvas found to be a filLction of Nao

and height. I{orvever, Batchelor's estination that NRAY = 500 H/l' is

the linit for concluction appeared conservatir¡e '

The latest work published on vertical la)¡ers is bv Emery and

Chu25 Ín rvhicl"r ar-r ec¿uation is clerivecl r-ising the velocity and tenrper-

ature f,rofiles found on a single plate

zB0 (:{RAy) L/a 

.çtt¡r¡-L/a 
103 ' llRAy ' 107 2'18

schnidt and sitvestonr d:,d a detailed stucly of the heat



tïansfer in horizontal liquicl 1a1's1'5 at the convection point' Fluid

convection floru appeaïS at. i'JRAy = 1700 +3% r'r¡ith all accoilrpanying

abrui¡t increase in appalent tlterm¿rl conductir¡ity" In the region

imnecliatel), after convection appears, the velocities a1e verlr 5¡1u11,

and tire reglon tvas ca1led the creeping region. The Nmselt nr¡rber

\,vas foì-lrcl to be uearly proportional to tÌ-re lìayleigh nunber"

lJÌ,Ìu = 0.0012 (llRAy)0'9,1700 ' NRA' < 3000

The convection laninar heat flor'v equatior. [N*u1la)

after Nprly = 5000 "

1//t - .n ?
\,;_., = 0.?lL r\ .--lr/+ 5000 . Nlrrnr < 8000 (i{r,.,)"'" 2.20
r\tr r,'RAy/ t ---- lg\y . pl(.

Tjte maxinlun deviation for five differelìt liquicls rvith a ra:rge of

ìrl ilrnnr i tn ¿ì.000 ttas 79o "

Although ilo 1t¡oïk has been clone on horizontal plane layers

heated from above the heat florv is presuned to bc b)t conduction otrly

since there is no convection curlents (racliatiol excludecì) " The

temperature profile r,volild thus be linear rvith the fluicl teil,Derature

LUrr)LdrrL wtL aLJ horizontal plane.

Annular Layers

In 1931 Beclcnarurl9 ¿i¿ experiments on horizontal- a:rnular

gas layers ancl fourid tl-re heat transfer was related to Do/Di ratio,

FIGURE 14.

i(rar.rssoldlg,26 correlated Beclotall's aircl his otln results

for horizontal azurular layers using the conr¡entional- Crinensionless

nunrbers of free contrection heat transfer and the gap thickness as

2 "79

r'/as apnlicable



25

the characteristic dirnension in )'laO.

l(e/I(=1 1og10NRr\...3

I{e/K = 0.11 (l'tRAy)0 '29 3. B

2.2r

< 1og10 l{'ìAy < 6 " 2.22

FIGURE 14 ijeat Flor^¡ lletween Ccaxial Horizontai Tubes

Altlrorroll qôrì1e exneri menfq rttere nerfor-nred rvith vertical
'to

annular lavers no quantitive conclusions tvere ciratr,ll, ffid Jakob-"
1'7

and Kreith"' iecommend the use of the forrrruli for vertical plane

1 rr¡arc rqfhpr tlr-- L^-i -^^+^ -l 
^.'1 ;* l--; ^^1 f ^--^-^^ -.^anl lIUla¿ullL¿ar uvralrLrr.!ud-L rcrvu-rJ.

A later investisation of natural convection in horizontaL
?n

a¡nuli r,vas performed b1, Lr.ri, lÍue1ler and Landis-"" The temperature

profiles tr'ere for.nd to be similar to that founcl b)' Ecl<ert and Carlson:

rlra nrrro r-nnr}rr-risn distrj-bution belorv N^^., = 6000 and the isothermalu¡rv lrL/rv R¿tY

ñiñ ,ì^-,Ìr t ¡r rn ¡-nnrror-f -inn :t ',1 n., above this, The tentpefatltfegclP lJçLUrrdr LU Uvrl veuLaurr .t" .'RJ{'

-rnf i 1 ac qhnr.rr..ì n rlencn,lcnr-o ôn ân ol rl ar nosì iì olry' a ur¡ruJ Jrrultuu

Iag N c,
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FiGURL i5 Dimensionless

Annuli

For the range of gap thiclmess to

(3"25 to 0"077) " the naximul deviation r,,¡as

oenrnr.f rv r.-F-Fcr-f c înneâr^ n,ool'ì oih]g.

Their results i/,rere correlatecl with

shils ir'itlr a deviation of +20%""^ '- ta'

o.+ 0.6 0.e t.o
f-rc / le- l.¿'

'i'emner¡frrre Pro'Files in Florizontal

dianeter ratios tested

4%: therefore. the

the fol I orvin o relation-

2.23

0 .25 . t/Di < 3.25

KelK= o.1is( +d+;o'278

i.s <,"r,O(H*fu) . u

'",',,1$+ç; < 3 oIiellt = 1 2.24

10
L. Coxls useci tire abrupt lise in l(e/K to clefine the convec-

tior-L point. I-ie foi-nd that for li/L of 115 convection effects became

ennrer-inlrle nt l{.n., = II00 +40% for t]re vertj-cal a:rnu-1i. The reSulting_" *" ..R¿\y

cL¿rve after the convection point rvas steeirer than tite culve pronosed



by Eckert ancl carlson. This result is in agreement with ryr-rerzg ,

who states that below NRA' = 1000 convection is insignificant in

horizontal coaxial cylinders and that in any steady state apparatus

with horizontar temperature gradient the tendency for convection

currents should be less - N-n,, = 1000 is then an trnneï safe 'l imit..'RAY

Summary of Applicable Equations

The applicable equations are summa-rtzed by the plots of

Ke/lt = 0 (N,-,n.r, \T opnmorn¡ì ;n FIGURE 16. The nosf.lal eå -rrvesh!\y, 
ttpR, 5vvrtlvuL/ ) rrr r ruurú Iv. llru lrvJ Lur@Lvu Lur

of i"lull ancl Reiher for fluid layers at lol Nnn.r, FTGURES 10 and 11,

appear to be correct. The cuïves of schrnidt and silveston verify

the horizontal case and the curve of Eckert and Carlson verifies the

vertical case"

I-lorizontal layers
nq

NNU = 0.0012 (Nnny) 1700 < **, . ,000 Z.I9

N* = 0.24 (**u) o''o laminar 2.20

\Icrf i r-n'l 1qr¡arq

NNU = 1 + 0.00166 (L/H) (*ao)o'n NRAY . s00 H/L 2.16

The curves by Kraussold's and lulueller, Lui and Landis'

formuli are the only applicable equations for the horizontal annuli

although they are not valid at lol Nnqy.

IINU = 0.11 (**r) o'tn NRA' t 103'8 2.22

,- r, 2 ^, .0 "278 2 ..
KelK = 0.1ss f +++_i, , ++ ìG+_ , 103.s z.z3.'PR- ''PR

Since the flow patterns in vertical coaxial cylinders of

sma1I D^/D' ratios are similar to r¡erticn'l nlene lql/êy'q rhr. harf*o''L

transfer equations should also be si^ilarl9'27. The nnlw annli.able
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heat transfer equation is that by Eckert and Carlson, namely equation

2.16, A1so, the criteria for the linear temperature profiles should

^**1., +^ k^+t- ^^-^- . \I / 1) A t\r -2 ,20 ' ì\T \appry ro Docn cases i NCR < I24 Npn - (fr * NpR) H/L proposed by

r-erlcnn snrl ìtr < 500 H/L proposed by Batchelor. They are very*,* ,'RAY

similar although Carlsonrs experimental results are more conserv-

ative than Batchelor's theoretical predictions.

The large errors introcluced from extrapolating curves to

takenbelow NRA' = 4000 when the curves were tabulated from results

above N-^., = 10+ can be seen in F'inrre .16. For the horízontal
ITAY

layer case, the steep initial cur\¡e that Schmidt and Silveston

obtained from tests at lorv Rayleigh nunbers does not agree with the

extrapolated curve of Graaf and Van Der He1d. The opposite error

appears in the vertical layer data rvhen cornparing the extrapolated

cìr1l/eç of Fmerw and Chu and 14u11 and Reiher to the curve that

Eckert and Carlson have published. The extrapolated curves, for

the vertical layer case, intersecting the Ke/K = 1.00 line well

above N,'n., = 3000, indicate falsely that there is no convective
l1Í\ f

heat transfer below NRRy = 3000.

In conclusion, it rvould seem that there is a distinct type

of heat transfer and correspondingly a distinct tyæe of motion that
.is associated w'ith lorv Rayleigh nunbers (Nnny < 3000), and that an

accurate prediction of the convection point is not possible by extra-

polation of curves derived from data taken at large Rayleigh numbers.
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TEST APPARATUS CONSTR]JCTION AND ]NSTRL]I,ßNTATION

The literature reviel and the dimensionless analysis

(equation 2.1) show that the heat flow and thus also the florv

patterns are very dependent on geometry. The test nodel was made of

encwi al err'l ináarq: fhe ollf er Cvl'i lrfler 'l'le'ino r-h:ngeable ìn Ofcler tOvrl rfrruv¡J, Lt!d¡óv@u¡9 fil v¡uul

vary gap widtl-r, D^/D., and H/L. The nodel was mounted on a stando' r'
ivhich would a11orr¡ tire cylinder axis to be rotated from the vertical

to the horizontal or any degree between, FIGURES 17, 18, and 19" The

ti,vo annular layers are shor,ur in the cross-sectional viervs in Fiqure 20.

Inner Cylinder

The inner rylinder consisted of a tubular electric heater

and an enclosing sheath tr'hich held the temperature sensing thermistors

I'ire heater proper \,\ras a coil of electrical rvire packed in magnesium

oxicle and contained in 0.500 inch inconel tubing. The overall wire

resistance was 11 ohns with a maximum porver rating of 1800 l.Jatts.

The enclosing sheath was made of 2 concentric fitting 304

stainless steel tubes which were cut beû,ueen the test section and

the ends ,stdoilizing sections, in order that insulatíng teflon

rvashers could be inserted to reduce the end heat 1eak, see Appendix

C. The imrer enclosing tubing rvas split axially and served as a

spacer holding the thernristors a:rd the thermistor r,¿ires. The outer

^--'r^-;*- +'-r-;*r r-onfaìned the thermistor nosition.i np-holes" The5rrç1LJ>IlrB LL,rLJI.IIb --- r ò -^__-_ " --l

inner spacer tubing r^¡as machined such that the outer cylinder could

be pressed on over the heater and spacers and the spacers rvould

provide enough interference to hold the outer tubing in position.
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The thennistors were then placed accurately in the spacer grooves

r¡ìr flro nnq'if inn1,--,.--,ring holes ir-, an" outsicle tr-rbing and cenrented to the

heater casing tr'ith thermon cement. The holes in the outside tgbins

ivere sealed rvith silicone phenolic lacquer. FIGUPG 21 shorr¡s the

thermistor orientation on the heater.

Tìre heating section rvas 35-1/8 inches long and the írmer

cylinder overall length was 35 -13/16 inches rvith the cliameter 0.750

+0.004 inches and the eccentricity 10.02 inches. The cvlinder was

broken dortrn into an 18-3/16 inch test section ruith a:r B-5/B inch

stabilizinÊ section at each end-.

Outer Cylinder

The outer rylinder ivas nade of glass tubing. Cylinders of

1.000 L.002 inches anC 1.31 +.01 inches were used to give gap rvidths

of 0.I25 urd 0.28 inches. 0n the larger cylincier, the thermistors

hiere mounted on the outside rt'ith rubber cement and insulated from

the surrounding air tvith an 1/B inch covering of asbestos paste.

