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The1'1181 conductivities were det�rained � non-18� 

laminar flow c�ditions far non•llewtonian tlu1� (aqueous, neutralized 

Carbopol aoluticma) . The iuvestiption was conducted with both 

verticflll7 upward 8Dd nrticall7 downward flow tbrough a water­

cooled, 1 inch schedule 4o, ata1Dl.esa steel teat section. Beat 

vas supplied to the test fluid tbr01Jgb. a pa:lr of steaa heated 

ccocentric•pi:pe heat exchazlsers 1 md .UiDg and circulation were 

provided by a centri:rugal. pump. 

Radial and axial teJJr.perature diatribution data were obtained 

:rr• the �c flav syatea through five theraocauple porta tar 

eight difterent runs. These data were used with ezperiMDtally 

determined t-.perature-depa.dent rheol.ogical data to calculate: 

(a) veloc1't7 diatributiODS and (b) thermal ccmductivities. The 

calculated theral cca4uct1rlt7 data qual1tat1vel7 suggest that m 

increase 1D shear stress cauaea a slight decrease in theraal 

c0Dduct1viey • . It vas not JOS&ible, �ver, to evaluate t� 

effect ot shear stress quaatitatively because the constant 
shear stresa reg10Jlll eaaat� coincided with the isotberms. 

'!'aperature profiles, cal.c�ted nu.ericflll7 \Dlder the 

aaa-.pticm ot constant thermal canductiv1't71 agreed well with 

ezper1lleatal reaulta. Bence1 it was concluded that 8D:1' variaticma 

1D thermal ccm4uct1T1't7 produced b.r shear a�ress and ta.perature 

var1at1oa were aall enough not to attect the ta.perature d1a­

tribut10DJJ 1D the aystea atlldied. 



Studies ot the rheological behavior ot the test fiu148 

. (aquoua, neutralized Carbopol aolutio.u) were carried out •1Ds 

both a cap1llar7 an4 a rotat10Dal. v1aca.ter. '!heae atudiea 

indicated that aqueoua, �utralized CarbOJOl aolut1CID8 obe7 the 

e��P1r1cal JG��W-laY rheolos1cal �1 with ecae deTiaticma at 

lcnr ahear atreaaea. The p.r0Jart10Da11t;y factor in the pwer lav 

was tollll4 to decrease 11Dear� with 1Dcreaa1Dg taperature 1 vhUe 

the ahear-rate expcaeDt was tcnmcl to be 'teJIIMt.rature-1Dc1epen4eDt. 

»oth c11rect exper1Mnta1 aDd calcula�d data _aen:ed to 

11141cate that tree �CDftctiOAal effects. �e neg11gible 1D . the_ 

Tiacoua teat tluida. fte l:laited heat transfer data trca th1a. 

work were ccapared with literature correlat�� and found to be 

in reaaoaable agreeMDt. 
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CBA.Pl'.EB I 

Il'l'BODu::TIOB 

The Tariet7 and number of recent- publicatiODS on :facets o:f uon­

•ewtonian tluid behavior manifest the groriDg UJportance ot this area 

ot scientific rese�ch. Current literature aboUDds vith descr1pt10D8 _ 

ot peculiar :fluid behavior (1) (6) (23) (32) (311-) (43) (51).; and, although 

quantities ot research have been done on ncm.-•evtonian rheolog 1 . many 

queat10D8 remain 1Dl81l8Vered. 

A multitude ot isothenaal, laminar tlav ana�es ·ot non-•evtoti18D 

tlu14 behavior have apPeared 1D the literature (8) (17) (31) (36).(50). 

Saae ot these ana178ea have aeaic:otheoretical to�tion while the re­

mainder are baaed on eiiPirical observation alODe. !o date there has 

been no general toraulaticm made ot a non-•ewtcmian :tlv.id th.e017 wbich 
. ' . 

adequatel7 describes and expla1Da the various types ot :fluid behavior. 
. -

CODaequentl7, the methods curreutl7 aQlOJ8Cl :tor eug1Deer1Dg deaip 

depend on the rheological behavior ot the particular tn>e -ot non-

Newtonian tluid in question. 

The realm ot non ... isothermal lamjnar flow is caaplicated b7 

temperature d�pendent fluid properties o ben tar l'�cmian fluids, 

vh1ch are relatin� ��11cate41 cme f1Dda that the ad41ticm ot 

heat (poe1t1Te or Degative) :to fluids 1D ]ew1ner :flow generates problems 

ao c�lex atheaat1call7 that eolutiou ee aU but iapoealble except 

b7 nuaer1cal means or the 1Dclua1oro of severe, eillpl:l.f71JJg aaa-.ptioxw 

(20) (30) o The situation is the �ame far DOD ... BevtouiaD fiuids with the 

:further d1tticult7 ot a more CCII!PlU rheolosicalaodele As a result, 



the -.p1r1cal methods cCIIDonl.7 employed have iPherentl.7lacked the 

generalit7 required tor application to c�s in variables such as 

shear atreas, temperature, viscosity, thermal conductiv1t7, etc. in 

l udnar, non-•evtonian fluid flow. 

:Baaed on the premise that trauaport phencaeu 1n fluids (saaea 

and liquids) are functions of the same variable (6) (15) (42) . and 

knowledge that a.olecular v1scoeit7 1s a non-proport10Dal :tunction ot 

shear atreas 1D non-•ewtcmian fluids (liquids). (1) (23) .(32), it is 

conceinble tlaat the thermal con4uct1v1t7 ot non-•ewtcmian fluids 

(liqu14a) 1187 be scae tunct1on ot shear stress alao. Bzperilental 

thermal cODductivity data tor liquicla are cODTeDtiODal17 determined 

b7 uai.Dg thin l.Qera at 11qu14 1D static teat equ1J1118Dt (12) (18) (19) 

2 

(") • '!'here are certain obTioua reasons tor making measurements 1n this 

II8DJl.8r 1 such as: (a) the measureaenta are a1aple aDd standardized, 

(b) the equipaent ia eaa,- to calibrate 1 aD4 (c) cosmtctiooal ettecta 

can be el:la1Date4 ar accuratel7 eetillated (19) (4JI.). Bavenr 1 .static 

teats oaDDot show any shear atreaa depeDdence ot the thermal c0Dcluct1Y1t7, 

should such eziat. 

· It vas telt tbat a teclm.1qu of ezperimenta117 e't"&luatms � 

c0Dduct1v1 ties of liquids frCIII a 4yDamic tlov aJBt• was neoesa&r7 tor 

the anal781s at :funct10Dal relat10D8�pa between thermal c0Dduct:l.�t7. 

and shear stress tar non-•eVtonian fluids, and the present vork was 

UDdertaken 1n an att.pt to 4n'elop such a teclmique. Spec1t1c�, 

the obJect1Yea were: (a) to dn'elop an e�iMDtal and -.themat1cal 

me�hod to evaluate point ftl:aea ot the:rul cOD4uct1'ri.t7 as a tun.ction at 

tea,perature and shear streaa,- and (b) to nalu.te the ettect ot liquid 



thermal cOD4uct1T1t7 variatiOD on temperature protUee obaened 1D 

lam1Dar non-isothermal flow. 

To achine these ob.3ftct1na1 a •thaaatical aDal7s1a vaa •de 

to relate the deaired fluid propertiea to qU&Dt1t1ea which could be 

3. 

