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An experinontal analysios of coﬁvectivo hoat transfcy
with foreccd flow of fluids through nn clectrically honted,
long vorticsl tubo is reportod horo. ‘

Tho rongo of flow in tho presont vwork varied froo
lominar to twdulent nnd tho fluids used vere wator and
air. For lov flou rates with wotor the ianfluence of
freo conveetion (usunlly noplected wvhen considcoring
puro forcod flow) 15 considarablo and tho ¢anso beconmas
that of tho combined forced nnd freo convecetion. Tho
transfer of haont by such a flow through verticnl tubo
{moro goncrally in vortical closed chamnclod) with o
flov parallel to the direction of the body force if.c.
pgravity or contrifugal), is quite common but it iz only
rocently thnt investigatliom have beon made in dotormining
tho charoctoristies of such a sysiem. Possiblc uscs
in nuclonr reactor, turbino biade cooling ond cortaln
heat amchange apparatus have crosted nev Interests in
thio fiold of heat tronsfer.

Tho apparatus wrs decigned to fulfil tho folloving
objoctivaon:

1. To dotornino tho averapge host tranofor coofficiont
for vatoar and air flow through the tube at
vorying flou ratoss

2, To study tho offcct of froc convection forcos
on tho farcecd flowy and

3. 70 corolnte froa the tost regults the dlmension-
leos ﬁﬁsselt nnﬁbcr,;%eynnl&a pumbor and Prondtl
marbor for tho typo/flcw considoycd.



Tho caso of forcod flov hont transfor has boon thoorow
ticanlly and oxperimontally investigated by o mmber of

rogoarchors (1 o 6).

0.Reyndldg, L. Prandtl, T Ven Karman, L. Graotz,
t.llusselt, M.A. Lovequo, A.P. Coldurn, E.l. Sioder, Geo.
Tete nnd H.F. Copo oro sonc of the onrly workors in the
fiocld of conveetivo hoat transfor, They have gontributed
. eonsidorably to the undorstanding of forced flouv phonomonn.
'Hoynom‘s nnalepy (1874) was inprovoed by ﬁrfmdtl nad tho
cdditionnl rufinomonts veia mada by vdﬁ Raerman {1939),
Boolter (1941), Hartinolli (1947) and most recently by
Deisslor (1851 and 1954). Tho mathemeticnl theory for the
typo of flious in tho prosent work has boon prosonted by
R.Ce Hartinolll and Boeltor, G.A. Ostrommov, 5. Ostrgch,
MeJe Lighthill, Y.l'. Rays(d), V. Juosolt and others.

A reoarkable poper roviowing tho main dovelopnents which
havo rosultzd in the formulation of hopt transfor neross
‘turbulent incompressiblo boundary layors has doon rocently
progonted by J. Kostin & P.D. Richardson (85).

Inforuntion rbout experizonts with forced flov has
bcen given by E.R.G. Bekort and A.J. Digguila (2), J.A.olerk
cnd H.lle Nohocnow, B.IT, Sieder and C.U.Tote, T.l.Hallman(3),
2.3 Cdo{1) ond othors. |



Loforenco 2 hac givon n roviow of avallable infornation
about tho oxtporimonts on nixed flov conducted ot UACA
loboratorios and cloo=whoreo. Hallpan (3) has contributed
a good donl of information on the combined forced and
frco convoction through vertical tubes in his Ph.D. vork
ot Purdue Univergity. Recont experimonts on foréed hont
transfer conductod by A.J. Lde (1) at Hetional Tngincoring
Laboratory show somz sgrecmont with the results of tho
prosonvanrk‘ |

| Rofaronces of Desmon and Som's recent experiments
on air flow, Bernardo and EBlan's rosults for vater nnd
othor quuiﬂgttgfaﬂgh olectrically hoated tubes have been
given by He Adams(l0).



Tho fiuld cotion can bo Ainducced by two procorols.
Shc fluld oy e o0t in rotion o8 n rosult of donaity
ajgoferoness or bucyaney duc to tcoporature variotion, the
roghonden Delng called freoc or mntural convection. Yhen
tho rotion 4o ¢puced by some extornal agoney ocuch as
. puzp or blower, the heat fronsfer is csuscd by foreed
cerwoetion. actually such buoyancy forecs src ~luays
prccont in thoe forecd flov hoat trensfor os well. Usually
they oroe of gnaller ordar of‘négnitade than the extoranl
foreons opd noy be nogleeted. In cortoln onginooring
crplientions, zhowever, this estnot Lo dons. It was for
ingtance moried guite oorly that tho heot exehanse in
oll coolcrs ote, wnore leninse flow is cmployed, 1o
affoctad porkodly Ly freo gonveceticon curronts suporposed
to fercod flow. Mrec convoction cannot e noglectcd in
cuch cages vhere low flow volocities orc crployeds. 1t 1o
conmatinos ceoncaically nmcﬁssaryvte accept lov floy
volocitics in hoat cxchango opporntus oven with o sonller
beat Srapsfer cocfficiomt o roducce the pumping pover
roquircmonts. £ forecd Ilor with high volceltlos 1o of

CGURrSO very cormon in onpinocering applicotions.