In order to measure the tenrperature drop across the glass, one

thermistor (No. 9) rvas mourted on the inside surface via an 1/B inch

hole in the glass " The orientation is shotvn in FIGURE 21 . 0n the

smaller rylincier, the thermistors were all lnourted on the insicle

glass surface by cementing them into holes in the tubing, orientation

ín FIGURE 21.

Since the teniperature sensing elenents were 0"040 inches in

diameter their'benter" rvas placed on the inner surface. They were
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posítioned by means of the shadotv cast from a light Source Set on

the tube axis. By using a slight angle bettveen the light rays and

the tube axis, the shador,u cast showed an exaggerateð, rnovement as

r-nnrn:red f n the thermistor movement giving better positioning

accuTaôl.

Mot¡-lting Apparatts

The ilurer and the outer rylinders i\rere mounted on plastic

end plates, See Appendix C. The inner rylinder "co1d" ends lvere

nocirinnerl in cenrarino hnles rvllich allotved the thermistor ancl
LJUJILaUITVU rll çv¡rLvrrrró

heater wires to pass through. One end of the inner rylinder rvas

clamped. permanently at the end plate rvhile the other end rr'as left

free for ltovement on e{ransion.

The outer rylinder \nias positioned in grooves hrith rubber

o-ring seals. The end plates wele held together by three tie-rods

which also kept enough tension on the outside rylinder to provide

a Seal at the encl plates. The whole allparatus was then mourted on

an ann that could rotate 90o - fron the horizontal to the vertical

position.

The heater power souïce was 115 V, single phase, AC, with

a step-do\^in pol,\rer transformer to regulate tire sqlply, FIGURE 22.

Tlre circu'it. rlìagrant for the pol,feï tra:rsformer is shot'ttn in FIGURE 23"
vurv e+\4Ò - _- - f

The porver output r,ras detenrined by a wattmeter at high outputs and
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anammeterandVoltneteÏatlotvoutputs.Calibrationdataforthe

measuring instnments is shorrrn in Appendix D'

Temperature Sensing Devíces

ThermistoTs hreïe used as the tenrperature sensíng device'

These are seni-conductoTs hrith a negative coefficient of resistivitl"

resistance being a fi¡-rction of absolute temperature, FTGURE 24'

Because of their high resistance and high sensitivity (approxirnately

Ze" pe-r oF) large potentials ancl low currents elininate the necessity

of complicated circuitr¡' and sensitíve neasuring eqr'rípment'

Tl-le t]rennistors usecl rvere of the bead arrd probe t)pe,

FIGURE25.Eaclrcontainecla0.043inc]rresistarrceelementaldwere

glasscovere<i.T]rebeaclslr¡eTeUSedont]reheater,becauseoft]reir

Compactness,andtheprobesonthetubes.Forthemistorcharacter-

istics ancl construction teclurique, see Appendi-x E '

TlretlrennistoÏSt'verecalibratedinacolrstanttenpeïature

bath nith a ternpera-uure fluctuation not greater than +0'01oF' The

resistance reading was made lvithin Y-0.2% lvhich is better than +0 '1oF'

Thermj-stor Bridge

Alr¡lreatstonebridgeconsistingofthreevariableresistance

boxes rvas rsed to take tl-re thermistor resistance readings ' The

ci-rcuitry, FIGURES 26, 27, and 28' rvas such that the resistance of

anyonetlrermistoroneitlrertlreheatercylinderort]reou-uside

cylíndercoulclbereacialoneortlredifferenceinresistancebetween
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a heater cylinder thermistor and an.outside cylinder thermistor

could be read" Tire variable resistance branch of the bridge could

be varied from 0 to 9999.9 ohms in steps of 0.1 ohms. The other two

resistance boxes rn¡ere used to form the 5000 ohm perrnanent resista:rce

branches of the bridge. The variable resistance boxes had an absolute

accuracy of 0.025% above 100 ohms giving an overall accuracy of

0.075%" Two test resi-stoïs of 900 ohms and 1900 ohms shorved the

bridge reacling erïor to be less than 0 '2% "

A Leecrs and Nortl-rrup null cletector was used to detect the

bridge i-mbalar-ice. A single pen recorder u¡â5 used to nonitor the

bridge u-rbalance r¡ia the nul1 cletectolî output. The recorcier arrange-

ment rvas rsed to detennine steady state conditions oniy.
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FIGURE 18

CONCENTRIC CELL (HORIZONIAL)

F]GURE 19

CONCENTRIC CELL (VERIICAI])
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ANNULAR

FIGURE 20
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FIGURE 2I

THERMI STOR ORI ãNTATION ON THE.INNER CYUNDER
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FIGURE 22

Pourer Supoly

FIGURE 23

Power Supoly Circuìtry
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FIGURE 25

BEAD AND PROBE TFIERN{ISTORS

F]GURE 26

TFßRIVISTOR SI,VITCH BOX
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FIGURE 27

TI-IERMI STOR INSTRUIqENTAT ION

POI^ER METERS

SWITCH BOX

5OOO OFM P¡NUAN¡M' RES]STANCE ARMS

NULL DETEMOR.

VARIABLE N¡STSTN¡¡CE ARÀ4



TRIPLE THROW
ÎHREE POSITION SWTTCH(2 LAYERS) --- 1 -

FIGURE 28
THERMISTOR BRI DGE CIRCUITRY

ELEVEN

Eft,TI"(2 LAYERs)

A SECTION

ELEVEN
POINT
SWITCH

GA.

RE.

Þ



EXPERIX{ENIAL PROCEDURE

The apparatus ir¡as assenbled in a temnerature controlled room;

the control being rf.Oof from 65oF to BSOF. The remperature rallge

rvas tsed to vary the outside surface temperature of the glass, outer

cwlinder rvlrir-h 'i n tUfn Vafied tlre temnel âtt¡e ilrrn.nlrnr,{- Ra¡o,v/ rrr¡uvr rvrrrurr rll LUITI Vi1I_Lg(-| LI^_ _,ItUUgllULtL. D9CAUSO

of the temperature limitations of the material, lorrr room temperatures

rvere used at high heat il-rputs to reduce the nra-xirnunì temperature.

Alcn flro fê'nnêTat111.e COntTOl tVaS lrserj f o r¡ar.v Tlte flilid mealf temnêT-vr ¡!(Æ tÆvu Lv v@r/ Lrrv J.ILiau r¡tçaI Lçillpvr

atuïe. The temperature set point variance, +1.OoF, ivas necessary to

insure steady state conditions.

For an1, particular test, the annuli axis rt'as set in one of

the three positions: horizontal, vertical, or 45o to the vertical,

a:rd the heat ir-rput set. Low velocíty air rvas forced over the out-

side cylincier to increase the heat transfer from its surface and to

maintain a more tniform tentperature distribution along the cylinder.

When steady state temperature conditions ivere reached, the heat

florv characteristics and the florv patterns , if arty, \^/ere observed.

In order to vary the Rayleígh nr-llber and thus go from non fluid

flow to fluid florv, successive tests rvere talcen varying the tenr-

nef:fllre rl'ì ffr.ra'. ^^ ^^-^-- +L^ ^cn hv rrcr¡¡jnn fha lraef inn¡lfPUI GLurÇ uf II5 IUllLr-- d(-I UJJ LIIt] BcrP U/v VclIyIiiE Lll, .,,*- --^r *-.

The heat tr¿ttrsfer properties fol ary 'test \vere measurecl

b)' recording each thermistor resistance reading and the heat input.

The flolv patterns rvere observed in two ways. In order to

see the general flotv pattern, dye r,\ras introduced into the armular

space via a 0"040 inch 0.0" plastic tube and a syringe" Sna11
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particles ilrere used to time the fluid notion and to determine the
point of initial notion. In the glycerine, aluminum powder rvith an
average dinension of 0.001 inches was used. The particles were
observed by illuninating them rvith a floocllight and r¡iewing then
through an exstenometer which hacl a magnification poiver of 10 times.
I'fhen the appaïatus ivas in the r¡ertical position, the particle speed
lva-s also noted" In the water, nolystyrene beads (l.,fontopore fines
manufactured by the Ì{onsa..to chemical company) having a specific
n*-"i +-- ^l: 1 ^^gL'.ovrLy ot 1.u+ and an average diameter of 0.010 inches were used
and viewed with the naked eye. 'Meriar red' lvas the clye used, in
the glycerine ancl in the water 

'vrrile smoke rvas used in the air layer.
ivith the 0.28 inch gap, grycerine was the only fluid usecl

since it alone had the Rayleigh m¡nber range that coverecl the resion
from pure conduction heat tra:rsfer to concruction and convection.
lvith the 0'125 inch gap; air, rvater and glycerine were the fluicls
used' ln filling the ce11, air was trapped in the liquids, glycerine
and water. The air bubbles rvere removed. from the glycerine by
íntroducing a partial vacuum on the top of the cel1 when it rvas in
the vertical position and lvere removed from the i,vater by boiling
rvhen in the cell.



CALCULATIOI{S A}iD ANALYSES OF IITSULTS

The heat transferred urrder an1' particular conditions Ì¡,ras

studied by cletermiiring the value of I(e/K an,J plotting this ratio vs

\I.'RAY"

The equivalent themal conductivity rvas calculated from:

0 hrD /D. )
w^-vf
.!--- L ltIt.*t )'1 0-

2"2

The r¡alue of the themal conductivity, K, was taken from apolicable
^ 1¿. ?Lreterences*''-'.

5.1 Sample Calculations for the 0.28' Annul a.r Laye-r

Calculation of Ke

Test l'lo. 1058 (l-lorizontal Series)
r*.,r*-lotbotto, = Lo.(1 -6) + At(5 -7) * 

^t(Z 
-+) ) + S

= 22,7oF

t- ,,* - * * -lattoo = L^t[ó -5) + 
^t(11 

-10) + 
^r(10 

-8)J + S
-"_v

= 1B.9oF

At^.,, ^^- = At 9-4 = SoF
Bi clJ J

At (22"7 + l$ Ál ^-a\/€l'age=l-j-_--*'j:/- -5-l7.B"F
Power Input = corrected volts x correctecl amneres

= 74.5 x 1.82

= 26 .39 ivatts

Heater CylinCer Thermistor i,lr_imber



lnlD /D. )'o'L'
lt I L. - L

47

'l ?1(-lh rr o JrJ\
O < nJ7 u'tRJFã-'

-., JU- I
Z{ 1f7-r ^ )-TTlaaa- ^ 7;----ì--r-¿r ô Ll LL . \¿. L\L) t C. - UoJ

n
= Tr-ìrr x (0.104)

'1 0'

Q - total polver input in r¡atts

(t. -t ) - deqrees fahrenheit\-1 -o)

r" = 29;5? x 0.104 = 0.1545
17 "o

Eccentr-icity correction from Appendix B, FICLIRI 1

I(e =

ArL - AtS

^\4

Ke erîror =

l(e actual =

,,,* 0 "L64i\e/N = o.fõE

Test No. 1058

NRav

3R
...'.............'...- = lt \
T7 "B

1 .06

1.06 x 0.1545 = 0.164

= 0.975 = 0"98

7(+ -r'l!t L. ç |-1 0-

LIL.-L I-f o'

5"1

Calculation o f ¡JRA'

/1.315 - 0"750\3\-------z- )

22.5 x I0-3 5.s

K' = 0"1óB @ 109oF +2% (Appendix F,
+{.