Maaured uperSamtal17. ••rt a aeriea ot rlleolopcal uper•ate vere 

carried out to et'Bluate aqueoua aolutiou ot carbOZDOl.Jmet-lene 

(CarbopoJ.-9,a..). tor uae aa tbe DOD_.evtODiaD f11d4 to be teatecl. �n a 

aeriea ot atea41'-atate, 1•1nar 1 piJe·flow ezperjM�a were made to 

4etera1De actual t-.perature prat1lea 1D the theral entraDCe resiOD• 

:r'•ll7 the 4ata vare aaal7Sed v1tJa the aid ot the JJDI1620 41sital 

cCIQU'ter 1D the tJD1wrait7 at '!eDDeaaee CCIIfU'ter Center. · � aDal;Jsia 

71•1484 theJ.wll cca4uctiY1t7 ftl.uea aa tuDct1ou ot t...-ature im4 

ahear atreaa . aDd alao 4eaouatrate4 the effect ·at tl;aeral c.auctiT1t7 

nr1atiOIUI 011 the tellfl)erature prot11ea. 
. ' 

�� who are Dot .taa111ar vith DOD·•ntcoiaa flu148 1D �eral 

are referre4 to oae � tlle ·seural reteracea em the 8ub.1ect (1) ( 6) 

(23) (:52) (311-) (IJ3) ('1). De toU� .chapter 1a a ge�al reri� ot 

related literature. The nut chapter ia 4eTote4 to the teclmique at . 

4etera1D1D! u.periMDtal theraal ccmctuctiritiea frca a �c tlov 

.,..t.. This 1a then tolloved b7 4eacr1pt10D8 ot the experimental 

equipment and procedure•, 8D4 t1Dal17 the experimental reaulta are pre­

aented. Matheat1cal der1nt1ou1 expl.aDat1on ot calculatiou1 ezperi• · 

mantal data, ccaputer prograu, and notation �e found 1D the appendices. 



CHAP.rER II 

REVIEW OF PREVIOUS WORK 

A - Isothermal, Laminar Flow 

The theor:y of isothermal, laminar flow ot Bevtonian fluids ia 

comparat1Yeq well uaderatood and mathematica117 developed. The 

lla"Y1er-8tokes equationa ot fluid motion with friction 

-,> 

pP:!.. • Dt . 

the cont1nu1t7 equation 

I (Z·l) 

I (Z•Z) 

and auitable bouadary conditione prOYide autficient 1Dtormat1on �o ' 

determine velocity profiles 1n isothermal laminar flow. However, the 

COIQlex non-11Dear nature ot the equations makes it impoasible to. ob­

tatD analytical aolutiana except for very simple geametriea or in 

regions wher� bomdar7 lQer s1mpl1ticat1ona appl7 o In equation• ( 2·1) 

and ( !-2) 1 t ia time 1 . p 1� the . fluid deuit71 =( i·s the shear atreas 
-> -> 

teuor 1 g 1a the exterul force v•qtor .P w is the veloci t7 vector 1 

and P is static preaaureo Far further 1Dt01"118.tion the reader ia re• 

:terred to one ot the standard testa on �4rodynamic theory (14) (22) (38) 

(�1) (46) 0 

The same general hJdrodynamic equatiODI are uaed for 1eothermal1 

laminar flow ot non-llewtonian fluide J however 1 some very useful results 

have been obtained for particular non.alfevtonian tluida 1n circular pipe 

flaw. Analysts desiring to predict certain flow quantities for non-



•evtoniaD tlu14s 1n circular pipe tlov J1Q' use one ot the tollow1.Ds . -

. , 

approaches rather than the more ccaplex general •avier-stokea equatiou 

(trca vhich these metho48 cc.e) •. 

One Mthod ot aDalJZ!Dg tlov behan� 1a :to U8e rl:aeological 4ata to. 

4etera1De the local. shear rate, ( -4Y/4r) , as a tuDct1aa ot ahear atreaa 1 ""( • 

• t ( l) (2-3) 

De reavltD! apreaa1cm. 1a tMD 1Dtesrate4 twice to letend.De w1aetJ-1c· . . 

tlov rate, Q, 

where: Bw 1a the pipe radiua, '1
r 

1a the 41.1187 1Dtegat1on ·a,abol tor 

41etaDCe troa the centerline, and r 1a tbe actual distance trca the 

centerline. 

Bquat1oo (2�) has been eTaluated tar �iDPaa plut1ca b7 

Buct1Dgba (7) ; t� ponr·lav tlu14a b7 Weltaan, llc01nn18 1 and others 

(23) (31) (,0);. tor B71'1D8'• aiaple ��nMtrbolic sine relation b7 !'obolaQ' 
and BJ"riDs (48) J. aDd tor the aore ccaplex PonllcaKJ"riDs equatiOn b7 

Stevena (8). 

AD alternate method ot enluatiDg :flaw paraMte:ra, pr�ed b7 

Metzner and �eed ( 36) 8 ia acaevhat more pural a iDee no particular 

rheolos1cal aodel Deed be aaau.d tar the actual teat fluid. '.fhe 

ponr-lav parueter• c aD4 n 1D equation (Z•5) 

'"t' • , (2·5) 



are rePlaced b7 the ao41f1e4 paraaetera c• arJ4 n• Where 

1 
DT 

c•  • 

4 la(8J/Jl� 
4 la(D liP liL) I 

D /). p 
�L I 

(Z-6) 

(2·7) 

T 1a the anrap 11Dear nloc1t71 D 1a t:be 1Da1cle pipe cl1aleter 1 and 

ll P /L 1a tlle 11Dear preaaure srad1at. nua 1 b7 enl•tiDI the 

6 

coutata c' aD4 D' trca exper:bleDtal cap111az7 4ata 1 ODe can ue 

equat10Da (Z.Ja.) 1. (Z-5) 1 aD4 (2-7) to enluate the tlov paraetara 

41rectlJ'. Th1a techD1qua baa prOYeD uaetul anr v14a rase• ot allear 

·.trell ·amce the ao41t1ed per..atera C' aDCl D1 4o Dot clump 

apprec1abl7 far B8D7 t1u14a (5) (9) (3') (36) • 

]) - •oa-laotMmal TM1ur :r1ov 
fte abaeDCe ot U17 pDeral apreaa10M tor accurate17 depict!Ds 

t� te���Jerature 4epaleDCe of flu:ld propert1ea baa c�•ea tlle . dn'el�­
•Dt .ot utlaeutical thecrie11 of DOD•iaotheral, 1••ner flow to laB 

beiWMl tile coneepoa41Jas tlleal7 far 1aotllelal tlov •. lh"eD 1a· t�MM�e 

caaea l�Mre t8111PG'ature lepadeDCe ot propert1ea co be takea 1Dto 

accoat1 the •theatical •o1ut1ee appear• to be �lible except b7 

-.er1cal -� 1101••• anere aillplif7Ds ua.ptiou are •dc\t •· 

•CB ... ieotllelwl., ,_,., •• tlCJtr cube 4eacr1be4 With equat1cu 

(2-1) aD4 (2�2) '· ad tu 8'DI/Jrtr;f eq•t1�1 
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In equation (2-8) 1 ! ia temperature, CP ia heat capacit71 

-> -> 
q 1a the heat flux vector, and ('l: V v) 1a heat production due to 

Yiacoua diaaipaticmo The role ot the heat production b;r the viacoua 

41aaipat1cm. term :1a not :blportat UDder� ccadlti� (ZT) and 1a 

seaerall7 aeglected (10) (16) (27) o 

ID the general caae 1 the Uult71 p 1 the v!acOUJ tr1ctioa 
_. 