Tuocolt socos to have firct applisa (1902) the
prineiplo of dircnoicanl girmilnrity to the £icld of hont
tronsfer in his tuo papors, ono devotcd to forecd sonwactioen

o
and tho other/froc eonvoetion in goncral.



Applying his onolysis ¢ a relation for froc convection
involvinz throo inportant dimonsionloso numbors 1s obtainoed.
ftu = ¢ (Gr, Pr) £x) P (1)
This oay bo put in the fom
Fu = G. Ge2. PrP whoro a, b, ¢ arc constghto to bo

dotemined exporincntally for a particudiar goomoltry of

tho gyoten.

In onginooring practico, tho {lugsolt numbor for
tho flov in clogoed channolg 1o usually ovaluated froa
caporical oguations basod on experimontal rosulty,
although in rocent yoars scal-agsalytic methods of gpproach
havo nade considorsble stridos towords on undorstanding
of the bansie principles of foreed convoction in tubos ote..
Froa tho dinensional analyslis for the case of foreed
convoction, tho oxporimontapl rogults obtalned can bo
corolated by eguation of the form.

o 1 T EAGpR PO i I8
foro tho Roynolds numbor ploys a similar influoncing rolo
to tho Grashof numbor in froo convoctlon. In bolth tho
¢agog Prondtl nunbap, o gmpnéty of tho substoncolns on
adiitional influonco. Constents ky 0 & n are difforont
for turbulont ond leninar rongo.

¥Lo.J 11 CHAITISH :

It ig knovn thot, lilie tho volocity boundary layes
in o fluld flow dus to g body surfoco, thore 1o & thormagl
bmmﬁai'y loyoer cooprising o liquid pogion withio o saall
dintenco of tho solid-liguid interface whieh Lo rogponsiblo
for tho tronsfor of hont froa tho solid to tho fluid.



fithin this liguid leyor, tho tcaporcturc chonsos froo
a valno 8y at tho intorfaco to a valuwo €p in tho fluid
bullr,

G. Kroujilinc (1938) vas gpporently the £irst to uso
tho following heat flov equation of tho thoroal bourmilary
layor for hoat trancfor calculationo:

= j: “o-t) way = oy e @)

This oquation holds for lghinor as woll as tupbtlont
flows end has beon derived umdor tho asosunption of conotant
trongsors propartios of the fiulds It con bo ugscd vhoro
th.c variotion of transpert proportlios with tcuporaturo is
gunlly hovevor tho range of 1to validity con bo oxtondod
by introduecing of suitnbly choson acan vpnluos. A falr
troatuont of bourdary layer heat flov ogqustion is givon
by Betart (11). | |

For o fully dovoloped flow in o tubc mn egpmxinaﬁc
¢calculation of heat tronsfor may bo nedo by assuning the
tasporgburc profilc to be a cublc poraboln in the Lorm.

o= ay + b‘,yg < elya seesven ()
thers y ic tho distaneo botwoon tho tube wall and an
olonent conpldorod in the fluid bulk and an b'& ¢, oro
constento.

Conpidoring tho haat tronsfos coofficient baoed on
tho toopor: turo difforoncs botvwoon/avorage tcaporoturo of
tho fluid bullr (ty) and the vall tomporaturo (6,) Ldkort

(11) dorivos o oinplo rolation vis,

¢ Prongport propertios of inportonco are vipeosity and
thernnl conducdivity.




Im = % = 4,12 .o...go‘;v" | (5)

Hoot tronsfop from the walls of tho tubo éaa algo
ecleulatod by Gratz (1889, 1826), Collondog (1202), and
Dusoclt vith Navior Stalios eguations, continuity ogquation
ond cnorgy oquation, Uith this proccduroy, for a uniform
host flux froo the vall (q) and conotant flwld proportios
(k) ond a;tcnporaturo-d&ffar&nmoﬂngatwocn that of
avorngo fluid bullk and tho wally; a olapleo relatlon rosulfio
vig.

Iu = 4,36  eeeees (8)

Host oxporinonts conducted in thls fleld with
cortain flulds do not agros well.ﬁith the repulipg from tho
‘abovo cquntion duc tos

1) tho offect of variation of wvigcosity on tho volocity
ond tomperature profiloss

2) cddles camsed by tha freo convection offcets at loy flov
velocition; and

3) sbooncs of fully dovelopod flov.