Z - fluid properties and constants

FTGURE F-2)

evaluated at the mean tenperature
f.þpendix F, FIGURE F-1)
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NRA' = 2.5 x 103 x 17.8 x 22.5 x I0-3

= 1000

5.2 Sa:rrple Calculation for the 0 .IZS,, Annular Laver

Calculation of Ke

The calculations for i(e for the 0 "I25" ¿urnular layer differed

in three ways from the calculations for Ke for the 0.28" annular

Iaye-r 
"

1" In calculating the average at only tirree Âtrs r,\rere used_ -

at--r".roo = loa ¡1*, 6* - 91 + At(S , 7*-B) + At(lg*-ro)l: sâ\--*o- 
.f ' 

- t ¡ v) aL\rL '",)

Since the thennistors on the outer cylind.er tvere on the inner

surface, no correction lvas needed for the At across the glass.

2' The formula i^¡as nod.ified for the cllanse in tlre orrer

diameter -

Ke==$- x (0.0s34)" s.4
\ "i "o,

3. The error due to temperature eccentricity rvas ignorecl

because the smaller gap reduced the error and because of calculation

difficr,ilties due to the heater ecceirtricity. Holvever, a corïection

was applied to tire results for air to comnensâre for the heat

transferred by radiation.

Calculation of NRRy

This calculation i^ras also similar to that for the 0.28"

annular Tayer except the basíc formula was changed, æ inclicated. in

Heater Cylinder Thermistor i'Jrmber
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formula 5 "5 because of
ìl - '7 l+ + ì,tru\Y - ¿[1.-LoJ

the outer dianeter.+L^ ^l-^*-^ ^fLlrC LlrdJrgç Ur

1.953 r 10 " 5"5

5 "3 Results for the Horizontal Posi-tion

The results for the concentric rylinders in the horizontal

position are shotun in FIGURE 29. The general shape of the curve

follorvs closely the shape of the reference lines by Graaf and Val

Der field and Kraussold (No. 2.10 and 2.22). The scatter of the

cx'ner'ìmenfel no'i nts ìfas Very goocl , +3%, except for a fetv lloints.y"*..""''".""-.)ò-"

All the points f,or the 0.125" amrr.lar layer rr'ere higher than

the 0.28" a¡riular layer rvith all thc points for ivater, at the ìrigll

Rayleigh nr¡nbers, high by I0% as compared- to the trend set by the

remainder of the results.

The main discrepa:rcy \{as the fact that the readings are

-r^,., r-., Ao, n+ +ha'1 ^,., Ð^.,l^-i^l. -'mbef. COnVeCtiVe heat flOlV ShOUldl-UlV LJy +'o dL LIIË IUIY 
^d)/ 

IUIBTI rrLt

nof he nreqent af this noint- ancl fhrc T(c/l{ chnlrld be one.tlUL Uç PIUJVITç cùç LrrlJ ¡\v/ rL rrrvvr

Visual observation of the test fluids during the tests

showecl that convective fluid rnotion appeared before the Rayleigh

nunber of 1700 cited as tire point of instability for the horizontal

plane layers heated from below" l'lotion in the 0.2B"annu1ar layer

rvas fu1ly developecl b1z ¿ ft¿yleigh nunber of 1000; however, motion

was not obsen¡ed in the 0.125"a¡nu1ar layer at Rayleigh nr.lribers

belorv 300 . The fluici motion IVas the characteristic kidney shape,

F]GU]ìE 7,

i,vas noted

rannr,raá hr¡ rrrcr¡j ^,,^ .:-.-^^+ì ^^+^1q - A ttCleadtt SnOtruPUr LÇw uJ PruvLuLlS l-tlvc> Ll-EldLLrrJ .

rhc rnn of flre heater n'linCrer as the aluninr-¡nurrv Lvl/ vron
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particles settled ou-t of trre glyerine at this noint.
For trris case, free convection heat trairsfer became in-

portant as soon as fruid flor,v began as sêen by trre ab'pt increase
of Ke/K at approximately the sane Rayleigrr nurnber as trre fluicl
notion first appearecl.

5.4 Results for the Vertical position

Tire results for the concentric rylinders in the vertícaf
irosition are shorn¡n in FTGURE s0. Trre general srrape of trre curve is
as exrrectecl, follo'ing closely the sìrape of the reference 1i'e given
b)' Eckert ancl carlson (rrro . zJ6)" The scatter of trre exlrerinental
points i'¡as sma1l , +6%, except for the points from trre tests r,r¡ith
rn¡ater which appeaï high by r0% as in trre horizontal case. Also the
curve goes bel0' Ke/I( = I at the 10w Rayleigrr nurnbers; this time trre
error is quite significant, I0Z.

convective fluicl motion i^¡as observed. to start at different
Rayleigh n.unbers depending r-rpon the geometry. Nlotion began at a
Rayleigh number of 400 in the 0.28,, annular rayer and 150 in the
0.125" a:rnurar layer. r{owever, a slight creeping action was cletected
when dye t^ias placed in the glycerine and it was suspected that con-
vective florv tvas pïesent alnrost all the time"

The fluid notion fonnecl trre sa'e patte* for every test,
and did not at any time shorv resenblance to trre cerlular motion as

reported for the fLaL p7ate. The motion h'as ar'ays i_qrivard, a10ng the
heater rylinder a'd dorçnin¡ard along the outsíde rylínder with a
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stagnant Laye'r betv¿eeir the t'o motions as seen in FIGLIIìE 31.

h eqt"r

I'lït
I

1*
1l

outer
qla59

Zyl,r l.r

FIGURI 31 X{otion in Vertical Arurular Layers

There ltiâs never a bleakdor^¡r of this notion ínto a cell-rlar
notion similar to the Taylor vortices. l\rith increasing Rayleigh

number the fluid velocity lvas observed. to increase, however; at the

onset of free convection, the fluid .,relocity rvas estinated, to be

0.14 nnn/sec r0.05 nim/sec while at rarge Rayleigh nmrbers, s000,

the velocity was 0.3 rnn/sec

As can be seen in FIGURE 30, there is no sudii-en increase

in the KefK-ratio, and thus in the equivalent thernal- conouctir¡ity.

when motion begins as in the horizontal case. The curve indicates

that free convection heat transfer nalces qr only a slnall nercentage

of the overall heat transfer up to a Rayleigh nr_mùer of 2000 for
H/L ratios greater than 100.

5.5 F.esults for the 45o to the Vertical position

The results for the concentric rylinders in the 45o position

are shot^¡n in FIGURE 52. Because of the absence of reliable literature
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on tliis case, the reference line has been ornitted. The general

shape is similar to the trvo previor;s cases. In fact, the 45o posi-

tion appears to be a cor.,iprontise betrveen the vertical anci the hori-

zontal cases as can be seen in FIGURE 33 rvhich shols all three cases.

The scatter: r'{as +5% lvith the results fron the 0 .rzs,, annular

layer being high by 10?. In this case the results at the low

Rayleigh nurber appeaï slightly low"

Convective fluici motion appeared to be present at all
Rayleigh irurnbers in the 0.28" amular \ayer, and was definitely
present above a Rayleigh ltumber of 300 " iviotion appeared at a

P.ayleigh nurber of 100 in the 0"125" armular layer.

The fh-rid notion Jrad a very definite nattem which follort¡ed

the general geornetTy or the ce1l, FIGURE 34. The flow patterns, in

the 0.28" amular layer, ivere observed to develop in stages to

attaln fu11y developecl f1ow. The first motion to appear was qrwarcl

along the heater cylinder. At a Rayleigh nuriber of 250 (0.28"

arrrular layer) the rplard niotion r^,râs very pronounced with some very

slor,v dor^¡nward notion on the i-nderside of tire heater. Tire motion

became quite rapid; approximately 0.3 nrm/sec at N*, = 1000 rvhich

is conparable to tire speed in the verticai positjon at a Raylejgh

nu¡nber of 2000 or 3000 "

A secondary motion was observed to move perpendicular to

the cylincicr axis although Ít rvas not pronounced r¡-rtil a Rayleigh

nunber of 1000 and then was very sloiv. It was alrriays in an uprvard

direction along the sides of the heater, FIGURE 54. By a Rayleigh



nr-rnber of 3000, temperatuïc on

stable, a5 to 10oF, presunably
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the cylinder surfaces r\iere very un-

reflecting unstable motion.

FTGURE 34 r'fotion in an Annular Layer at 45o to the vertical

The next section contains a detailed description of the

results and a corrplete discLrssion of the erroïs involved. The

results.are listed separately for each clifferent test condition
lvith the absolute error, erpecte.J erroï, Ðd probable reasons for
the errors listed for each case clisci;ssed.
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DISCUSSION OF RESULTS AND ERRORS

6.1 Annular Layer 0.28" Thick

The nost significant results i,vere obtained with glycerine

in the 0.28" a¡nu1ar layer. These results covered the pertinent

Rayleigh number range, 400 - 3,000, tvltere the effect of convection

and heat flow r,r'as first noticeable. The Rayleigir nr-lriber rvas varied

in two \^iays. Firstly, the heat input was varied rvhich in turn changed

the tenperature difference across the f1uic1 layer (nt changed frorn

10oF to 30oF) . Since thc Rayleigh m.rmber is clirectly nroportional

to tlre Àt, this changed the Rayleigh nunrber by a factor of three.

Ser-onrllv flre rralue of the fluid nronert'i es 7, varr.ed rvitli the, çrrv

cfenoe ìn fhe menn fcmnerafrrre ¡r +1'^ 11 ";r 1^"^T (Z crnalísecl fromvrrarÈív rlr Lrrv rlvar LUlrrPUr@ruru \JI LIIç, IILTILT IcLyçL

2"0 to 5.0). This method varied the Rayleigh irunrber by 2.5 times.

Therefore, the Rayleigh number for glycerine in this gap could be

changed by a factor of 7.5 tines by tenperature ancl heat input

control.

The error in the calculation of the Rayleigh m.r:nber and the

cnrrìr¡elenf fhcrrn^1 ^^-r,,^+ì.,.ì +.. (Qo % r-erfeinfwl tvas +15 "7% andúLtLl-LV d.LçrIL Lrrçlilldl u\JtlLfuuLrva L)/ \Jw o uçr v@LtLv)t )

+l I R% rcsnect.i .r¡elv lAnnendì x Gl 'I.r-^ ^.: .*.: fi ^^nt er^.ì o1^ somet-i mes^ --r- ,-- - --l \- .-L,l--..*--- -/ . I.IIU J-LBrrIrf \-d-1rL Ur a Vr t JV¡lLv Lr

callecl nrecision ;c ^- ì-.1;¡ofion of the scatter likely to beç4rrvs LJrvelJrvrr, -L) dlI 
.IllLtIUd-LI

found in the reults, aud for thc equivalent thermal conductivity

calculation r,,/as 1_4.7%. The absolute error in the thermal conduc-

tivity calculation can be reduced to the significant error by

calibrating the apparatus rvith a liquid rvhose thennal conductivity

is knorrrn. It nav be noted here. that several c1ífferent means of
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obtaining the tenperature difference hrere triecl. That is, insteacl

of averaging all the terrrperatures on each surface, clifferent com-

binations of thermistor readings luere tried,. The rrarue of the

eqlrivalent thermal concluctivity calculation was depend.ent on the

thermistor conbination, br,rt the resulting curves showed the sa¡re

trencls . For exarirplc, the value in the vertical positioir rvas alrvavs

10? lor'¿er than the 45' positíon in the conduction resime.