ten. of equatlc:m ( 2-1) , ( V • -r ) J the heat flux term ot equatiOD ( 2-8), 
-> 

( v . q) J � heat capacit;y, c�, w1ll be tsct1ou ot the temperature 

cliatribut10D1 aad therefore at the coord!Date IJWt• .. cha.eno Equation 

(Z-8) alao 1Dvolvea the nlocitiea tar which equaticm ( 2-2) 1a tu 

41t:t�eat1al equat1<1Do Cca�eq118AtJ.71 to solve the geaeral :probl•, 

one IIUt aolve � DOD-liDea:r partial clitterezrtial equatlou , each ot 

vhich mwlveJ the integrated reaul.t ot the otllero The c�le:z:1t:r ot 

tlda probl• detiea rigarou. aoluttoa except 'b7 maerical •8Dio 

Several attewptl have been •de to aolTe equatio.u (2·1) 1 (2-2) 

aD4 ( 2-8) o lfhe claaa1ca1 eol�:l.ou tirlt obtaiDed b7 Graetz 1 Lenque, 

B•aelt1 ad B•aell tor Bevto.aiu. tlu:l48 � 1mro1Te4_aaa1111;Pt1.-

ot •cae part1c.tar :rona ot nloc:lt7 d18tri'but1ca tor me 1D BquatiOD ( Z-8) • 

'!he1e aolut1GDa ani their l1al:tat1eu are reriewe4 aDd. tiacua.aed at 

great lagth ..,_ Drev (10) aD4 Boelter et alo (If.) 1 u4 the reader 1a · 

referred to theae papere f(Jr tethu infOl'mBtion. 

ID the above clase1cal aolutiona to equat1oa.a. ( 2-1) 1 (2-�) 1 and 

( 2-8), zao attempt vae made to take the etfect ot temperature on �luid 

pra,ertiea into account, 1 o eo, constant fluid propertiea were aaataed . 

Some ot the more recent im"eatigatorl of the problem have attempted to 

take the vat-iat1on of fluid propertiel into account. Boelter et alo .(4) 
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ad Lee (Z5) attfl�Qted to allow far Bevtcm:l.en T1acaeit7 nriat1oaa 

"b7 a aeri�a ot _aucceaain approxiatlou to deteraiD.e prea•ure gracU.•t• 

1D DGD-18� tlw1 anc1 Yaagata (5Z) •de a1wtlar calculatioaa 1.D 

which be att� to enl:aate heat trau:f'er characterUtica. Ya.gata 

:f'OUD4 it ueeaaa17 to a4d an -..rtcal carrectiaa. far daait7 nr1at1Cil 

aac1 Boelter (Z9) aD4 Boelter (3) allowed for the te����Perature clepfm4eDce 

ot a-tv but aot rtacoeit,. J aD.4, therefore 1 accOUDted f� u.tural 

cOII'f'ectica cal7. De1r rea�t• prOYecl aucce•a:f'ul Sa accOUD.tiDs far 

DOD-ia� e:f':f'ecta 1D ••• traDafer (3) but �on4 :lDadequate vhea 

aDlied to data far beate4 1 wiper flow ot o1l8 (29) • Pigford (4Q) 

treated the caae ot 'nrfur 1 . •ewtODiaD fluid flav 1D .....tical �ube• 1D 

which both 4eu1't7 aD4 tlu:ldit7 (the recripocal ot n1c0111t7) were •••uaecl 

to be linear tlact1ou of t_,..ature. BonrYer 1 it wa• necu•a%7 to 

uau.e Lneq• '• t-.perature 41atr1'btlt1cm :f'crr the bO'UDC1ar7 near the wall 

:lD order to aoln the clift'eratial equati011 far pre•aure graclienta. -�•­

tore, Pigtord'a reaulta are lild.ted to :f'lon Yith high Graetz aocluU (llhart 

heated lellgtha and h1gh 11Dear nloc1t:l.ea). ·Pigford alao •uae•t• 

..Uicatiou to h1a theoretical aolut1CJD wh:lch a1ght be •ed to accoua.t 

for DOD-ia� etfecta 1D the flow ot power-laY 1 DOD-BewtCDiaD :f'luida • 

l'q'che aDCl Bird (27) aolTeCl equatiou (Z-1) 1 (2-2) aD4 (2-8) for the 

lJaitillg caae ot "ia�" heat traufer (1. e., the cl1:f'terence 

between the tube wall and the bulk ot the fluid 1a ..u, aDd the vartat1011 

at fluid propertiel 1a ..U enough to be uglectecl) for ,..--law, non­

l'ewtCJDian :tl1d.a.. fte7 reduced theae equat1ona to a Stura-Liourille 

Jrobt. for which the7 tabulatecl e1geJn'al.• aolut1ona tor the caaea ot 
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n a 1/3 and n • l/2 o Senral numerical aolutiou for the temperature 

41a�1but1cm ar prea�ure gracliat frca equatiou (2-1) 1 (Z-Z) 1 and _(2-8) 

have recentq been obtame4 tor the ponr-lav t7.P8 ot nc-Bewtoa!all 

fluida v1th 41gital c�er• (13){16)(49). Gee aDCl.Jqoa· (13) •de 

the _,.t p:D.eral allOWBDCel for te.arperature dependeat tlu1c1 p.ropert1ea 

rqortecl to aate. fte,- included t�ature dependence of qpareat 

T1ac•it7, �1 cGD.dl1ctiT1t7� and heat capacit7 1D a441t1C$ to 

:I.Dterul frictional generation of heat. 

· . ID add1t�cm to the abaTe 8Dal.7t:lcal ud nu.erical 1olutiou1 

there ha� alao ))ee aneral ap1r1cal mveattgatiODI � � l'roblAII 

. ot aca·:llothenal1 J em1nar tlov. Perha:pa the t1rat vaa that ot 

factor 'YC'IUII BeJD0141 naaber aa :ruacti� ot t�ature. S1eder 

aDd �ate (47) obtailaed eq11at:loa (Z-9) for le•1nar DOJ1•1aothenal 

Bewtcm.iaa fluid fiov o 

(Z-9) 

t iao 18 the iaotherilal ll'axmiag friction :ractor 1 

t81 11 the non-iaotherul :raDD1Ds :trict
_
:lon factor 1 

IL'b ia the 'ri.acoe1t:r eTaluated at tbe bulk te.perature, 

I.Lw 1• the Tilc0t11t:r enluated at the vall t�ature. 

B7 �au at equatiGD (Z-9) 1t 1a po.aible to 'briDg DGD•iaotheral Jn1nar 

friction factor• into auperpoaition With the iaothermal form of_ 

. Poiaeuille • a eqationo Although the Siecler-'late eap1rical corr�lati.cm 
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"!'!� propoaed over tveat;y rear• ago, it ia still the beat available 

empirical method at !ncorporatiDg non-iaotheral ettect1 into eDg1Deer1Dg 

4eaigD eq•t1ou o Metzner (37) attempted to llOd1t7 the Siecler.Jfate 

correlation for exteuion to ncz ... Bevtoniaa tluida and val able to ahov 

acme correlatioa. Metzner alao made IOIIJ.fl eJII.Pirical heat treater 

correlat10DJ tar ncm-BevtOidaD fluict. in lew1nar fiov. 

ID the work reTiewact abon, there baa been little effort •de to 

incorporate the ftriatf.OD ot thenlal cCDluctirl'tJ' iuto a aOllltioa ot 

ect•t1c:u ( Z-1), ( z-z) , and ( Z-8) • . OJI1q cme 1Dnatiga't1on haa be• 

ccm4tacte4 wMre a tewperatvre 4epeD4eDt thenal. cGD4uctiY1t7 waa \Wed (13). 