Theorotically, tho Lussolt nwabor is roluted to
{Ro, Pr, d/l,);ﬁg by o conplicatod oxproosion vhich Cay be
roprosontcd, approxinatoly, by an infinite sorlog. Boforonce
(13) doseribos for laninar flovw of ne&tonian fluido on !
gaiporical oquation vis. .

n = o' Ro. Pr. a/2,0° (A90%  eeiil (70)
An omporical oguation suggested by Slclor and Toto hos also
boon widoly wnod for liguidog

M = 1.85 (Ro = Pe . 4/1)7*33 (45)0:38  _ (ap)

fac
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4 theoretical oguation of heat trensfar for a fully
dovolopcd turbulent flov as derived by L.anﬂtl & 6.1,
Taylor is

- ..%
8¢ = v (Ro

B - Koffman gilves & rolation for A in tho gbovo

squation; 4 = 1.6 Pe~ V8,
Bocouso of the complicated distreibution of tomporaturc in
- turbulent flov a preciso functional rolation of the fora
of oquation (2) comnot bo obtaincd, Roforoncc(13)
montiong, in a somi-thcorotical mannor an oguation of tho
foras

M =K Re®, pri esess  {(22)
Bosides theorotically founded rolations omperical formulas
havoe also beon presented. Dittus and Boeltor gave a well
knovn mlétian foé long pipes. viz.

Fa = 0,023 Ro¥8, pr¥ L eeess (O)
for 10,000 £ Re { 120,000, 0.7 {Pr {120, %) GO.

The phyoical proportics have boon ovalugted gt tho
ooon bulk tomporaturc.
For gases Pr has valuoo ranging from @866 to 0.30 ond tho
oquation (9) tckos an approxinate form

fu = 0,02 808 esee (10

e serort(3l) cantions o conotont of 0.0%é in oquation (2).
Sono othor invostinotors havo suggosted g conotent of 0.021
and 0,018 for gooco ohd 0.025 ond 0,027 for liquldﬁo



Fichondon ond soundors (?) havo teken o valuo of
0.75 for Pr.for gﬁsea ang.givan
I'u = 0,028 fRo.gf%
= 0,028 (Po.) esse  (12)

gtrictly, for similarity, tho ratio of pipo
dlgmetor to length (d/1) should be includod in cbove
oquations but thoe compurison of rosults for differont
valuogs sholts that tho povwer of {d/1) is only about 0,06
o that for the ratio 1/4 above above 10 it can, for
practical purposes be neglocted. |

The farous Martinolll squation for uniforn hogt
flux is of tho following forms

B¢ ooy (Pr oTa(145 Pr.)+ 0.5 nnam In § ;
r <In{1+5 Pr.)+ O. T
Toto %8 IZ)

v ooaotbti(m
where £ is the friction factor and NDR is the

ratio of diffusivities.
Attenpt will not be made to compare all of these
relatlons with tho reoults of tho progont work; hovever

ono or two roproscntativo relations nay bo considercd.

HI XD F1Od #UsTIORS

In this caso, with upuard flow of fluids through
tho tubo tho Hussclt numbor obtalnod is groator thon tho
puro £orecd convoetion valuo of 4,38 indicating thagt tho
upvrard £lov, tonds to incrcaso tho heat transfor.



—10 —

Hixed flovw region is usually dofined as tho rcgioh
in which tho hoat tronsfer differs by more then 108 fron
et one obtalned with purc forecd flov or froo convoction
pelation. licsdan®s proposed to calculato the heat
tronsfor coofflcient both for foreed convection and froo
convaction soparately ond uscd theo lurger veluos llpasurod
vonlues obtaincd for tho flovw through vortical tubos did
not doviate by more thon 255 from the values calculatod
by tleAdam'g rule.

Dimonsional anslysis for mixed flow glvos a
relations
fa = @ (Rey Pry; Gr) seoe -(13)

Hallman's (3) anelysis involvoes tho product of
Prandtl and Grashof numbers (Gr x Pr) known as Rayleigh
nusbsr (Ra) vhich is = measure of the oxtont of froo
convective effects. Ho proposed a relation for [lusselt
nunber ags a function of Royleigh nunber,viz.

Na = 1,40 (Ra)O+2B cere  (18)

for 100 < Ra, < 10,000
but rcaaris that/oxparmuntal data of othorg fall belou
that obtailncd £roa equation (14).

Tuo coro receont oxporimonts by Groos in his Ph.D.
voris verc designed for purs forced convoction, but
Rayloigh numbors vore high enough cnd shoved significont
effoct of £rco convection. Grooo's data shov a large
pcattor from tho valuo of Ilu of ¢.38,

Roforcaco (2) mentions the eoquations distingulishing

tho freo cnd forced flow reglong.