Horizontal Position

The most significant problen encolurtered in this position

rvas the poor temper:ature clistribution, FIGUR¡ s5. The tenperature

distribution on the heater cylincler hras quite r-rriform on any parti-
cular círcunference, br-rt the outer glass cylincler tenperature was

not unifomr" As r,¿as erpected the top surface of the glass Ð,linder
r,¿as hotter thair the bottom because of the characteristic flov¡ irr

horizontal amular layers, FIGUp,g 7. The fluid is r¡armed as it
rises past the heater surface tor,'iards the top of the glass cylinder

and then moves dor¡irlard along the glass Ð'lincier. Fina11y, the

cooled liquid comes to the botton rvhich leads to the cooler slass

surfacc temperatLlre at the bottom. A fair system rvas neccssary

to increase the heat transfer from the outside slrrface of the glass

c,vlinder-, ancl it was altered to offset this radially eccentric

tenperatr-rre distribution by increasing the heat transfer fron the

glass cylinder on the liarmer portion. The situation was inrposSible

to correct completely. This problen rvi1l alvays be iiilrerent in a



60

system such as this in rvÌrich the cylinders cio not have enough heat

capacity to forn a heat sink and thus prevent tenpeïature graclients.

Because a concentric tempeïatuïe clistribution rvas assumed

in the derivation of the concluction ]reat transfer equation usecl to
calculate '[he eqr,rivalent thermal conductirrity (Anpendix B) , a

correctioiì rr:âs applied to allorv for tenrperature eccentricitl,
(Appendix B).

An axial tentperatut'e gradient lvas also encounterecl, FIGURE

35. Because guard heaters were oniitted fron the stabílizing encl

sections, the absolute tenperature a:rcl the temperature difference

across the gap h/ere eryectecl to decrease at the encls ch_re to heat

being lost ìry conduction through the encl plates. This situation
r"\¡as true for one end, but at the other end, the absolute temperature

renained constant or increased and the tenperature d,ifference

increased" It i^ias presuinecl that the heateï rrrâS not uniformly tn,'.lil-t.t

rvith a snaller coil pitch at the constant ternperature encl than at

the end rvhere the tenperature clecreased. The effect of the axial
graclient on the florv patterns and on the ecìuivalent thermal concluc-

tivitv l\ras assuned to be small in the -uest section for the horizontal

Belor.t¡ a Rayleigli nuntber of 600 convectíve inotion clisappearecl

and the heat transfer ntst therefore be by conduction alone. Tlie

äe/Ii tat:-o should be one but FIGIJ]ìE 29 inciicates the cuïve to be low

by 4%. One possible explanatíon for the results being row by 4%

is that tire heater: output rvas not turíform as h¡as discussed i:revíously.
Ïn calclrlating I{e, the heat flux li¡as calculatecl hv dir¡'idino rhe
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total heat input by the length; if the heater outÐrlt, on an average,

r'¡cc hi nlrar i- +\g test scction than in the stabilizins enrl sec.t-iv!øJ rrrðrrur f rr Lrrç LçJ L )uL-Lrr_Jtr L.lrd-lI rIl LlI|- 5 Lalil^^_* -__,,ons,

a h'ì gher temnerature differg¡gg r,rnrrld nr-r-rrr nrnrlll¡jno a lôrver eru rrr¿trrvr LurrrlJvfcLLL¿l 1-- L!-LILl'jI{--lLU(J r\vuru vuuur j:,ruuse:¡rÃ , _.{Ul-

valent therrnal concluctivity. Tests Ìùel.e condncted using a therno-

couple probe to verif,r- that lorter terìperatures lvere Ìlrescnt torvard

the encls but it was not lcrorr¡n if this result r^/as due to loit¡er heat

outputs at the end sections or heat losses through the end plates.

If it is assu:ned that all the points for- gl1'çsrine in the

0 "28" Tayer are lot,v b), 4ro and if 4% ts added to all the results the

resul'tant cur\¡e rvoulcl shorv the abrupt increase fron Ke/äe = 1, at

apÞroxinately Ì'],-,nu = 1000. This is tlie sarle Rayleigh nr.lriber at

r.'i-hich motion ivas first detected visually. Convective notion became

quíte significant a't a Rayleigh nurnbcr of 3000. The heat transfer

by convectton ts 22% (4 + 18) of the heat transfer bv concluction

arone.

Vertical Position

Again as in the horizontal posítion, poor terperatr:re

drstribution rvas the nain problem, FICURE 36. The fan system and

tlre eccentTl.cLty of the heater cylincler proclucecl a raclially eccentric

tenperature clistribution for rvhich the application of a correction

factor rvas considerecl tÌecessarv in calculating l(e (Appendix ß).

ï-lorvever, becarse of tire limited nunber: of themi_stors in a single

circtultferential plane a complete raclial temperature clistribution

coulci not be determined (tenrperatures measured on one cliameter only) .
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This urLs)¡metrical temperature distribution I,\ras assullìed to harre

little effect on tire fluici f1ow, but a temperature rise along the

vertical axis t,vas thought to have a markecl effect on the flot'r'.

The air cooling systen tvas set r-rp to conbat the higher

ten.peratures at the toi:l bllt even r,'ith a uniform ærial tenperatule on

the outsicle cylincler, thc inside heater cylincler tenlreratttre in-

creasecl rvith heigÌrt. Altìrough this rise of temperature is normal

for vei:tical la)¡ers, the situation r{as aggrevated because the heater

iraä a Ìrigher þeat output at the upper end (as discovered by the

tenrpera'uure distributiol'r in the horizontal case) . The effect of

the temperature rise would be to reduce the rate of acceleration

of the uptna-rc1 florv acl-jacent to the surface of the inner cylincler'

The lìayleigh nurnber at tvhich free convection has a signi -

ficant affect on the heat flor^¡ ís not clearly defined. At a

Rayleigh number of 3000 the I(e/l( value is at least 10% above the

vaiue at l,l*, = 400 ancl it wou1c1 appear then that lje, of tjre heat

is being tra:rsferreci by convection. FIGUIìE 30 shor'"s an increase of

Ke/Ì( at a Rayleigh nwrber of 1000 and then a decrease l4l to a

Rayleigh mrnber of 2500. It is felt that the accuracy of the

equivalent thermal concluctivity neasurement is not sufficient to

jr-stify any statement of this trencl since the variance is only at

niost 6% and the scatter Ls +6% '

The lolr¡ values of Ke/li (0.90 insteact of 1.00) at the 1ow

Rayleigh nurber shows the inaccuracy of the equipnient for heat

transfer determinations. As discussed in this problem for the
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Irorizontal positione ilon-ui'liform heater outl)ì.ìt may be the problem

r,vith the situation being aggravate¿ ivitìr tire apparatus in the vertical

nosition- Also â nrìccihla r.rrnr m1\'he fhr^ cr-r-¿.nfrir- tomnarqfrrroLf fv euuu¡Lur tu Lvl¡r;./vI aLUIU

distribution rr'hich coulcl not fu1ly be ex¡lored because of the límítecl

numher of femnernfìrr^ê canc'ino rlayiçg5.

Inclination 45" to the Vertical Position

The tenrperature distribr-rtion fo:: this position was \¡eÐ'

clifficult to ascertain. Because of the inclination. the therrnistors

Ivere not on an)¡ one Þlane and the temlierature distribution could

not be a:ralyrzs¿. The inclination of the heater apjleared to offset

the eccentricity problem encountered in the other trvo positions,

ancl the ternerafure <lifferences chnr,'pd r¡arr¡ f ittfg eTror ilue toIA L L

eccentricit)'. In fact, the error \^ras so snlall that ít rvas neglected.

Tlie I(e/K ratio l{as very close to one rvhich appears to confim the

thenrv flraf flre eCCCntriCítV itrOlr'lem r\rîq l:roo'lw reSlrOnSible fOr

the i(e/j( ratio beino'lnr" in flrc hOrizontal and. vertical nos'itions.

jt{otion lvas always present in this case but convective heat

transfer clicl not beconic appreciable urrtil a Ra1'leigh nr-unber of 1000.

6 .2 Anlular Laye-r 0 " 125 " Thicl<

The Iìayleigh nunlber range invcstigatecl b1' use of rvater and

^1 ..-^-;-^,l;l -^f r-aìlrêa'tlrr= ncrtjnarrf nnri-i^- ^€ the CUfVe aS fVellóri/ çvr rllv uru lrvu uvvur Lttu l/ur LrtlultL [/vr urvtr v!

-'1 '-^^-'; '^^ r^-' tlre 0 ?Rl? 1rr¡or ilnniar¡er fh,. roclrl f < r¡ari fr¡ fh^cl> ¡3I.v\-ÇrIllU IUI LrÌç U.¿O LA/çr. IIUWçVgl , LI-LU= rvruf LJ vLra!y L.l-ttj

trends shoirin earlier.



The error

onrr-i r¡rl anf fhamo'luvrur v 41çt 1L Lrtç t lilclf

(Appenclix G) . The
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in thc calclrlation of thc R¿1'lsigh number and the

^^^-1,,-+;,,; +., ,.^S +ZS.2Z arÌd +12. S% resncr_,rì r;elvuvrruu-uLrvrL/ tvGJ 'LJ.L'0 cLlLu I LL.J O TUJ|JULLa-'Uf)

sipnific¿u"rt err^or \..Jas calculated to be +5.7%.

I]orizontal Position

llritlr gl¡rcerirÌc, nrotion \vas non-existent u1l to tire maximum

Rayleigìr nunber attained (300) . The value of I(e/K checked closely

lvith the accented ValUe Of One fOr COndUCtiOn exr-ênf rf rrarrr ìri ollu øL vv¡/

lre:rf innrrf (6O \\,^++- '\ ' -L': ^L ^L^"erl r¡:'l lrec hi olr hr¡ Q2 Tlre i(o /l( \,^'1 ,,^-rrsaL flrIJLtL \UU rlcrL LJJ rY.tIl-\-tI JtIUtV_ .- --_o-- *) J o . rrLv rrv/ 
^ Vitl-Ue5

for',,,a-tci: in this amtular layer \{ere also tested at a Ìrigh po\{eï

input (30 r*atts) in order -uo give a readable at, alld tlìe corresponcl-

ing l(e/i( values also appeared high (10%) as compared to the results

from the 0 "28" a:rnr.rlar layer"

Vertical Position

Convective fluid motion was fou-rd to occuï in the 0.125"

l¡tter 'ìlr tlr¡: r¡erf ìr-:l 1 nncif inn Tlra nrntinn 1'rooe- -+ ^ D^.-1^ì -ì.r@)9r rr! Ll1v vvI ureur lJvJrurvir. rlrv l[vLIvlI uvÉcL]r dL cL i\cl,\ rurglI

nurber of 150. It rvorrlcl appear that tl're Rayleigh nlillber based on

Iayg-r thickness is not the criterion foi: notion in vertical arnular

lavers q'ì nce mofiolr anne¡rcd in the Same fluid at trro clifferent

?avl eì olr r¡r::ilrnr^ç in tt'¡o different I nver fh-i 1^'lir-ìêq^^^ r^ Ê^-+j\4J f9rðrr r!L!lluvIJ III Lryv UIIIçIgltL LcL) wL LlMl\llvJJ\;J " rIl ICLLL,

the ratio of the la;,s¡t ,-!-*. = 2.2) is approxinately'i-lie same as' 'U .ILJ'

the ratio of the Rayleigh rlumbers at rr'hich motion began in their

recner-f ir¡e annnlâr 1a1zst-5 (..1!+ = 2.7) . By modifying tire R.ayleigh
'15 u

nr rnha'q hr¡ ll I /I \\ '25-'"' , a neiv climensionless nunber is fonned having
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ânnY'^r.'inrlfêl1z fhg 5¿y¡g abSOlUte Val¡ie n4fen mOtiOn bep-inS in eitlrerrr¡rvtl rlrvLf vrr uvò!jrJ art vr Ltr

tlre 0.28" or the 0.125" arrtular layer. Therefore, for a vertical

a:rnular la;'st the dimensionless paranìetet' for the onset of convective

fluicl notion r',,otrlct appeaï to be El-&êAlÍr 49(H/L)rr),uh"t"
l- w ' --K- \../ '-l )' ""'"

0 < n < 5. This paralneter tvould like1y also govern the heat transfer

in tiris region.