AppareDtJ.7 no wark, eitJler theoretical or· exper1MDtal.1 baa prev10U8q 

been daDe OD evaluatiDg thenal. ccacluct:lTit;y bta for 11qu14a UDder 

conditions other than thoae 1D ata'tic teat equ11J18At 4eacr1bed in 

JeD7 atandard reference worb (18) (19) (30) (39). All thermal conduct1v1v 

data reported in the open literat�e have been concerned with its 

temperature dependence while aaawd.Dg it to�· uuatfected b7 ahear 

atreaa or arq � flow para'Mter (ena for ncm.-Bntonian tlui�). 

lfhe work preaented 1n the remainder of tbia thea1a vaa undertaken to 

clarify thia aituation. 



De . etuatioaa ot aotion. ( Z-1) , ccmt1Duit7 ( z-z) , and enerQ 

(2-8) preaente4 1D the preced1Dg chapter prOY14e the •tu.atical 

traMVOrk tt�r extractiq experilleDtal l1qu14 thenal ccmd:act1'rit7 

4a�a :trca a c1paalc teat .,.tea tar noa-Bevtcaian f'lui� • . ��1der 

the nca-iaotllebal tlow ot a _tlu14 tllrnsh a ql1Dc1r1cal t� � it 

•7 'be ��·UII!fl8C1 tl;Ult: (a) ateaq atate hu be� atta1Ded1 (b) �.:ad� 

ftlocit7 cQIIPOileDta are nesJ.tsibl,-·-u, (c) �at c�uc�loza in the axial 

41rect1ca 1a usJ.igible 1D c�i•CD with heat traDiport b.-� 

axial 41r��t1cm 'b7' the ewer-� tlu:ld aotia, (a) heat. pro4uced. 'b7 

�c� d1aa1pat1CD � usJ.ecte41 (e) the tluid obeJa a nca-•ewtGDiaD1 

teaperature. 4epeD4eat 1 rheological IIOdel lal� �· the paeu4oplut1c 

.IMMtl'·law, (t) �e are no aterBal (b�) torc.e• actiDg em the tlu1c11 

and (s) �at 1a r�4 tr• the tl�4 tbraugh the tlibe .�11. 

J'or c,.l1Dir1cal tubea (usd iDcCJQOratiDg the abcwe aaawrptio.u) 

ecauatioaa (Z-1) I (Z-Z) I aD4 .(z-8) mq be •111p1Uie4 to: 

0 - -�- l: 
as r 

. - 1 u (rca) -
r () r 

(3•Z) 

fD. which -r . 1a the ahear 8trea• 1D the axial, Z 1 directiOD per Wllt 
rz . -- . . .  . 

. 

area em en ea..t ot fluid •urtace ot coutant racl1•1 r 1 aDd fir ia. tbe 

heat tluz tA the radial 41rect1ca1 r. ID o.rc1e_r to ·�ln �e eqat10M1 
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the tluxea l rz and qr ere expreaaed in term. of velocit7 and tempera­

ture grad1enta· a1 follow•.: 

Power-law: 

• -c . 
(3-3) 

Fourier'• law: 

. (3�). 

1n which C and D are parameter• 1D t� aoditication ot Newton • • Law 1 

Hta:bla'ble •• a flmctio.D ot t..,.-atve trca azaaqa11. ot flow data � 

�loua tne•. ot Tiaccaeter• (1) (6) (23)'(�2):(311-J.(�3r(51) and 1: .1• the 

coetf1c1� ot th�rmal conduct1•1't7. The uae ot the :power-la,., haa been 

diac�aed in detail 1n the abOYe reter�nces. For llevtonia_n liquida 

C ia_ the coetf1c1ent at viacoa1t71 l.L 1 and D ia UDit7. 

Sub.t1tUt1on ot equation ( 3•3) 1Dto equation (3-1) gina. aD 

equatiOD tor Teloc1t7 41atr1but1on which can be Dla8r1ca� integrated 

(an ana11t1cal 1olution ia poaaible in certain caaea) : 

y • z 

:Bw 

\ 
r 

where ""( rz ia_ 81'aluated traa the pre1aure gra41eat b7 a a1Jir.ple terce 

balance. 

(3-6) 

Fourier's. law, equation ('·4) 1 aubatitu�ed ·into equation .(3-2) gina 

the partial differential equation: 
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• . (3-7) 

B:r 1Dtegrat1Dg the abOYe with reapect to the radial distance 1 one 

obtaina :. 

I:(B) • (3-8) 

or 1 frca aubat1tut1on ot equatiou (3-5) and (3-6) into equation (3-8): 

•(-) • f r c, P * [ iBy (� Pr y/n dJr J ar 
& A • . (3•9) [ il tr ) B (Tr B 

The integr�l 1n equation (3-9) can be numerically evaluated tran 

temperature dependent rheological data 1 the pressure gradient 1 and an 

experimental evaluation ot the temperature diatr1but1on 1n both axial 

and radial dtrectiona. 



CHAP'lml IV 

EXPERIMENTAL EQUIPMENT 

I. GENERAL 

The equipment used in thia investigation consisted of a flow 

system and associated fluid testing equipment. A non-isothermal flow 

loop 1 measuring and regulati.Dg apparatus, and a fluid reservoir 

comprised t� flow system. The fluid testing equipment include� a 

MacBeth continuous indicattng pH meter, a capillar.1 viscometer with 

cont1nuoual.7 varying pressure head used tor a preliminary fluid behavior 

studY (described in Appendix A) , a Brookfield Synchro-Lectr1c 

viacaaeter uaed tor a study at the temperature dependent rheologies� 

propertiea, and assorted laboratory glasnare. 

II. THE TEST FLUID 

·carbopol 934 is the cOm.ercial name for a high molecular 

. · weight, carboxy vinyl pol,mer manufactured by the B. F. Goodrich 

Chemical Canpany and used 1n this investigation. It was obtained as 

a tlutf71 white 1 water-soluble 1 acid powdt3r which required 

neutralization far the develop�ent of max:ilnlll T1acoa1t:r 9 The powde�ed 

fora vas dissolved 1D �ter 8Dd then neutralized with sodiUD lvdrcmide. 

A Brooktield v1acOJDeter, with standard sp1Ddlea, vas used with 

a MacBeth continuous 1Dd1catiug pB meter to study the effect of pH on 

viaco� properties and to eetablilh .the approx!ate range of 

concentrations to be used later in the tlow a,..tea. It was found 

that concentratiODS ot about 0.25 weight percent �arbopol had the· 
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deaired pl�Jaical propertiea.; and, ccmaeqwm.tq1 the teat tluida Ulled 

in th1a vark were near that cc.poa1t1c:m. 

III. 'THE BO'.rA�IOJIAL VISCOJII'lmt 

The !rookt'1eld 81Dchro-Lectric Viaccaeter (Bo. 1474, U.T. 

Ch.E. 678) waa 'Q8ed to meaam-e q'UaDtitiea tor calculatiDg the teJIIJ8ra­

ture depenclent rheological paraMtera ot teat f'lu1da. The apindlea 

nomal.l7 uaed vith the Brookrield viaccaeter wer� not ot the 

qlmdrical. gecartr.T JIOIIt aaenable to matheatical �:La.; theref'�e, 

�ee c711Julr1ca1 ap1ndlea (1 .0001 0.500, and 0.250 :lnch outaide 

diaeter) were made and uaed1 J'igw:e 4.1. 