For the limit between free and mixed flowj X

Re = 7,39 (ar)”*3°
and between forced and mixed flows
Re = 19,64 (Gr)o'ss sece

These equations were offered by S. Ostrach.

A«J.ide(l) suggests;
Bu = 4,306 (1"0606 Gro‘s) ewve

for laminar flow of water.

(18)

(16)

(17)



THE PRESENT. HORK

Tho present thesis 1s ained at studying tho foreed
convective host transfer for the fiulds (ﬂhzcr and air)
flowing through an eloctrically hoated, oxternally
insulatod vortical tubo by ovaBuating Ro, Pr, I'n and
Gr for tho varying flow rates of the flulds, applying
vorying heat fluxes. Theo heat transfer coefficients
are basod on the solid-liquid interface area ond the
mean wall to fluid bullk temperatwro, tho transport
properties being tnken at tho mean bulk tomperature.

1. The fluid moticnis steady {(laminar, transient,
or turbulont).
2. No radipl or tangential velocity components exist.
3. Temporature profiles within the fluid are fully
doveloped.
4, Vartiation in physical propertics of the fluids
vith tomperature are very small.
) 5., o voluzo hent sourees are presont in the fluid.
G. Tho hoat flux applied 1s uniform for ono sot of
roadings.
7. Tho tomporature gradiocnt in tho fluid dulk
nlonz the longth of the tube is constant.



S X P BTN G

Tho objaoct of tho ozporincnt vas to obtain doto o
ackeo en anolysis of tho foreed convection heot trensfor for
flulds flovwing upwerd through a vertlical tubo., The flulds
ugsod woroe wator ond olr.

| The agpporatus vas ingtruscntod to dotormines

(1) the flow rato of tho fluidj

(2) tecaperature variction glong the wall of the tubs;

{3) hest input to tho tubo; ond ‘

{4) inlot and outlot fluld bulk temporaturos.

4 schenntic flow dipgron appoars as Fig.l1(s) spd
a photogrophic view as Fig.l{b). It consisted of on oloct-
ricolly hested thin valled stainless otoes) teot length
{tubs) and tho assoclabted oguipnont.

Tho total lmgti of tho tubs was 9' 1&'9 Tho tost
soction length was 7' 9°. Tho tubo was 3% 0D with .0338"
uall thicknosse. Lonnth to digzoter rotio for the tost
poctlon wao 2%3. This rotio (L/D) to estoblich tho fully
devolopod flov uan okez chood of test scctlion was 12, But
as tho connceting pipo was also of tho sazae dizaotor as
tho tubs, it vas assunoed that tho flow vYag alropdy fully
dovelopced.

«In faet tho totol tubo longth wos obtoilncd by connoceting
tuo pioccos of stoilnloss gtool tubo by o brass bugh, soo Fig.2.
Tho longth covorcd by tie broos buch vas not congidercd in
tho toot lcngth, bocauso of its nezligiblo rogistines ag
coapared to ot 088 gtool,.

4 Effoctivo longth of tho tost soction.
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Fig. 1(b) A viet of the complete experimental
set up




Rra: sk /‘h

T
I”

s

-

]

I

oo

b

- looden Piat:

ooy

! u |

3 ;.-_*{1',.______{,.,(” 9/__:

Brass Conduchor

)

| I
I
;

Yo

o
. .
S |
! " |
k +
. n
l 2
b ' L
L ez N
: o2 B
. i .
(' !
! 1 |
. »
! !
l )
— !
1
l | “ r . o LLIGF'
b -:’”. & M R aRd B n o
T‘;‘l‘j‘? '»‘.* :'q‘ 5

R : \ y i) o ‘. L‘\"\S.




Tho togt goction ond tho uppor port of the tubo vpo
woll inoulatod by 45 aobostop ropo insulntion to roduco
tho hoat logs to tho surroundings to o mininud,

7 .
Jater oupply Yoo nade £ron tho teop fitted noar tho
ozxporinontal cot up. Two valvos in sorlos woro uscd to
rogulato tho vator flouv., Plastic tubing 7 ID uas connocted
Iron tho taop to the tube at inlot and froa tho tubo to tho
volgh ton at outlot. Flow rako of wator wos dogsurcd by
on 4very volgh tont whlceh was accurabc enoush for practical
puUrpocas.
Mr oupply upo cado by on alr comprosgor (0-100 poi )
at modorato prossurcs (20 psil ) end flov reoguloted by a
valvo in tho 1inod air was olloved to discharged £ron the
uppor ond of tho tubo.