The heat tr¿nsfer property i(e/l( fo1lor{ec1 tlìe trencl of tÌre
0.28" annular layer of being 10% 1orv, a:rcl the results for lr,ater as

in the horizoirtal case apDear 10% higher thair the other results.

Inclination 45"to the Vertical Position

The 45- position appears to be a conpromise befiveen the tlo
prerriors cases. Fhiicl motion bcga:-r at a Ra1'leigh nunrbei: of 300

inclicatiirg this position shorvs some clependence on the layer height

as in the vertical position, but because the motion has been partialLy

sìlnnrecqer'l hr¡ flrr. cmel-l l:ri¡rrr flri ¡-lrnocc I mñTê '^¡^1-.L'la .]imo-ciJulr'.rrcrrçLr u/ Llr- J,,Lur¿ _ []I OUaDte GllnenslOn-

less nuraber to inclicate the point of convective fluid motion is

ol$Ê$x 4,=cP (D^/Dj)p (n/L)r). As before, the high heat inputl' ttz l( - o 't-' '/
It

tests lrave increased the l(e/li ratio by I}eo .

6 "3 Air in tire 0 .L25" Thick Amular Layer

Air r^ras used in the 0.125" anmriar layer in an attempt to

stlrdy the tenperatllre distribution. Becau-se of airls lol therinal

conductivity, large ternperature differences across tlre layer rvere

nos.sihle iv'ìdr 'low heaf 'ìnnrts Althorroh no evidence of movement
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was seen when snoke was introduced into the layer (Non, . 90), the- tc{l

temperature distribution changed rvith position. The Ats were

smallest for the horizontal case and largest for the vertical case.

It was concluded that the distribution was not, therefore, a function

of the fluid motion but of the cel1 position on1y. A1so, the Ke/K

values were all higher than the other results, ruhich 1,vas assurned to

be due to the added heat trairsfer by racliation. A correction factor

was applied (Appendix B), a:rd the corrected results folloived the

trends set by the other fluids.

6.4 Summary of Results

Convective heat transfer in the vertical and the 45o position

is not as dependent on the Rayleigh nunrber as the horizontal case.

Convective motion in the vertical and in the 45o position began before

the horizonral nositìon- hut the convective heat flow hecame annïecí-

able at the same Rayleigh nwùer (1000). A1so, the curve of Ke/K

rose much more quickly in the horizontal case, see FIGURE 33, which

indicates a more rapid increase in the percentage of heat transferred

hv conr¡ecf ion in the horizontal nos'i tion.

For the ho'rizontal case, convective fluid motion and convec-

tive heat transfer began sinultareously at N*u = 1000. The error

in the absolute value of this Rayleigh mrmber is large !25%, and the

difference in the Rayleigh nurnber for convective fluid motion and

for convective heat transfer is of similar magnitucle. The error in

determining the poi-nt of convection from FIGURE 29 being t300 or !30%.
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Convective fluicl flcl.¡ for the vertical and for the 45o

position clo not appear to bc solely clependent on the Rayleigh nulnber.

In fact, the follorving dimensionless numbers apÐear moïe realistic:
vertical lJ.r,, x ì{,.,,. (H/L)n

\lr\L r It

ô
45" position NGRI 

" Npf (DolÐi)p (rill) i
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CONCLUSIONS A\Ð RECOI,I\,IEi\TDATIONS

7.7 Conclusions

For horizo'tal concentric ry1inc1ers the Rayleigh nuril¡er

basecl on tl-re 1a1's¡ thickness is a suitable parameter for the con_

vection point - the point of convective fl_ric1 f1or,,, ancl the point of
convective heat f1orv.

For horizontal concentïic cylinclers, both convective heat

florv and convective f1uic1 flor,v begin at the same Rayleigh number,

(ü0% because of the inaccuracies in tl-re calculation of the Ke/l(

ratio) . Tl:e RavleigÌr nurnber for convective fluid flolr, being

\0AO +25"¡, (by observation) .

For vertical concentric cylinclers arLcì. any angle to the

vertical,, 'tire Rayleigir number based on the raye-r thickness is not
a reiiai¡le pararteter for convective f1uicl florv ivhen the H/L ratio is
iarge (over 100). The layer length must be consiclerecl. The equatio.s
for heat transfer proposecl by Eckert ancl carlson, and Batchelor

(l'Jo " 2.16, 2 "73, z.r4 and 2.15) for vertical plane layers use the

Rayleigh nurnber basecl on the \ayer thickness and noclifl, it u,ith an

I-I/L -s:aLtc. This eraerimentatíon would indicate this approacrr for
the fluicl flol convection point also.

7 .2 Recomrenclations

In order to ascertain the effect of fluid
transfer more detailed st'dies r¡ust be unclertaken.

the vertical position tjte sensitír.ity nust be +Ieo

florr' on the heat

For exanple, in

or better since
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tlre increased ]-reat transfer by convection is very sma11 (3% fron
r-nndrrr-rinn rn tì n.rof 2000), ffid also because a discrenancv t.'râs 1.oqnd,, "" ,'Raf GrJv UEUclLl)E ct LI^* _-

in that the apparent therrnal conductivity decreased rvhen convection

appearecl (l{r,n, of 1500) .
lU La

It js reconrmencled that for bettet: accl'lrac), larger cylincler

diametersshoulcl be used. The cliameter accuracl. rvoulcl be the same

but the increased netal on the inner cylinder ivould give nore stiff-
:ress reducing the eccentricity error and rvoulcl reduce tÌre tem,nerature

gradients. The outer cylincler's ternperature stability coulc1 be

increased ancl tentperature graclients could be ciecreasecl by a surromcl-

ing clear liquid layer. Tlie liquid, such as l,üater, ,,rrou1d allorv

vísual observation but wou1cl form a heat sink. Also by obtaining

a liquid of thc con"ect inrlcx of refraction, the problem of taking

picturcs tht'ough cun¡ed surfaces is reduceC.

For tire measurenìent of thermal conductivity using a:r annular

layer, the recommendations depend on the accuracy required,. For

results within 5%, the r¡ertical axis position is preferred since

the heat transfer by convection is ivel1 rvithin the accuracy of the

results for Rayleigh nr-rnrber:s up to 2000 " For very accurate results
in r,"hich all convection nlust be eliminated the horizontal case is
recommended. The fluicl convection point in the horizontal case is
more distinct and thus convective heat transfer ca:r be entirely
avoided by keeping the Rayleigh nunber below this point.

The naxinium Rayleigh nunber in the horizontal case is nuch

less than the 2000 of the vertical case, hoin¡e\¡er, the onset of con-

r¡ection is more clearly defined for this case. The curve for the

horizontal case meets the Ke/K = 1.00 line sharnly rvhile the curve
for the vertical case is asyr.nptotic to the Ke/y = 1.00,
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APPENDIX A

DIX,ÍENSIOi{AT ANALYSTS OF HEAT TPJÏ{SFER

It'l AN ENCLOSED A¡ll\[]L,{R SPACE



Variables

Total heat flotu

'femnerRtrrre cli fference

T qr¡ar thi ¿-lrnecc

T qr¡,or hci olrf

Insicle diallteter

Coefficient of expansion

\Ii çr-nci tv

Density

Çnaei fi ¿- lrcnf

Thennal conductivity

Acceleration of gravity

Prnnort'ì on¡l'ì fv constant

Dimensionless grolp

Constant

I\4 -
L-
0-
+
L-

NASS

length
time
tenTperature

APPEI.JDIX A

DI}'ENSIONAL AÌIIALYSIS OF I,EAT TRANSFER

IN AN ENCLOSED ANTNULAR SPACE

Synbol

a

At

L

FI

D.
1

a

,4
/
cP

u].nensrons [¡lLoI J

au

ML'/ a"

t

L

L

L

ut
M/Lo

7
M/L"
))

L" / o"L
t

Nr-/ o"t.
?

L/o_

None

None

None

I{

o

0

l

7r
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Q = o [0.u, Lb, H., oru,þ",;, fE,.ph, ,rr,7rt ]

'F=.þ", Lb, 1., Ld,þ,*,#,#n¡,#, #l
rM - 1-f +g+i
¡L - 2- b+c+fl_f_3g+Zh+i*j
ro - -3--f_2h_si_2j
It - 0-a-e -h-i

f=1-g-i
j = 3/2 - f/z - h - 3i/z = s/z - r/z * s/z + i/2 -h - 3i/z

=I+g/Z_h_i
e=a-h-i

b=2 -c-d+f+Sg Zh_i_j

Q = o l* @/L)c @i/L)o çorr^ 1f!rÈ!lt.l-++r 'Z*------,!= ltnq)L - I ' Y --' \-Zz'' -/ \trV?./ W-7, , I

Dilensionless Gror4s

_ .2Itl =Lr'U?a

Tt, = p Åt

n, = H/L

l,^ = D-/L+t
7/) 1 /')

n- = L'ï-g-S'"t ,u'
r- - -.coo r,f 'f<-

V
.-l\
llð=::--/ LP/41"
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nr' * ,, = +,{ xþaL: }JcRL
J ¿ -rLL"

n6 _ cp ..tP(t r Npeç- Tfi" ^ -x.

?II, x ll" x Ii" x lll x iT" = Lo't¿ ?cxÊAt x I'I/L x D. /L x K/Lp.ulc'-I" ¿ -- 5- + / t- t 1

HD.2Íí1t' I
=-Y-.-L l1Í

Neiv Gloupíqg of Dinensionless Grolps

.l. II-1 rl1\ llLNpn, f, IJ Di ,n, i, f )

+

rr
^ 0 il..r¿= Tl JL'uao",

Srmbol for t'mafhemnf i r-e'l ernression of"

t,h = -----l-:_ for concenfric cvlinders rnrhere h is therr at 2n HD. ' rv¡
1

ficient of heat transfer betlveen a surface and a fluld.

LUCI -
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APPENDIX B

DERIVATION OF TI_IE STEADY STATE CONDUCT]ON FßAT

TRANSFER EQUATION IN AN ANNULAR SPACE

The heat flow in this experimental ivork 1q¿5 calculated,

using Ke, the equivalent thermal conductivity, where Ke is defined,

by the applicable heat conduction equatioir. The heat conduction

equation for annular spaces ivill be derived. and a1l assunrptions

and errors explained.