� Brooktield Tiac�ter waa aounted on a ateaq, nriable 

height table, Figure lt-.2. � table height vaa ad�U8ted b7 meana ot 

a ftrt1cal1 threaded ahatt geared to 0.01 inch Ot travel per turn ot the 

teed haDdl�. Elentioa ch&Dgea were aeaam-ed with a apriDg dial, 

aiDce there waa aaae gear backlaah 1D the feed •cban1•· A aall heat 

ezch&Dger vaa JROUDte4 directq onto the table bue aDd uaed to umtaiD 

the aaJII)le tea»erature at a conatant Talue vhile the �cameter wu iD 

uae. � heat e:z:chaager circulated couatant tellperatm"e (±. 0.2°C) 

water trca a bath unutactured 'b7 J'orma-Bcient1tic 1 Inc. 

IV. TBE FUM SIBT.IM 

All parta ot the flow •78ta that made contact with the teat flu:l.d 

were either ataiDleaa ateel or glaaa. � lJPatream. piping to the 

centrihp.l Plalll (1/2 horaeponr) waa 1-1/2 inch achedule 4o pipe, aDd 

the dOWDatrea pipi:Dg through the t�at aecticm to the reaerToir vu 
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1 inch achedule 40 pipe. 

The achematic diagram, Figure 4o3 1how1 the arrangement �f t:tw 

variou . component• in the 171t•o -� check nlve in the reaenoir on 

the upatreaa aide ot the pump preyented. the a71tea from 4ra1D1Dg
. 

after 

mut-down, and the tUDDel em the UJitr e• 1ide wa� uaed to prU. the 

PliiiP tor ·atart•Qo i'vo ccacentric pipe heat exc:baJ18era. were 1Datallecl 

1J.Patreaa (2o25 teet nrtical aD4 lo50 feet hcrizOAtal) t�. heat .the tea.� . 

.teaq flow ratea azul to aetena:1ne the appraxillate wllaetric .flon � 

�te nlna were arraDged ao that tM tirecrtioa ot tlcnr through the 

��:t aect1GDJI J'lpre Ja..Jt., c�.be rneraed betve� ruu, aD4 ·a aiJhca• 

'breakiq yeat � prori.cle4 m tlae returD llDe to the reaeryo1r� Cit7 

water vaa JUied tllrougb. tlle c-.9eDtric pipe heat exchuger aD. the teat. 

_a_e�t1aa ia a 41rect1ta ceatercliZTeDt to the teat tl1114 tor coolillg• 

Aa_ ia'nrtea uttereutial .. c.eter wu. ••d to •uure the 

preaaure drop acroaa the te a� ·�cti-.o !'afleratve · protUea were 

•u�ea raa1a117 at Oo., toot u:ial mternll a1oag the coole4 teat 

aect10D. ri.'tll theraocovplel S.erte4 through »>rta 1D the coaceatric 

pipe heat exchuger � :r�pre )f.olt.o '!he 30 gage ooner-coutatu 

theraoccn��leil were aheathecl :1a Oo072 inch ov.taide diaeter .Jv»oderaic 

tubiq •. AD aDg\l].ar rota�_ion ot 90° vaa •de betwe� eac� therao couple 

port .  

ft.e theraOcoQle probea1 J'igare Ja-.5, were bent iu�de the teat 

aecticm to tOr. the •L• ahape aholm with the 'beadecl JO:lDt ezteDd!Dg ia_ 

a 41rect10B parallel to the :pipe wall aD4 into the tlov clir�ctiOD ot 

the tl.u14o �he -� cGaical �lozn a_eal Jr8't"U.te4 leab between the. 

aheath aD4 the pipe fittiDga P.ictured while epaq rea:ln c_.nt va• 
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ued to aeal the theraocOUIPle rire to tlle aheath aa ahowa.. !rh1a 

22 

:probe geQietr,- .el:la1Dated ateep teqerature gradieDta aloag the therao-

couple Yirea near the bead, aDd alao •1p1•1zed tlov dia�urbancea :m the 

�41ate ric1Bi't7 .or the bead. Ba41al diataDcea were leterainec1 frca 

•aaureMD:ta_•cle Yith the nrni� acale cali»er ahom :1D J'1gare .... , 

ca the leagth ot the theraocowple probe Gteza41ng outaide. tJJ.e, _ piJe. 

i'he thelwH:oupl� ata were 4etent1Bed with the aid � a_ Leeda · � 

Bortll.ru» potezrt1<1D8ter <••· .319790, U.!r. Ch.Ze: 117) aD4 a teeaa aDd 

•ortllnl gal�er (Wo • . lo629261 U.!. Ch.E. 496). 



Io GEIE!tAL 

ftere ¥ere tvo upermaDtal ob.3ect1na 1D th:ta 1DYeat:lgat1ca: · 

(a) to naluate the rheolOSical properties ot the teat fluid uaed ·and 

(b) to obtaiD ateaq..,atate t�ature profile data trC. the teat 

fluid 1D the tlav locpo Bheolo!;ical propert:tea vere enluated tllroush 

isothermal Tiaccaetric experiaentt• carried out at a aeries ot 

teaperat\ll"ea o !e��Perature protUea were obtaiDed frca aorable 
. . 

prob�a iuerted 1D the teat loop o 

Aque0\18 aolutio.u ot cub<BJ»>l;JMtll;rla.e (Cerb�l-9�) were 

1Dnat18atec1 1D a aer:le11 of labarataey up«fmmta 4 Solut1ou ezll1b1t1DI 

DOD ... •evtoaiaD behaTiar vere ea11l7 PI'8J'Ue4 Yith Cebopol conceatrat1ou 

leas than a hal:t ot one percettt 'b7 veisht all noted b7 Jletzner (33).. 

Slaall III&O'UA'ta ot ataD:kr41:�e4 £�o!ia �-148 eo11ntioa were a44ed to 

Tar1oua ccmcetratiau ot Carbopol aol'l&tiotU after Rich the pK aa4 

apparent� or Brocktie149 Tiacoeit7 were .... ea. The PDftal 

rheolos1cal behawior ot effnral. uutralize4 Cubopol aolut1ou vaa 

atu41e4 b7 teatiDs tha pe..Sopluti� ,__.;lay aodel Y1th cap11lu7 

viaccaeter dataa Appendix Ao The deMitiea of Carbopol aolutiau were 

fcna4 to be 1acl1atiDpiahable fi'aa tllole ot water at the · aeme te.perature . 



!he Brookfield 8Jaehro-Lectr1c Tiaccaeter, Figure 4.11 waa 

uaed to en.luate the t_,_.ature-depeD.dent rheological propertiea at 

teat fluid aaplea taken �tore and after each run 1D the tlow loop . 

� ezpermeata1 aethocl uaed to obta1D t�ae data waa to place the 

AJil)le :lD a -11,1 c�·'tellllerature heat ezchager aounted OlD 

the ba�e ot a nriable height ta'ble 1 J'igure 4.21 md meaaure the 

torque CD a qliac1r1cal a:pmdle at Tarioua aJ1D4le apeeda tar a 

nuaber at m.raicm deptha • fte ponr-lav cauteDta were detera1Ded 

trca the data 'b7 the ..thod outlined :I.D Appendix B tor ae-nral 

te.peraturea . 