The tube vas hoated by tho passago of electrical
. carront along tho toot length. Soo figure 3{a) for olectri~
cal diggran.. 4 photogrophic viow 1o givem in figurc 3{(b).
Sinco n osinglo transforaor $o produec lovw voltono and otond
high currcont vas 0ot avallabloy, throo tronsforaors of tho
. opoeifications givon balow vors usod in norlos.
Io.{1) /iuto troacformcrs  Ppinory - 230 Volts
Socondary
varioblo - O -~ 270 Volts
Caprcnt
capacily « 8 fapo.
I'0s2. 0%0p down tronsformors Prinary ~ 230 Volto,13 (fopo.
Socondary - 110y, 8656, 20,
16, log 6 Yolto.
current

capacliy - 27.5 aps.

¢ A Uetubo put ncross tho topt ccetionm (£illcd with morciury)
sorvod as o check in rogulating tho fluld £lcv.
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Fig. 2(b) Shows the insulated test section.
The arrows indicate the locations
of thermocouple Junctions.

Fig.3(b) A view showing the power supply
system and thermo electric circuit.




Np«.3 <elding trunsforaer: ¢riaury - 230 Volts, 37 .aps.
eoconiary = 4axe curicent
cuapacity 10 ..aps.
at 2b Volts.
This arrcangenent facllitated o glve a volisge upto
a naxinun of & volts on tiue tast seckion. ilisher voltages
couald not be obtulnei because of tiie limited cucrent
corPrying capacltiss of the tounsformemsuusber 1 and 2.
Hezt fluaes ceroe varled by adjusting voltuges to © volts,
4.8, 3 onnd 1.6 volts for runsg J4ith Wuter und 4, 3, 2 wud 1
volt for ruang with alr.
To acusure tie pover supply ah r.l. voltacter
{0 - 10V) vas pubt across tis test saction. Tho$ ect section
resistanca including the conductors wus found to Le 0656
Ghns, This vas mogsured oa a double bLridge in the clzetrical
Rnagsurant leb. It was agssuned that ko rosistunco dbes
not v.ry vithin ths touwporature ring2s involved. & cieck
was M40 on o Deasureaznt 2f oouvcrk susply Uy 1ncra&uc1ngﬁ
an axloter (0 - 20 .mps.) cormnectad to tias scesndary of a
curpant trausfoiaor, tas prin.rey of wilch was connsceted in
sarics with tho taost section. It wus obaopves that the vuluos
calculate&tgiovoltmetar rosGings (ve/4) and thoce calcul.uted
by amctier]s resdings ware practically the sgie. Keasx
bBrass conuauctors were designed o supply Lha power
to the tast ssctlion gs well as to support the tube L tae
Uppar el Sie loser snd of €t ne test section. The arrangement

hag becn siown in Fig. 4.

b S LY e | :
'='{i-~uv»:l VI E YR

veppdr congbintsn theraocouples wars usosl L0 Agusure
the -all ismperatures on tide test section ani ini=t and outlet

fluid bulike temperstures. «11 the wirss wara 30 guuge size.
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4 conventional thornocouplo cireuit consliosted of
1) T.C,. potentionoter (Rayeeos)

2) Hoving coil galvamneter with Xc2p ced oepdl .
aeronncicat.

3) Utondard coll 1.0183V,
4) sccuulator - GV,
§) Thoraoesuple poloctor switeh.

G) A thopaosflagh contoininpg i1cey, os tho cold
Jurction (32°F).

7) Eaya ote.

veB.fom. of thoe thormoesuplos vore Deosured by [jull
gothod in which tho recdings aro tcon vith po current
£flouine through tho circuit ond Chuo thoy are indopondcent
of the locd length cnd of tho rosiotinco in tho tharmo-
“couplo circuit. A calibrotion undor those eonditions is
‘aop:macnt only on tho cozmpositlonn of tho noetals used, the
tonporature of tho stmeziana, accuracy of tho stcnﬁard
coll and tho unifornity of tho rosistonce wirc.

Four thernocouplos connoctions vors nade on tho tosg
soctlon ac showm in Fig.2. The teot soctlon vag aivlaéd in
four ogual parts of 1' 113® oach ond tho thorzacouplo
Juaction Yan put at tho contryo of aoeh cuchh part. 0Ono
thorocouplo junction van put on tho ¥oll of tao tubo 3%
bolov £from tho otorting of tho tost scoetlion cnd ono 4% ghovo
tho ond of tho tost soetion. IFor nll practliecal purpopas,
thago thormsesuplos indiccted tho teaporoturos of thao inlot
ond outlot fiuid bulk. In caso of uip Clov, houcvor, tho
thaormoceouplo junciion v=p imgortcd i.n tho tubo t.o o depth
of cbovo 4" froa tho upper ol of tho tubo to noasuro tho

lcaving bulk todporaturo raro procicolye.



Tho thorzocouplag wero colibeated for tho tcaporpaturs
rongos cncountopcd in tho oxporincats by ucing o hot vatop
tonk oo thao hot junctionm. 4 photograph of cuch a eclibration
gpprotus is ohown in Fig.G. It vags obsorved thet ¢ho
valuoo of 0.0.f.0. a3pcad Lolrly wvith the valuon given in
LS elrcular 831 (17).