1. The general heat conduction equation in cylinclrical co-ord.inates

without internal heat generation is stated as follows:

+t(3!).t(#)
Z = direction perpendicular to

* )tL
)22

radius

)f
ÐT

r - radius

ú - tenperature

7- time

O - angular positíon

ø(- coefficient of thermal diffusivi fv

ANÌ$UIAR ELEMENT
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If the tenperatuïe at D, and Do are kept at t' and to

respectively and if the temperature is constant axiallry irrespective

of a¡nu1ar position; the solution for the temperature is the follolving:

t, In(D^/Zr) + t^ 7n(2r/D;)
a= t 'o'i¡rnzf;:l t D. <rcD^

--'-o' 1' 1 o

Using the Fourier Law for heat florv and assuming a constant

V"

,fr - -- clr 2r L r{ (ti-to)
Q = - KA ä = - 2r r L K ä= -nq7Of
A - area perpendicular to the ternperature gradient

x - climension para1lel to the temperature gradient

L - element length

2. Non-r.n-riform Surface Temperature Correction

In orcler to ascertain the error expected due to a non-

r¡riform teÍperature distribution several f1l-x plots were drawn with

varying surface temperatures. The following diagiam is an example of

one of these p1ots.

Q-oNn*
1\ lvl

N - nunber of floiv lanes

J\4 - cnrrel fenrnefatufe inCrementSf.l

^r - teilrnerâtrrre difference across the fluid layer
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Concentric Fh-rx Plot Eccentric Flux Plot

Concentric and Eccentric Tenqrerature Profile Flux Plots

For the concentric ternperature case

al Í
t t = tr Y /\TXC ^'C 3 ,. '"C

For the eccentric tenrperature case

24 "2..Ú.8¿tr

rr^r'';-^ *he At across the concentric caserYlArrrB L.

mean At across the eccentric casr- r¡+ ì +r^+ :^.; ta LEJ , L-rrcLL rJ

end ceftino fhe amOf¡ft Of heat lransferrer'l ennalrvu vYugr,

thermal conductivity calculated on the concentric

eccentric mean ternirerature can be calculated:

lnt^l eoual to the
'... "c,

^+ 
LL T lLaLa = -----ã- = +.5LrUL

tl-Le error in the

.:-- +1-^Ld)ç u> r-r.rB Lrr9

N= Z.+.¿
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Qc - I(c 
7 .13 4. 5rn:=t=Èx1.f1x-fi-Vr

.Õ

K /I( ='l 11 =K"C"'E ^error

The paraneter for this case was taken as the difference

beûveen the large At(AtL) and the snal1 At(AtS) divided by the

mean At(At ).

^¿ ^+aL, - aLo a+ a+L ù _ lL - LL 
- 1.1-Til- - -z:5t

These calculations were Tepeated for several different

eccentric ten'peïature distributions using the appropriate fh-r,x plot

for each case. FIGURE B-1 shows the resulting curve (approximated

1..¡ ¡ cr-vn;n]r+ 'linel of the corre-+4nn E¡r+at V . VeI-SUS theDy a SLIAJ-$IìL lJ-lrw,¡ vr Liru uvt rvLLlulr rdLLUr , tteTfOT.

tempelature Tatio parameter. This curve then provided a sintple

method for correcting the thermal concluctivity of the eccentric

temperature distribution case when it was calculated on the ntean

temperature difference across the arurual gap.

3. Radiation Correction
A radiation correction is necessary if the fluid in the cel1

is a gas, i.e . air. The equation for racliation ireat flow between

concenf ric c-vlinders is as follotn¡s:

¡/ìQr= m ^l"i -"o)
t- "R
éo- glass = 0"90

é¿ - stainless steel = 0.10

4y'a- : t

6l< - Stefan-Boltzmam constant

^ - o.L7s f/tt.1o-/3)oI -u-Q,=1ffi.L(mo/ -(mo/ );.7
FIGURE B-2 shorvs the heat transferred by radiation (ca1cu1atec1

from the above equation) versus the tenpeïature difference across the

fluid layer. This value was subtracted fron the total heat' input to



B4

give the heat transferred by conduction alone (for the case using

air only). Because the radiation correction \,úas small, at most the

radiation heat transfer was L3% of the total heat transfer, the

correction r\ras not studied too extensively; therefore, the boundary

surface emissivities were tal<en from tables in reference 14.



FIGURE B-I.: .. 
.. 

,::.1t.::. I .t..-r..t: .r..

ECC E NTR| C TEMPERATURE DlSlRt eUïOtu i COnnECnôn

r.25

o¡-
o
!4

t.20

r.t5

t.to

l.05

r.oo

oAo

,4Tr--4.G' 
,

Ali¡

Co



|r
o

t
lrt()z
IJJ
É.
ul
LL
¡.Lõ
l¡¡
g
kE
l¡J
fL
z,
lrlt-

. '. ' . ' FIGURE B.:2 .' .,'

RADIATION. CORRECTION

i ì l.::. 1

' .:i:

I ....

3.50 4.OO 4.50

HEAT TRANSFERED BY RADIATION - WATTS

Tna = 182t3 "F

o\



APPENIDIX C

APPAR{TUS CONSI-RUCI-]ON DETAILS



FIGURE C- I

SÏAND DETAILS

, : 2'\2"x1y'4" ANGLE rRoN

SCALET l" = 12"



FIGURE C-2 ROTATING HEAD DETAILS

ROTATING ARM
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FIGURE C-3
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FIGURE C-4
END PLATE CONSTRUCTION
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ENCLOSING SHEATH
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t
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HOLES
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TEFI.ON
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FIGURE C-5
¡NNER CYLINDER CONSTRUCTION
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FI GURE C-6 GUARD SECTION

ENCLOSING SHEATHS

DEÏAILS

l.D. .643 "
o,D. .75

SPACÉRS

__.L t

Ø4'
åIi

l'-uËl-

r.D.
o.D.

o.sos"g.oo2 2 QUARTERS
0.642"t.ooz"

It\
-t-+f-
l/ ts. o.5os"cooz"

l', ll O.D. 0.642" t.OOz"
îëÌr

IH ALF

-e$
I

_t_\
',-/) t.D. o.sos"*.ooa

t, lí o.D. 0.642" r .oo2

l-e-ll*
2

HOLES NO.22 DRILL



OA

FIGURE C -7
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APPENDIX Ð

TI_MR,\4ISTORCONSTRUCIIONANDCFIARACI'ERISITCS

The thermistors usecL were sr-rpplied by Fenr'ral Electronics,

Inc., rvith characteristics as follows:

Probe Thermistor

Code nurrber - GB41P2

Resistance a.t 25oC - 10,000 ohms +20%

Resistance at }oc/resistance aL 25oC = 7 '5

Tinre constant - 25 seconds

Ðissipation constant - 1 nilliwatt

Lead t\'ire 0.012" clia¡teter dr-met

Probe dianeter - 0.10"

Bea-d Themistor

Cocle ntunber - GB4IJ1

P.esistance at 25oC - 10,000 ohms +20%

Resistance 0oc/resistance at 25oC = 7 '5

Tíme constant - 2 seconcls

Ðissipation constant - '7 millilatts

Lead wire - 0 -004" Pt - Ir

Bead diameter - 0.043"

The first ancl most critical step was the conrLection between

tire thermistors and the initial leacl tr'ire. This \ti1's laas #32

straldecl, tinnecl copper rvire rvith a teflon insulating covering,
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and r,vas used to withstand the high cell temperatures r,vhich orclinary

plastic covered i^¡ire could not rvithstand. The connection rvas made

difficult because of the size of the thermistor lead wire; the probe

connections being relatively easy as compared to the bead connections

because the lead wires r,vere so rnuch larger. The apparatus used

for the connection was a nrcrcury pool rvelcler, FIGUP,E D-1" A power-

stat was tsed to give tl-re correct voltage, so that ivhen the twisted

wire corurec-tion was touched to the mercury the electrical current

heated the connection enough to weld tire wires together and did

not generate enough heat to melt the thermistor lead tvires. The

voltages rvere 12 volts for the 0.004" Pt-Ir wire ancl 30 volts for

the 0.012"duilet ir'ire. An oi1 layer ivas used above the rnercury to

sfnn fhe merr-ìryv from snlashins end to nrotecf the thermistor andJ U VI, Lr rV rrrv I Uur i/

thermistor lead ivire from the heat produced when the connection was

welded. The ivelded corurection and the bare thermistor lead wíres
*

weïe covered ivith a clear synthetic (G1ypta1) air-drying varnish

for strength purposes and for elcctrical insulatilrg ruryoses.

The teflon cov-ered rvire ended at the cel1 end plate where

it was solderecl to #24 stranded, timed copper nulticore wire which

macle the con-nection to the therrrListor switch box and bridge. This

connection l\ias soldered to facilitate ease of assembly since the

wires ivere disconnected at this point r^dren the outside glass cylinder

was exchanged. The layout is shown schematically in FIGURE D-2.

The different positioning techniques for the thermistors are

shown in FIGURE D-5.

FIGURIS D-4 and D-5 show typical thermistor calibration curves.

¿^General Electric Insulating Varnish #GI202
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FIGURE D-I

itlercury Pool l¡Jelder
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F]GURE D-2
THERMISTOR LEAD WIRE LAYOUT
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FI GURE
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INSTRL]N4ENTATI ON CALI BRAT ION
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TABLE E-1

VOLT},ÍETER CAIIBRATION

lVeston 0-30 Volts

NO. IDJ]

t\4eter
Readin % Erro'r

5 .89

9 .995

11. B1

13. B0

15 .85

17.85

19.80

2r.7

25 .70

6.0

10 .0

72.0

14.0

16 .0

18 .0

20.0

22.0

24.0

26.0

-0 .11

-.005

-0.19

-0 .20

-0.15

-0.15

-0.20

-0.20

-0.25

-0.30

1.8

0 .05

1.6

r.4

1.0

1.0

1.0

7.4

1.0

1.0

Error in Standard +0.Ieo

.t

Uni_ts Volts
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TABLE E-2

AT,ff{ETER CALIBRATION

I'Veston 0-5 Anp.

NO. DCZ

Standards
Readins

+
Àil^+^-
1VTU Lç I

Readins Error % Error

2.375

2.L70

I .950

L.775

1. s55

1.385

1 .185

0.970

2.40

2.20

2 "00

1. B0

1 .60

1.40

r.20

1 .00

-0.025

-0.03

-0 "05

-0.025

-0.045

-0.015

-0.015

-0.03

1.0

r.4

2"5

1L

)/1

1.0

1i

5.0

Standards error + .I%

+
Iinì f c Amncrec
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TABLE E-3

hIATTI,,ÍETER CAI I BRAT ION

I'Veston # 27222

*
Standards

^ç 
crurl IB

*

Rc:d'i n o Error % Erro-r

50 .0

100 .0

150 .5

201 .0

250 .5

300 .0

50

100

150

200

2s0

300

+0 .5

+1 .0

+0 .5

0.3

0.5

0.2

Standards errors +0 
"2ea

*
Units l{ratts
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TEST FLUID PROPERTIES
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CATCULATION OF TRRO}ìS



APPENDIX G

CAICULATIOÌ\I OF ERRORS

The reliability estirnates or error estimates rvill be

calculated using the nethod described bv S. J. i(lirie ancl F. A.
*

l4cClintock for sinole-q¡mn'l e ermerir¡cntq r,rlrì r-lr is the follorvillf':

f-¡¿n \ z /¡R \2 /¿R \21 r/z
'n = ll¿v,'l I "(ñ"'z) + -----f m- "",/ |L\ rl \ ¿ / \ n / )
R - furrction of n independent variable each of rvhich is

1'ì,, -j.i -*-jbUted.:LVL)IIALL/ UtJ Lt IL

{.ù1 - interval of the variable.
-L

oO - interval of tlie result. (The rurceltainty in o:O is

the sane as in ur, and for ihe follor,,ring errors rvi11 be assumed to

be 10 to I or 90% cer1ainty).