III . THE liDI LOOP 

� ezpsr:t.Dtel tlov loop waa deacr1bed 1n the :precei111g 

chapter� J'igure 4.3 . The atepa iDYolnd 1D obta1n1Dg ateaQ ... tate 

ccmditiau ad data trca thia equ1�t are beat couidered 1n 

tour aeparate gr:-oupa : (b) •tart-up, (c) ateaq-

atate 1 and (d) ahut-clown procedure• . 

the noraal atart-Q proced�e . �1• -.:1DtfJD8Jlce check 1aclu4ed re­

J&1r1Dg or replacf.Dg de:tectin theraocou;ple probe• ,  :tluahiDg the 

a,-.tea 1t neceaaa17 1 and checkiDg the Jlall<aeter liDea . J'luahiDg 

the 1711t• vaa :per1o41call.7 nece••a%7 to remOYe accuaul.ated cl1rt 

or to uae new aolutioa.a in the IJ'8t•· 11ew aoluticma were 11ade up 

direct� 1D the tlav loop b7 add1Dg powdered Carbopol to the 

24 

reaerT01r 1 c1rcul.atilas the llixture until the powdered Carbopol 41aao1Te41 

ad uutral:l.z1D8 with a4ditiou at Maaur.-ed quantitiea at a 

atandard 1od11a Jv'c)roxicle •o1Ut1CD. 
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!rhe atart-up !1rOce4ure included oteratiau tar each. ot the 

control and 1Datrl8mtat1on UD1ta � The JN11P waa atarted, the rotaaet� 

float lnel aclJ•te41 coo11Dg water turned on, end the ateam rate 

regulated. � reference Jlmctioa tor the »>tent1�ter. waa then 

prepered· aDd p-el1•'"'ll'7 theraocOQle � rea� were noted.: . After 

the tl:aeraocovple read1Dp beca. .ateaq1 t� adJuat.nta were made 
. . 

on the teat aolutlcm, cooliDg water 1 and ateam flow ratea . 

The atea�-atate o:peratioaal procedve iDTolTed �he �ual 

um�e f4 a .-tea� r� l.enl md the · .�ollectiOD or data. 

:a� ccmtrol wu 'QDI1red1ctable and requirecl cl011e attention to 

prenat a Wide 'ftrtation 1D TOlllletric ·flow ratea . Dartog ateacQ'­

atate QJerat:lcm the toUftiDg ciata were recorded tor each teat ru111 

(a) the atat:lc preaaure drop acroaa the teat aect1ao, (b) ra41al 

teJII)el'ature protUea at 0 • ., toot axial :lDterYala 1 (c) tbe flow 

41rect1oa., and (d) the rotaeter read1Dg. In acld1t1GD1 two aa.plea 

ot the teat aoluti<m were taken to enluate the telprrature­

depenaent rheological :paraetera tor each r-. . 

� almt-down x-rocedure required tunWig oft the at�m about 

tin IL1Dutea before atou1Dg circulatioa. !rhia ahort del.a7 prnented 

the atapent teat tlu14 trc:a beccaing arerheated 1zl the tlov loop. 

Ot'eruat1Dg waa uncleairable becauae at •.,..por loeb" and "bubble•" 

toraH 'b7 bo:lllag the teat fluid. 



I .  DA� 

The exper�al data obtained 1n thia 1lmtat1gation were those 

required to eTaluate teJBperature 1 nlocit71 ahear atreaa 1 and thermal 

cCD4uctiT1t7 diatributicu 1n the cQnamic teat •78t•· An aTerage 

preaaure gradiat and aeta ot experimental temperature profilea at 

fin axial poa1t1ona were meaau:red for each teat rm . Liquid 

aaJQlea taken before end atter each teat rma. were anal.7Zed tor 

tea;perature-depeDdent rheological parameter• . Ccaplete tabulatiou 

or theae and other pert1Da.t experiaental clata are recorded 1n note.­

booka entitled "Original Record at Reaearch" on file in the 

Cheaical and ·lletallurgical EDgineeriDg Departaent at the Un.inra1't7 

ot �enneaaee . 'fheae recorda are on pages 2552 to 25681 3501 to 35191 

la-551 to Ja.556, 16501 to 165501 16851 to 16872 1 and 16901 to 169341 

1DclU111Te . 

AD index ot Tiecoua beharl� ( i .e .  Brooktie:ld or apparent 

Tiacoeiq) is plotted as a function ot pll 1D Figure 6.1 tor three 

aqueous Carbopo1 ao�utions . !rhi� fipre 1� repreaentatin at �se 

data taken in that portion ot the 1DTeat1gat1cm. The Talidit7 ot 

the ponr-law rheological aodel vas e:vnn1ned with data trOll . a 

cap1llar7 Tiaccmeter and tnical. data trOll this aul7ais are shown 

1D. J'igure 6.2 .  � •thod used and data for Figure 6 .2 are ginn 1n 

AppeDdix A·. 
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Ca.plete experiaental taperature diatributioos are tabulated 

in AppendiX D, and ap1r1cal equatiou fitted to these data are siTeD 

1D �able I .  Graph1call.7 enluated conatants. us�d to calculate aial 

tellperature gradients are tabulated 1n 'fable II. The •aaured pressure 

gradient ad calculated pressure gradients at inter.diate points along 

the teat sect :loa are tabulated iD Table III tar each run .  ':he reduced 

radial distance ?ariable uaed 1D maQJ ot the tabulatioaa is defined a� . 

the radial distance �ca the centerlme d1T1ded b7 the pipe radius 

which was 1.332 cent.tera 1D thia work. The t-.perature-dependent 

parueters in the power-law rheological equation e.J;"e. ta��ted in 

hble IV tor each te�t run. !heae cODStanta_ represent aTerage Tal�s 

obtained trc:a two or more liquid aurplea tested at aneral temperatures 

in the rauge encountered in the eX»eriaental test r�. All tem;eraturea 1 

liDear measurements, and force units in the aboYe tables are giTen 1n 

degrees Fahrenheit , cent:!Mters , end d7nes 1 reapectinJ.7. 

The directioa ot tlow through the teat section in the tlow loop 

waa chaDged between runs 1 and the experimental temperature d1stribut10D8 

at the outlet position are shown iD Figure 6.3 tor runs 3 and 4 .  The . . 
linea represent the ap1rical equatiODS tit ted to the data points . 

II. DSULTS 

Four radial thermal ccaductirit7 and Teloc1t7 protilea were 
calculated tor each run, and these . Taluea are tabulated 1n AppendiX D. 

The thermal coactucti'rit7 protUea are presented graph1call7 tor runs 5 

and 8 in Figures 6.11. and 6.5. Figures 6.6 and 6.7 show thermal 

cODductiTit7 data as tunctiou ot teJII)eZ"ature tor Tarioua cper�al 
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TABU: If 

�-DIPDJ&ft KDOLOQICAL PAUMI!DS 
C • C:0-B!1 � If  lS D .OJ' 

Co, 
Dp!!..aec ... DfcaZ 

(2) 

"'·� 

3l,.,S 

n.oo 

,1.00 

"'·6o 

3().6o 

3C).OO 

�.00 

B1 z 
pP!I-Bec ... •{t:a ... 

(') 

0.1JII. 

0.09, 

0.091 

0.091 

0-.090 

0.()90 

0.089 

0.089 

D, 
Dmeu1op!!• 

(�) 

o.�� 

0.!129 . 

o.,,z 

0.,,2 

0.,28 

o.,za 

0.,,2 

o .,,z 



shear atreaa c01ldlt10DS (r•�Dg trca 0.01 to 0.07 lbt/tt2) tar rUD8 

5 and 8 With the therJial c011duct1T1t7 of pure water (2) ahown b7 

aaooth curna tor reference . '.!he experiMDtal teJ��Perature protUea 

39 

and calculated Teloc1t7 diatributlou are lhown 1D J'1gure 6 .8 tor tour 

uial poait:lCDB aloag the teat sectiOD . 