G

WAP. LT 300,

236 30!

The data woro Lckom in tho following mannors

1) First ths flov rato vap ostablished. In caso of
wator tac quandisy vao peasurcd in tho volgh tank for 30
aipusog poried. .

2) For a particular flov rato tho @axinus heat
flux wasp gpplied £0 the tubo. HRocldlngo vore tgkion for oll
tho thormocouplos after the ptoody stato was ostabliched,
Doraally tho time roguired for stoundy stote to bo osteblished
vac obout 30 ninutes. Tho hoat fluz vas thon roducod and
tho procodure reponted. In thigs mammr tho data Woro
obtolncd with difforent flow rates ond heat fluxos.

In case of vator Doynoldsnuznber rangsd frox 270 to
15,100, ilighor Roynold nunbors vorc sot obtalnod becauso
of the liaitations on tho hoat flux veolue. For olr tho
Roynolds nudbors renged £ron £,400 to a poxinun of 60,000,
Hith air at lov Roynoldsnunbops the corrcetisns vere of
coaparablo mognotiades to $ho Srus hioat troncfor ond
congoguontly no vortivihileo rosults woro obtuined. Roynoldg
nunbors highor than GD,000 could pat bo obteinoed bocause of
the incepocity of tho codproscor to giva a stoady flov ot

hizh £lov patcse.



Fig. 5 Shows the apparatus for thermocouple
calibration.



DISCUSSION OF RASULTS

Tho pogults of tho oxporincat cnd tholr discussion
will bo progsentad in the following paragrapﬁao Tho
pooultpo Qrvo Doom tobuloetcd in Appondix B ond o scaplo
colculction haog boon givon in Appondlix Ce.

Tho rcoulto could dbo bost intorproted by studying
tho £ollouing curvos drovn frod tho tent reogultos

1) . plot botwoan LwPr?*% Vs, o.

voth for wator gand plr for tho cntiro flov
rongoo involved in tho oxporinont;

2) 4 plot hotuoean L%’—Ei 351 and Re.- for
FreGr

icaingr flov of wator.

3) A plot botveon Fu Vg. E/d and © Vs. X/4 to ghov
tho variation of heat tranafer along tho pipo
longthe.

Fig. (6) has boen plottcd to shov tho variation of
twpr2°¢ uith Ro for tho ontiro flov rengos that could bo
covored duping tho oxporiicnito. To obtaln guiltablo
rclations in tho forms

Lu =K RoB pr® for vator and alp £louy;tac convontion

ig to plot Iuw/Pr® cgalnct Ro on o log - 1OF popor.

. otudy of tho popults of theo oxporincats conducted
by othor invootlgatdro sungootcd tho cholco of o B as 0.¢.
kigupo 8 povonls that tho mothod of corclotion im tiuo form

acationod abovo 1o peaconably succoosful.,
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in tho leainar ronge for woter,a significont scatter
can be narked at lovw values of Ro. This ¥Was duo to
the influenco of froe convoction dua to tho variation
in heat fluxes. This influenco 1s discussed lator.
Data for various heat fluxes have been distinguished in
tho Fig. |

In the transiont rogion (Re = 2300 to 8000) for
water, Muypro?
and some scatter is marked in this region indicating
that there ic no congistant varlation of I\I&t/Pr’:’“é with
Re.

seems to increaso gt g much higher rate

In the turbulent range, both fors wator and air,
the scatter in thé data ip wuch leoss, and straight linos
could be drawn, averaging the data to obtain the suitlable
corelatiang. It can bo marked that the data for water
fall above those for alr indicating that in case of water
the offect of free convection may be significant.

Pig. 7 13 a plot of %vs Re: for leainar
rongo for vuater. The chief intereat to study this regilon
lios in the investigation of influonce of froe convection
effoets on forced flov hoat transfer. It can be noticed
that Iu 1ls alvays greater than 4.36, the theoroctical valun
for the case of purc forced convection., In thoso oxperi-
monts tho minimun voluo of Ku obtalned was 8.0 Hallmon(3)

obtained a amininum vaolue of u of 4,62 in his experineonts.
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Llou convoetion, The intensity of frec convoeetion effoct
can bo cstinated frca the volues of Gr for thoe flovw.

Tho data of ‘Eckort and Disguile (2), Hallmen(3)
and Bdo(1) suggost a corelntion betwoon In & Gr for the
mixed flov. Unfortunately, no consistent variation of
Hu with Gr is noticeable in the rosults of thio thosis.
This 18 probably due to the low valuos of Gr obtalned in
tho presont work. On the othor hand variation of I:m.lt?l'c“‘43
with Re seems more roasonadle, but still falls to give
o diroct corelation betwoon Hu/Pr@+% and Ro bocauss of
the large scatter, dueo to Irec conveoetion cffects.