The above equation may be manipulated to give the fractional

êY'r-.ìl^ rli ra¿-f 1r¡'

'n_l-l 2 ,,- -.\2, / x ,"_ -.\2 | 1 \z)r/z
-=llr,r-fl
ii=l [" *t (1n R) . (^rfitt"or)" * (" *; tm n)" 

)''"L

1"0 Thermal Conductivit;' Error

The formrrla used to calculate the thernal concluctivity rvas

V I 1nfÐ /D.)
UA--T-Zr At - 

" The equation for error estination is as fo11or,vs:

T \. , ûJ^ r. {Jñ ô .. .1" tn

3= | 1l)', .(\\',./"-*","-)', . r^---=k--,---) ' . (Ð' ./:4+\'l'/'K L\ vl \ r/ (Ðo lntDo/Dll \0, tn(Do/Dll \ L/ \ ^t/ J
=__ija---ffi* Iiline, S. J. and i\{cClintock, F. 4., "Describing Uncertainties In

Ç,'inala-Qamle Experiments",N{echanical Engineering, 75 (1953) p.3vrrr.ifv vw,¡l iry

*x Svmhols defined in Nomenclature.
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Lleat Input Erro!

The COmbined CalibratiOn nnà roq,lino êTTor r{AS +1% in bOth

the ammeter and the voltnteter.

\¡" - n nl
V

,T* - rì n1--=- - u.u-L
,L

Dinensional Error

T,enoth i5 I inr-hg5 +0.2"

tT ñ)
f a- 1 v.vvv
L JJ..L

For 0.28" annular laver

Inside diameter = 0.750 incires +0.004"

,n
].

=D. lnlD /D. )1 -O',1-'

Uñ
fJ

U

D--flJim-7DJ =
o -o'L'

0 .004 = 0.0095 = 0.0100.7s0 1n(1.3Is/0.7s0)

Outside diameter = 1.315 incires +0"020"

For 0 .725" a:rnular layer

Inside diameter = 0.750 inches +0"004"

tD.-r 0.004
D,-]ñID7D,T= ry= u'u-Lö5 = w'wt,
1 -O l-'

0.020 = 0 "0271.51s 1n(1.3Is/0.7s0)

Outside clianeter = 1.000 inches +0.002"
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0.002 _ n nn7-@-u'uu/

Tenperature Di fference

The largest error in the temrerature measurement was car.xed

hv the thernliqf¡r r.;enrlar .lrrri-- a half-hOUf teSt. Tlfe fnaXimUn

lvander ivas +l-0% of the tenperature clifference on theglass surface

and +5% of the temperature cÌifference on the heater cylinder surface.

The calibration erïor of +0.1oF rvhicit gave an error of +L% on the

snallest temperature difference r,\ras insignificant in the presence

of the thermistor wancler.

l'nr\Z )(#.) = (o.ro)¿ + (o.os)Z = o.otzs

The

Å: r1^-^^^^
LI.L I IC I CI I\-U

four ¡ts in

error can be further reduced becatse the tenperature

;^ -^ ^r six Ats in the 0-28 annt¡'l ar 'l aver andI) d-lL CLVUf dBç \-,rI )l-^- A LJ -LIl Lllç U . âu ulrurør Lay\

For

+L7%

the 0.125 annular layer.

0.28" armular layer

.r-fo
= +4.5%

For 0 .L25" armular layer

+1I%

= +5.5%

Error in the Thermal Conductivity Calculation

For 0.28 annular laye'r

uT¿ l- ) ) ? ? .?
+= I(0.0t1'+ (0.01)'+ (0"01)'+ (0.027)' + [0.00ó)- +
I\L

= .0.055 = r5.5%

ñ

(o.o4s) lrtz
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For 0.I25" annular layer
utr f i ) ) ? ) ^-'ì i /^

l\ l.^ ^--L
+= [[o.or)" * (0.01)r + (0.019)z + (0.007)r + (0.006)¿ + (0.05\\L lLl¿I

= n0.061 = 1_6.I%

Other Errors

Because the thermal conductivity measurement was a secondary

¡ìm fhc orrnrq r\rê1'ê nnf fhornrrol^r'- i-'-^^+': -^+^À One inrnnrtrnf**,,., ,vçIç lluL LIIUI \jUBrIay IIIVU) L-LgdLUtt. vrre rrrrPvr LarL

source of error is due to the eccentricity in the cylinders. From

the fornula usecl by L. Co*28,

f 1n (r /r.) Ipercenteïror=l lx100
lcosh-' ft./r.) - cosh-' ft /r ) |t_ r'1'1-' -'o o'r

222T+r.-ao1Y.= - rvhere r -outerradius)í Za -o

Z n o T. - in¡erradius
r *T."*A" 1-o -1 " a - er-r-entricitvV = --:--to 2a

a = eccentricity (This case +0.020 inches.)

Error in 0.28" Iayer + 2.0%

Error in 0.725" Tayer +4.0%

Also, since the formr-rLa did not contain the l-,ayet width as

a measured quantity, this error should be taken into accomt ;

0.28" Iayer L4.3%

0.125" Iayer !.4%

The largest calculation of the error would be acldition of

fha canqrafã Þ1''t'̂ ors g1vlng:

0.28" Iayet - 5.5 + 2.0 + 4.3 = +11.8%

0.125" Taye-r - 6.1 + 4.0 + 2.4 = +I2.5%
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Fron the ther¡nistor readings on each side of the insulating

r\rashers at the ends of the test section, the heat loss axially from

the test section r,¡as fowrd to be less than 0.1 rr¡atts or less than 1%

of the test section heat input. Another error is in the tliei:mistor

nl a¡ama¡+. +1.-+ j q the tenrne.ì atg1e error introduced becarSe thePl4uçl/tçrrL, LrlAL rJ , UrrV LvilrIJUr 4L

thermistors rvere not reading the cylinder surface temperature.

These errors are sma11 and should be relatively constant for all

tests and not affect the continuity of the experilnental points.

2.0 Rayleigir |Jurber Error

The fonnula used to calculate the Rayleigh nunber tvas
+

lD -0.\3 ln -D,\3
zLr.[ '2---]) rvithatandI oo tJ r"ututedquantitiesand

\L/\L!

Z calculated from references, Appendix F. The equation for the

error estimation is as follows:

.2.. -l *

, ( '-ro \2 | r/2- 
\ %:Dil I+=l(4'.(+) ',.(,h

\r
t"

/

Dimensional Error

For 0.28" annular layer

3r.,
"i _5(o.oo4) _nn?1

D-0.__¡-:sEs-__v.vLLo1

3rr,,uo 
- 3(0.020) - n 1rì(

D-:Ð. --¡--65-- -u'ruJ
of

Syrlbols defined in Nomenclature.
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For 0.125" arrnular laYer

1,,,"*n"i _5(o.oo4) =oo4BÐ--Ð. --0750- -v'vr(
o1

"*n-o -3(0.002) =oo?4D -D. - -0.250- - v'v¿'
o1

f'emperature Difference

As in the calculation of the thennal conductivity error,

thê f ênrnêretrrre difference error is as fo11ot^¡s:
LI IV

0.28" laYer = +4.5%

0.125" IaYet = a5-5%

Fluid Propcrty_Error

Mean temperature e'rcor +3%. Error in fluid property

lAnnenrli x Fl +10% .
\]Ï/LJv¡¡gf1.-l--"

@7
n 1n-T - w.Iv

Error in the Rayleigh Nunrber Calculation

For 0.28" anrLular laYer

For 0.125" arnular laYtr

oP r' '? (0.055)2+(0.04s)2+(0.024)z)r/2-a = [(o.or)- 
*

= 0.078 = 7"8%

{'¡D [- )

ì= [o.or1- * (o.o+s)2 = (0.02L)z + (0.10s)zfr/z

= 0.115 = LI.6%
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Horvever, the eccentricity is a significant error and nust

not be ignored; although, becalse of the geometry, the eccentricity

nffer-ts onlv a small nortion of tire ce11, and any eïToT calculation

i s onlv an estimation.

For 0.28" annuTar laYer

3o-ir 3(0.02) - n rnq=D-:Ð. - -¡-:5õ5- - w'rvJ
o1

For 0.125" annular laYer

3co---'r, 3(0.02) _ ^)AD'_Ð. = -Ti750-- - v'L+
o1

Total Rayleigh m.rnber error calculation is as follows:

For 0.28" anr.u,1,.at laYer

For 0.I25" annular laYer

5.0 Significant Error (Precision)

A more practical approach of determining the eÑlerimental

eïToI is to calculate the error car,sing scatter. This approach

eliminates the geometrical error since this error is constant (may

be sligÌrt1y depenclent on fluid niotion). A1so, for an absolute

measurement of thermal concltictivity the apparatus may þ" caLtb-rated

GiD f ? l lt t.t

+ = L(0.11ó)¿ + (rl"lÛs)' )'','
- 0. L57 = 15 .7%

t.oD f ) c1tt.t
+ = | (o.o7a)¿ + (o "24)' )'''nl

= 0.252 = 25.2%
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hrith a liquiC of l<noir'n thermal conductir¡ity in order to deterni-ne

the correction for geonetrical irregularities ; eccentTicity, thermistor

mnllnfìno lrc:fer nlacement. and end heat losses.
, ¡rvøçv!

The contributing factors to the scatter of the apparent

thermal conductivity measr-rrements rvould be the heat input error and

the temperature error giving the folloiving errors (rr'ith a 90%

r-orf qinfr¡'ì'

0.28" layer - !_4.7%

0.125" Layer - +5.7%.



APPENDIX I_I

TEST RESULTS



Test

No.

Power

l{atts
100

10 lA

1018

702

103

1044

1048

1054

1058

106A

1068

106C

10 BA

1O BB

109

110

60 .7

46"8

47 .L

40 "6

37 .4

32.6

33.0

26 .4

26 "4

18. 5

16.5

18. B

78 "0

78 .0

2I.6
23.9

TABLE I_I-1

TEST RESULTS

Glycerine in 0 " 28" llorizontal Annular Layer

AL)

al
t-

oLL

oF

26 .7

24 "0

22.8

22 "4

20 .5

18 .0

16 .8

1¿ q

15 .9

9.6

9.8

10 .5

27 .7

29 .B

Is.4
13.0

At
m

vr
I.

39"0

33.9

33.5

2B.B

27.I
24.5

25.5

20.7

19.7

14 .4

12.B

14.\
L7?