Te�Qerature distributiou were calculated tor the three 

poe1t10D8 dowutreea tr� the aeccmd theraocouple port (1 .25 teet 

trca initial cooliDg) tor each rUD 'b7 aaala1D8 en aTerage coutant 

therJial co.a.4uct1Tit7• The data trca t� aecood theraocouple port 

end an approzmate vall te�Qerature distr1but1oo were .ua ed aa 

bOUD.4ar7 cooditioas tor Bquation ( 2-8) • Tbe calculated teJ�;perature 

protUea are ca.;pletel7 tabulated 1n Append:�.% D and grqh1cal.l7 

preaente4 1D P1gurea 6 .9 aDd 6.10 t� runa 5 and 8. 

Jexpert.Dtal data were also used to calculate diMuiOilleaa 

groups c•:• =17 uplo,.ed in lQ'droiQ'Dud.ca. aad heat traDSter . �·• 

data are g1Tea :lD !ablea. T pel !I. Jexpert.Dtal tem;perature prot ilea . 

trc:a thi� 1D't'eat1gat10D were recalcul.ate4 aDd tabulated ill !able VII 

tor rl8l8 5 aDd 8 1D tar. at reduced temperature � These data are 

ca.pared with theoretical curna ot �che aa4 Bird (Z7) :lD J'igore 

6 .11 �e � ia the reci;procal �aetz nuaber, �/c.,pQ, Q . 18 

TOl..tric tlov rate, and z 1a the cooled 1eagth. 

� calculated results are glnn in ter.a ot degrees 

J'abrenhe1t 1 teet , aDd pOUDU torce . The 11Dear nloc1t1ea are giftll 

1D teet per ldnute and the theral. c0Aduct1Tit1es 1D Bt.u/br-tt-0, .  
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(3) IUU.le 
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(� ('� Jlidale 
(Z 

f�! Outlet . 

(' 11144le 
(2 

('� Oatlet 
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(' 1114clle 
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TABLE T 

CAWlJLADD DIMaSI� GllOOPS 
AID BUlK DIIP.I1tmlll 

Pnalt1 
lle)'Do14 'a B'usaelt -.ber, 

._..,er :..ber I'Ulk 

(') . (�) (') 

0.0376 ,.no zo,� 
0.0376 llt..�, 20.,�2 
o.o,aa 4.71, 20,23() 
0.011.10 9.�, 19,200 

o .o666 6.11, 13,:586 
o.o682 9.818 l,,u, 
0 .0705 11.791 12,Ql 
0.0707 l,.,a, 12,613 

0 .1621 14.271 8,922 
0.166o 2.778 8,110 
0.1698 7o2Z9 8,,22 
0 .1�1 1.928 8,� 

0 .1� 9·399 9,,...1 
0 .1422 11.187 9�'-0z 
0 .1�,2 ��479 9,20' 
0.1!5()9 7-� 8,85, 

0.190:5 ,.�,z 8��,0 
0.192Jt. 8.257 8,� 
0 .1963 ,.o68 8,1., 
o.2oo6 ,.68o 1,� 

0 .199' ,.,,a 8,018 
0.191' 9-� 8,096 
0.20� ,.762 1,1� 
0 .2112 8 .896 7,!562 
0.2002 �.�, 1,Ci o .zo,9 1· 2 1, . 
0.2087 7·97' 7,622 
0 .21,.. lt-.282 7,-,lrr 

0 .1786 6.:529 8,1,2 
0.1827 Jt- .,79 1,� 
0.1879 8.�1 7,72' 
0.19'9 7o619 7 ,JJ88 

Prultl -
·�I ·�o;tve 
Wall 

(6) . (7) 
16,�5 ,,.6Jt. 
17,8ol 99·� 
19,'" 102.26 
20,817 1111- .3() 

11,179 911--59 
u,678 99.08 
12,177 108.27 
12,�26 l�o72 

1,� 110.,, 
8,� 11,.91 
8,�, 120.!5() 
9,,18 126.37 

8,� 1o6.87 
8,�13 uo.,e 
a,a,, u,.29 
9,318 123.S, 

7,2Ja.7 10, .� 
7,,Zit. 10,.8' 
7,8Z, 110.� 
8,1&, u,., 
7,,!56 u,.ll6 
1,86o U7." 
8,U6 122 .98 
8,,90 128.27 

71U5 
'1,,10 

ll,.6o 
117-� 

7/7,& l.22o 72 
8,,92 129.,0 

7,6TT 121.81 
8,190 126.61 
a,n, 1,2.68 
, 9,30\ l,S.9' 



TABLE VI 

DIMDSIOILESS GBOUPS FOB BlAT mABS!1m C<EBJ!LA�IOB 

A-nrage ValU.a Average Val•• bp1r1cal 
Baaed on Flu14 Baaed on Axial PredictiODS . ot 

Temperature Gradient Bulk !eaperature Metzner 1 Vauglm., 
a't the P12! Wall t:bange aD4 Boug}Ron {�7l 

Blm Busaelt Graetz li'U8aelt Graetz Busselt Graetz 
BlDber llumber B1.Dber 1\llber Blaber B\Dber Humber 

(1) (2) (3) (II-) (5) (6) (7) 
. .  

1 8.0 24 .0 . .  , .2 16.3 4 .9 24 .0 
2 10. 3 27.3 1 .8 18.5 5·1 27.0 -
3 6 .6 ltJI. .2 �ao ., 3() .0 6.0 44 .0 
4 8.1 4<>.9 4 .4 27.7 , .a 41 .0 
5 5 o2 �9.1 , .a 33 ·3 6.1 49 .0 
6 7.0 48.8 4 .0 ,,.1 6 .1 49.0 
7 6 .1 48 .7 4.9 ,, .o 6.1 49 .0 
8 6 .8 49 .4 �.9 3() .1 ().2 49.5  

Theoretical 
�Isothermal" 

Predictions of 
�che-Bird { 27} 

l'usselt Graetz 
Bumber Number 

(6) (9) 

3 -25 l5 o7  

4 .59 31 .4 

.r=­\Jt 



3elucel 
Bad1uaal 

(1) 
-0.871 
- .788 
- . • ,78 
- .� 
- .22' 
� .oa.., .11, 

:� 
.6,S 
• 826 

TABU: TII 

. If - � lUWDClCD DMPEBA!DRI1 9 • ! _ � - . 1 w 

! = Point !-.perature 
� a WaU !aperature = 58Gr 
!1 • IDlet J'luid �-.perature 

.. ,, If' • l,,o, •• a, �1 • 17oo, 
.,..,...tve I .. 

(2) 

� ... 
81.0 

1�.0 
U7.2 
12, .0 
127.� 
126 ... 
122 .0 
n,., 
98.7 
79 ... 

:Re4uce4 
,..,. Q 

(3) 

0 .21, 
·307 
.61' 
·787 
.89, 
.920 
.907 
.e,, 
.76o 
.,..7 
.280 

lle4ace4 lf..,.:rature 1 
llad1ua1X 0, 

(') (') 

-o.886 .,.7 - .773 88.0 
- .62' 109.3 
- .1&.20 1,7.1 
- .111.3 1�.2 
- ·300 1�.7 

.0:5() 1'7·" 

.1,0 1,,., 

.:50<) 1Jt.8.2 
·"' 1�., 
.,, 1Zl .1 
.676 10,.1 
. .,a 91.2 
.a,, 81.7 

...... 
, .... 8 

(') 

0 .089 
.268 
.It,,, 
.70, 
-� 
.839 
.8811. 
.875 
.Boll. 
.70' 

·�' • 2 
.2� 
.21 ... 