Lack of voriation of Hu with oither Ro or Gr suggests, -
that for tho typo of the flow involved in tho progent
oxperiments, a better corcatlion mipght be expected by
considering tho influenco of both Re and Gr on the heat
tronsfor. Such an expeetation 1s woll supported theorce
tically, but tho author has not come across an empiriecal
rolation in this form. After long trials, the author |
has boon succossful in gotting a corelation which involven
Mu, Roy Gr and Pr for the mixed flow region. |
Pig. 7 10 a result of theno trinls and revoals that the
attompt is reasonably succossful. Tho data in figure 7
can be corolatcd by an equations

€87 Nu = 0.0298 Pr. Re¥+33, gp0-1 veoeesses £20)

Cut T EITY OF B
O J'fy m

Thio oquation exibits that tho influenco of Ro, for tho

type of flow involved on the hoat transfer,is more pronounce:
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It can be geen from Fig. 6 that for turbulont
ronge (Ro > 8000) for vwater, tho rosults are closoly
corclatcd by the oquations |

Nu = 0.024cRo.  Pro+4 cees (18)
but tho data obtained with air are not reconciled
~ with thosc for vwator.

Tor alg tae corolation obtained for turbulent range is:

a = 0.024288  .Pro*? |

or Iu = 0.0RcsRE ° ceas  (13)

As already mentioned, tharo a number of formulos
which can be cospared with these results e.g. the familior
oqu@tionz _

Mu = 0.023 Re**2. proe? vess  (9)
invhich the physical propertles have becn tagken at the
mean bulk temperaturo. A lino corresponding to this
cquation is dravn in Fig. 6. This equation serves as
o comprise between the datn for water and alr but does
not ropresent either precisely. The slope of thig lino
1g soxevhat different but the df¥screpancy is not serious.
It should bo mentioned that this oguation was rcconmended

for highly turbulont rangoe only.

The highor values of ggbfgr vater nay bo due to ‘
tho effect of freoc convection prevalent oven in the
tubnlen® ronso involved in tho pkosanb expericont. fThis
stutcaont could bo supportcd by tho fact that oven at tho
higheost flov rato (Re = 15,100) tho magnitudo of tho Gr.
vas of tho ordor of 4000 for wvator.
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elr ,
In case of/flovw the magnitude of Gr are small and

the effect of free convection is negligibleg the data for
alr thus fall below the line for equation (9).

Fig. 8 represents the variation of Nu zdem® and &
along the length of the tube for a particular run using
water. A little higher value of Nu at the beginning of
the session may be due to the entrance effects in the
tube. For the rest of the length a very small increase
in Ku 1s noticéd. This mgy be explained by the faet that
there is a decrease in the viscosity of water as the
tempe;ature albng the length of the tube increases, whiech
in turn increases Re @nd hence the heat transfer coefficient.
A ecorresponding water to wall temperature difference () Curve
1s also shown in the éame Fig. F¥or lbwer heat fluxes,

of course, this variatioﬁ becomes insignificant.

In case of air also the variation of KFu and @ shows
the szame trend as in case of water inspite of an increase
in viscosity of air‘ﬁith the temperature. This interesting
fact can however be justified by noticing the faster |
lncrease in the value of conductivity of gases as

'éompared to the viscoslty as temﬁerature increases.
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The data have boon obtaincd for the upward flov
of vater and air through an electrically heatod,
oxtornally insulated vortical tube,

The hoat transfer coofficient for wator in tho
lominar range, varied from 56 to 100. In the turbulont
range 1t varled from 800 to 1500. For air, those
coofficlents ranged from asbout 6 to 60. .

In the laninar range for weter the data is
corelatod by an equation

Na = 0,0238 Pr. Re0°33_ gp0e1 eere (20)
For turbulent range of water the Qquation obtained 1ss

Tu = 0.0‘246&%3"5’:0‘6 S sees (18)
For turbulent renge of alr the equation obtained 1s:

M = 0,00%5RE | | vose (19

The reosults shov p significant cffoet of free
convection, particularly in laninor range of vator.
Equntions 18 and 19, compare favourably with tho well
imem equation P.
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MENCLATURE

Length of the test scetion - ft.

Inside dia. of tho tube - £t

outside dia. of thae tube - ft.

Cross section area of the tubo - f£t2 SYTAPO

Surface aroa of the test sectiom - £t.2

Heat transfor coefficiont BTU/hr-deg.F. = ££.2
Thermel conductivity of the fluid BTU/hr-deg.F - ft.
Specific heat of the fluld X f€kshex BIU/1bp-deg.F.
Dynamic viscosity of the fluid lby/ft.hr.