47 .s

16.3

17 .7

t
m

r

32.8

29.0

28.2

25.6

23.8

27.3

27.2

17.6

17. B

I2.0
11. 3

12.3

37 .5

38.7

14.9

15 .4

Z xI0
m

n -l -7
-t.1n

124

125

L25

II7
120

116

L20

110

109

104

102

105

744

145

100

712

'K .'CAL

gtu/oF hr.ft.
4.1"7

4 "26

4.26

3.32

3.62

s "20

3.62

2.60

2.50

2 "71
1.91

2.r7
7.0

7.0

r.76
2.80

0 "r92
0 .1óB

0.I74
0.165

0 .164

0 .160

0.162

0 .156

0.154

0.161

0.150

0 .153

0.217

0 "270
0 " 161

0.161

K

Sytnbols defined in Nomenclature

erloï I(e

Btu/oF hr.ft
1.10

1. 10

1.11

1.0 B

1. 09

1 .09

1.08

1 .06

1 .06

7.12

1 .055

1"08

1. 15

I.I4
r "04
r.07

0.2I2
0 .186

0.194

0.I79
0.178

0.I74
0.r74
0 .16ó

0.164

0.181

0 .1s9

0.165

0.249

0.242

0.157

0 .177

Ke/K NnRy

r.26
1.r2

L.I7
1.07s

r.07
1.0s

1. 06

1.00

0.98

1.09

0 .96

0 .99

1. 50

r"46

0 .95

1.06s

Nlotion

3300

2BBO

2700

1900

1940

15 30

1720

10 30

1000

570

480

600

5900

6 100

600

970

Vêq

Vêq

\/ê c

Vêq

JI-LyJrL

no

c I 'i olrf

no t\lÞ



'l-^^+1UJ L

,-io

Power

iiiatts

1
2

3
4
5A
5B
5C

6A
6B
7

B

I
104
108
t0c
11
1aLL
134
138
13C

TABLE FI-2

TEST RESULTS

Glycerine in 0.28" Vertical Annular Laye-r

ALJ

\Jrr

T6.6
23.7
25 "4247
32.3
32 "3
32.3
35 "0
34.8
34.2
4r.L
60"1
38. I
38. B

70?
44 .4
79 "2
13.2
12.B
12.8

At.
t-

or
-r

11 .5
13. B

15 .5
lq ç

22.0
2r.9
2r.0
25.I
23.7
23.2
26.5
35.2
24.5
25 .0
?\q
26.5
13.3
8.6
8.5
R1

At

13.5
IB "7
1B. s
20 .5
24.0
24.2
22.2
25.5
24.s
25.6
an rL/.J
1q?
28.5
26.r
26.r
29.5
14.6
12.0
10 .0
10 "0

m
t

m

vnr

Z x70-
m

n -1 -3t.1n

12.5
16 .0
17.0
20.0
23.0
23.0
2I.6
25.3
24.0
24.0
27 .0
35.2
26.5
25.5
?\7
28"0
13 .9
10.s
9.3
9.2

r02
115
116
123
122
722
r23
126
131
131
r33
1s0
130
132
133
I27
108
702
r02
103

I{cRl,

Btu/oF hr.ft.

1 .90
2.60
2.70
4.05
3.90
3.90
4 .05
4.40
5.20
5 .20
5.OU
8.0
5 .00
5.38
5.65
4. 50
? ¿-q

1.90
1.90
2.05

0.139
0 .154
0 .156
0 "157
0 .146
0 .146
0.157
0 .r44
0.151
0 .149
0 .159
0.180
0.153
0.158
0 .159
0.165
0.L44
0"131
0.744
0.145

Swnbols defined in Nomenclature

i(eïTor Ke

Btu/oF hr.ft

1 .05
1.055
1.055
r.02
1 .01
1.015
1 .01
1 .00
1,.02
1.03
1.01
1 .00
1"05
1.01
1 .01
1.035
1.03
1.10
1 r-r5 ç

1.055

0.146
0.163
0.164
0 .160
0.148
0.149
0 .160
0.r44
0 .1s4
0.153
0 .160
0 .180
0 .160
0.160
0.162
0 .171
0 .148
0.r44
0.152
0.155

Ke/l( NRRv

O. BB

0.98
0 .99
0 .96
0.89
0.90
0 "96
0 .87
0.93
0.92
0 .97
1.08
0 .97
0 .97
0 .98
1.03
0.89
0. B7
0 .91
0.92

N{otion

530
930

1000
L7 70
2000
2000
1950
2500
2800
2 800
3420
6s00
29 B0

3100
3250
2 830

760
4s0
400
420

no
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
1/f5 q

yes
yes
cl10n1.
ctlûnï
ql1on.l.

cl i oht

t\)
(.rr



.i- (j5 L

i\o

Porver

l{atts

200A

2008

200c

20rA

20 18

2034

2038

2054

2058

20 5C

2064

2068

2074

2078

207C

TABLE FI- 3

TEST RESULTS

Gl..zcerine iir 0.2B" 45o fuinu1ar Layer

Ats

l.

24.2
)\a
23.6

72.6

12.4

11 .0

10.8

s0 .3

50 .1

50 .3

33. B

33.4

39 .1

38 .5

38.7

^t L

r

15 .8

15 .8

14.2

7.7

7.5

7.0

6.2

29.4

28.2

29.0

20 .0

2I.0
25 "0

22 "4

22.r

At
m

16 .0

15 .9

17.3

B.B

B.B

7\

7.4

32.3

74?

32.0

25.2

24 "7

25.4

27 .B

2B.B

t
m

orr

'7 -, 1^¿-\IU
IN

n -'lï, 1n

15 .9

tq q

15 .8

8.3

8.2

7.3

6.8

30. B

3\.2
30 .5

22.6

22.8

25.2

25.r
25 .4

110

106

110

105

101

99

100

1,22

724

725

113

7r2

118

118

119

K'.r1 
^ 

TL-t1!

Btu/oF hr.ft

2.6s

2.23

2.65

2.05

1. B3

r.70
r.75
3. 85

4.r7
4.25

2.90

2.80

3 .45

s.45

3. 50

0

U

0

0

0

0

0

0

0

0

0

0

0

0

0

.159

. 156

.155

.159

.158

.156

. 166

.170

.167

.172

.1s6

.153

.162

. 161

.159

K

Syrnbols defined in Nomenclature

error Ke

Btu/or hr.ft.

1 .00

I .00

1 .04

1.04

1 .045

r.02
1 .055

1.03

1 .06

1.03

1.07

1 .05

1 .00

1.075

1. 10

0

0

0

0

tJ

rì

0

0

0

0

0

0

0

0

0

. 159

. 156

.IOL

.16s

.165

.160

.I75

.1,7 5

.L77

.r77

.167

. 160

.163

.172

.176

KelK NRRy

0 .9ó

0 .94

0.97

0 .99

0 .99

0 .96

I .05

1 .05

1.08

1.08

1 .00

0 .97

0.98

1.04

I .06

otion

950

800

950

580

340

280

270

2670

2930

2900

I470

1440

1950

1950

200 0

Vêq

I ""

\/ê q

t/ê q

\/ê q

I "'

\/êq

\¡êq

\¡ê q

I "'

\¡ê q

l--.
t\)
o'\



'fa^-+IC>L

No

Position

1I

2A

2B

)1

4

q

10

11

400A

4008

400c

401

1000

100 1

Vertical
Vertical
Vertical
Vertical
Vertical
Vertical
Vertical
Vertical

Florizontal

I-lorizontal
I-lorizontal

Horizontal

450

450

Power

1{atts

(ì lvcer^l ne r n (l . 125" Annul ar Laver

At
m

oF
I

TABLE FI-4

TEST RESULTS

32 "2

55 .6

s3.3

57 "7

29.4

37 .6

7L "0
Bó.O

34 .6

36.1

<77

5 7.9

61 .6

77.0

L
m

vFr

11 .0

18 .3

1B.B

19 .6

10 .6

13. 5

23.0

24.6

11.0

11. 5

10 .9

16 .9

17 .4

19.2

-1¿ X-LU
m

o--1. -3rrn

r26

172

144

150

120

L37

180

130

733

130

160

160

180

4 .85

10.00

7 .00

9.00

3.60

s .60

11.00

s .10

s"50

5 .10

10 .00

10.00

11.00

K..CAL

BtuloF hr.ft

Slmbols defined in Nomenclature

0

0

ñ

0

0

tt

0

0

0

n

0

0

0

0

.154

.762

. 151

.r57

.I47

. 148

.192

.IB7

.168

.167

.165

. 183

. 189

.797

Kerrol
t^
lBru/"F

1 .00

I .00

I .00

1 .00

1.00

1.00

1.00

1.00

1.00

1 .00

1.00

1.00

1.00

1.00

Ke

0.
0

o

0.

0.

0.
ô

0.

0.
0

0.

0.

0.
n

hr"ft

154

162

151

157

L47

148

192

187

168

L67

165

lB3

lB9

T97

Ke/l( NRRv

0.92

0 .96

0 .90

0.93

O.BB

O.BB

7.r4
1. 11

I .00

1.00

0 .98

1.09

\ "r2
r.29

Motion

10s

350

250

330

75

150

s00

105

120

100

300

no

c 1i oht

yes

no

no

no

no

c1i oht
300

3s0
N)t\t



'l^-+TCJ L

No

Position

3A

3B

3C

4A

4B

qA

5B

7A

7B

Verti-ca1

Vertical
Vertical
Vertical
Vertical
Vertical
Vertical
Vertical
Vertical

450

450
n -O+)

450

Horizontal
I-lorizontal
Horizontal

TABLE I-I-5

TEST RESULTS

i\'ater in 0.125" Ánnular Laycr

Porver

lVatts

At
ill

rì
r

41 .0

47.2

40.6

48.3

48.8

59 .9
qq6

85 .0

83 .0

63.9

59.7

85.t)

86 .0

78 .0

81 .0

B4 .0

L
m

orr

6.0

6.0

5.5

7.r
6q

8.9

7.7

10.3

8.5

7.7

6.4
8.5

9.0

7.7

7"7

7 "4

-\¿ XIU
m

o--1. -3¡ln

1004

1008

1014

1018

2004

2008

200c

L23

T?6

127

135

138

154

153

157

160

155

I{,.CAI,

Btu/oF hr. ft

1"90

1"95

1.95

2.07

2 "r0
2.35

2 "32

2.40

2"45

2.s6

2.20

? \¿.

2.sB

2.42

2.sB

2.60

0 .37

0 .37

0.39

0 .36

0 .38

0.36

0.41

0 .44

0"52

0 .48

0 .50

0.53

0"51

0 .59

0.57

0 .61

KeïTor

Synrbols defined in Nomenclature

Ke

Btu/oF hr.ft

1" 00

1" 00

1" 00

1" 00

1 .00

1.00

1 .00

1 .00

1"00

1 .00

1.00

1.00

1 .00

1"00

1.00

1 .00

0 .37

0.38

0.39

0.36

0"58

0.36

0 .41

0 .44

0.52

0 .48

0 .50

0.53

0.51

0 .59

0.57

0 .61

Ke/l(

159

L70

172

NRRv

0.98

0.98

1 .05

0 .96

1.00

0 .94

r.07
7 "14

I.28

I.25
1. 50

1. 58

1. 31

1.53

r.47
1.s6

Motion

2200

2300

2 100

2900

2 800

4100

3s00

4 800

40 50

3300

2750

4200

4500

33s0

390 0

3750

ì¡ê q

1rê q

\/ê q

\Tê q

veq

veq

\/ê q

Vêç

\/ê q

\/ê q

Vêq

ì/ê q

Vêq

veq



'l-^-+IUJ L

No.

Position

1

2

7J

4

5

6

V-ertical
Vertical
Florizontal
Horizontal

450

450

Power

I\ratts

TABLE I-{-6

TEST RESULTS

Air in 0.125" Annular LaYer

m

35.8
?q. /i

34"8

34 "5

55 .6

35 .6

L
m

orr

111

712

90

B3

92

93

.7 
- 1ñ L

LAIU
m

^ 
_t -\F]-n

18s

185

180

180

180

180

LIII
T

l{atts

2.9
?q
1q

3.9

<q

3.9

1(cRl

Btu/oF hr.ft.

H, - Heat transferred bY radiation

Other slnrbols defined in irlomenclature

4"3

4.4

3.2

2"9

3.3
7\

0.154

0"150

0"189

0.208

0 .190

0.188

Ke/K

Btu/oF hr.ft

0 .86

0.84

L.07

1. 18

L.07

r.07

NRRv Motion

90

90

70

65

70

70

no

no

no

no

no

no

t\)