Kinomatic viscovity of the fluid £t.2/hr.

_Qverage fluid veloeity f£t./sec.

Mass donsity of the fluid 1b,/rt.3
Coefficient of volumatric exponsion 1/deg.F.
Thermal diffusisévity = K/ fep
Acceleration due to gravity ft./sec.?
Any temperature deg.Ff.

Temporature of tho fluid bulk%gfﬁ.F,

tbo - Inlet and outlet fiuwid/temperature
Temperature of inside wall surface
Temperature of outside wall surface
YWelght flow rate 1lb/hr.,

Axial distance sldng the tuboe - ft.
Wall hont flux = BIU/hr. - £t.2

Thormal energy rise of the fluild passing through
the tost scction - BTU/hr. or nmin.

Voltage across the test sectlion.
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Re

gr

Ra
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Current passing through the test section - Amps.
D.C+. Resistance of the test section.

Net electrical energy input « BTU/hr.

Heat loss to the surroundings - B8TU/hr.

luid towmll temperature difference

Mean fluld to wall temperature difference

C'Témp, of culer & inter tube durtace s prachcally 9amc:)

Reynolds number = Y42

/_,,'
Prandtl number = 1(:‘.5 M

Kusselt number = hﬂ

Grashof mumber = gﬁﬁ'ﬂi_ﬂ

M‘L

Rayleigh number = (Gr x Pr.)
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~ Tho tost scetion length = 7.7 ft.(effoctive)
Outside dia. of the tube = 0.0416 ft.
Insido dia. of tho tube o 0.03645 f£t.
Insido surface areas of tho tube = 0.888 sq.ft.
Cross gectional areca of the tube = 0.1503 sg.inches.

Floy rate = 1,05 1b/nine.

Avcrage velocity of the flov = g_ﬁi r ,6.16’31 _5%
s » & B A

= 1,05 X 0.2875 = 0.27 £¢t./800,

Test scction veltange = 6.2 V.,

ty, = 82.89F3 tyg = 111.59F

Average bulk temperature = tp, » 97.15

Thermal rise qup = 1,05 2 1 x (111.5 - 82.8)
= 1.05 x 28,7 = 30.1 ETU/I}Iim

Heat fluz = g = gep 60 = 30,3 % gg
A O

a 30.1 x 67.5 = 2030 BRU/hr, £12

Ro= ¥4 = 0.27.x ‘ s 1286
L - x 10° <

Pr = E%/uﬂ 1x %&%fs = 4,81

ha "m 9‘305 B?Uhr - 20 L X 3K
%B L = : /h ££°, dog.F

Mo = p8 = 94,5 x 0.0645 .
&g 0.35656 = 9.65



6r = (Azl) a% = 1075108 x 21.6 2(0.03645 )°
2.
- = 107 .21.6 x 48,4 = 111,000

(11) Locnl Dntn
(a) h = heat £lu = 2080 = £5.5 (z/4 = 26.5)
01 conl 1.25 , .

a = MAJ%M = 9,80
.351 °

(d)
x{d = 7.8

h= 2 o
:.%Q = BO.T
o = BOs? X 0.03645 = g,
" 0.354 = 8.7
A= 2325

h= 2080 o
25.9 = 91.0

fu = W = 9,27
,358 : }

;g[. 4= 186.5

h=2 _ "

Hu= 25,8 % 0,08C05 = ¢,77
C.361

{Average Re = 1285)

(c)

()

Hotoi~ Tho transport propertios K and ~ have boen
ovaluated at. tho moan bulk temporature. Tho
valuos have boen talken from tho curves drawvn
for thoso proporties from tho tables givon in

Roﬁ’.(m) and 16)ﬁ



)= 4nd o= 4 &39;5&}3
M-d  pB0mMMa” GO ed 1 /4

where ¢ 1is tho net heat energy gained by the fluid.

Tost scetion voltage - 3V.
tpy = 87.6° tpp = 167.50 OF
A bulk tomporature = 1220F
Hot heat onergy input /min.

= gé,%gg {(V2/R) - heat loss through the insulatiort

u. . - Radl -~ +£6
5.085 =~ 2413 0

2 7,87 -« 0,66 = 7,31 BTU/min.

]

s s = ETTRTS 5«-865 = 0,43 1b/min,

Re = 0.582 ¢ %,% n 109 = 18,900

Pr = 0.7 Alnost constant for the temperature range
involved.

0.888
h= = : o3
8" -

Bu= hd = 22,3 X .0,03640 = 49.7
It 0.01638

Q= dgp . 223360 = 7.31 x 67.5 = 482 BIU/hr. £8°-
A

ollotes- The heat losses through the insulation have boon
' approximately found by comparing the electricel

enorgy input and the thermal rise for data
obinined for water,
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