CliAP'J!EB VII 

DISCti3SIOB ar BESUIJ.l'S 

I. FLUID BEHAVIOR 

The Tiacous behaTior of aqueous Carbopol was toUD.d to be a 

tlmctiOD of the eolutiOD ' s  pll as well as its concentration, temperature , 

and shear stress .  AD 1nda: ot Tiacoua beharlor , the apparent or 

Brootrield Tlscoeit7, vas used to _atud7 the effect ot pll 1n Tarious 

aolutiCDB at constant tfJIIl)erature (BoO,) aDd apiDdl.e Qe.a. -nus 

atud7 renaled that apparent Tiaeoa1t7 reaches a _maxtma. end J;emains 

· eaaentiall7 ccmatant tor solutions ot g1Ten concentration with pB'a · 

between 6 .5 and 8.0. W:_s facet ot aqueous Carbopol behaTior prOYed 

helptul 1D preparblg aolutiou :ln the flow &J8tq. 

The cap1llar7 Tiaccaeter data showed that the isotheral 

rheological beharior ot Carbopol aolutioa.a could be described with a 

pair ot Jonr-lav models : (a) ODe tor lav shear strelael ana/or 

tem;perature� and ('b) another tor htgbar shear atreaaea u4/� 

tem;peraturea . 1Port11Dateq, a a1Dgl.e power-law aodel »J"OYed adequate 

tor deacri'b1Jis the rMologlcal beharlor of the _Cer'bopol aolut1CDS :ln 

t� shear atreaa aD4 temperature rages encol1Dtered 1n the noo-iaot�� 

flow loop . It wa� alJI_o tcrtUDate that the ccuiatenq index, c ,  ot � 

JCNV-lav aoclel exhibited a liDear teaperature de,.n4n.ce wb1l.e the 

tlov-'bebaTior 1Dcla: 1 n 1 waa ua.attected 'b7 t-.perature • 

.A alJ.ght clecreaae 1D the cGDeiatenq 1Dda: was noted atter high 

tellperature ruu � tu passage ot aenral da7a .  This etfect occ�ed 

oYer per1o4a ot tt. auch lODger than the teat ruD duratio.n, so it w:aa 



lt-8 

felt that the anrage rheological prOJertiea at &Ufl'lel taken before 

aD4 atter each run would be adequate 9 

Ilo DDAIIIC TBIRMAL COBDUL�zyrtDS 

Aa ex•1nat1on ot J'igurea 6.Jt. and 6.5 meals that UDuaual. 

chagea ill the calculated � coa.duct1T1tiea occur 1D the neighbor­

hood ot both the pipe vall 8DCl the c-.terliae . The UDUa'Wll chagee 

near the _Ji»e ceaterl1De nault�d frca the h1sh _,11t1cat10D at 

expwiMDtal error at aall ra41al. ctietmcea 1D calculatica With 

Bq•tt• (3-9) 1 aiace both the DUMrator ad a.-•••tar are aaall 

� t�. 41etaDce trca tlMt ceaterl� 18 aall . A large :part10D � :the 

\1D\18ual chulgea :In tM aeighborhood ot the pipe vall are beliencl to 

reault frCII � ex\ra:polati� ot �iMDtal t_,..ature �tr1but1� 

to the pipe wall b7 •ana ot the eQir1cal eqatiGDe 1n �able I. 

:r1pre 6.3 D41catea that W.. extrapolat1GD prcw14es a pear eat•t• 

at vall t....-ature 1D aoae ca.aea ua4 poiDte � the need for an 

apers-tal en.latiOD ot vall teJ��erature . 

It vaa aot 1)08aible to ahov a1Q' qllaDtitatin e:rtect ot shear 

et.reaa OD tlwral cOD4uctiTit7 because the expwU..tal uother. aD4 

ccmateDt shear atreaa liDea alaoet coiDciUcl With each otlwr. BoweTer , 

the aata q111l11ta\1nq 81Jge8t that th8ral . oaa4ucti:ri:Q' decreuea 

altshtll' with an 1Dcreue 1D shear atreaa u 1D41ca� 1n Ptgurea 6.6 

aDC1 6. 7 b7 a caQariaOA ot calculated 41Daaic theral coacluctln:t7 

chlta fraa l"UD8 ' and 8 rith ata�ic t� caa411.CtlTit7 uta tar pure 

water (2) . 



TJ» flow 4irect10D through the teat aectiOD was alterDate4 

betnen runa 1D an effort to 4etend.De whether or not cODTectloaal . . . 
ettects wwe iD.Yol.YeCl. One set ot these paired runs wu obtained 

ader eaaent1al.l7 the aaae �1 and flow conditiou . :lxper:llEDtal 

ta;perature cUatributiou tr• the outlet axial position tar rUDS 

3 and Jt. are ahowD :lD Jligure 6.� and :lD41cate that there were no 

a1gn1t1cat free caavectio.aal eUecta inTolved since the cl1atr1-

but1ou have eas•t1al.l7 the sae ahape . 

� ccmt1Duit7 equation (Bqllaticm Z-2) wa� \18ed to calculate 

the radial nloc1't7 c� at a nuaber ot radial and uial 

»>e1t1ons tar each run . file .xiala radial wloc1t1e• calculated. 

ware leas than 5 :z: 10� teet per llinute (rtm 6) u ca.pa:re4 to 

axial wloc1t1ea � about 3 teet per Jlinute . Bo aip1t1cant radial 

conncticmal eftecta were expected because ot the higbl7 viacoua 

uture ot the teat tlu141 and these c1ata and calcula.t1cma sub­

stantiated thia op:I.D1cm. 

'!he t-.perature profiles calculated b1' aaalaiDg a ccmatant 

thenaal ccm4uct1rit7 Yith the aper:blental bOUDClar7 cond1t1oits were 
1n goocl agreement with the e:z:perillantally measured temperature 

41atribut1ona as ill'Witrated :I.D J'igu:rea 6.9 and 6 .10 . !.rheretore, 

it would appear that neither shear stress nor te:.;perature affected 

the therllal ccm4uct1T1t:r •utf1c1ent:Q" to cauae appreciable ch&Dgea m· 

the uperiiMmtal tell;perature prot1lea . !h1a op:IJiion 1a further 

av;pported b7 the cloae agreeaaent ot clata :trQI thia 1D'9'8atigat1on with 

the thearet1cal ta;perature cliatributiODS � L;rche and Bird ( 27) tar 

"iaotherul" heat transfer . 



IIIo BEAT TRANSFER COBSillB:RATIOBS 

The scope ot thia experimental iuvest1gatioD waa 

l:laited as indicated b7 the non-Bewton1an heat tranafer and }Qrdro­

�c dimena1onless groupe given in Tables V and VIo Prandtl 

nmibere were calculated for both bulk and wall conditione . llueeelt 

DUIIbere were tabulated iD three ways :  .(a) point values based. an 

the temperature gradient 1n the fluid at the wall (!fable T) 1 ,(b) an 

aTerage or the po1Dt values frc:a (a) far each run (Table TI) , and 

(c)  those baaed on the bulk temperature change 1n each run (Table TI) • 

� Busaelt-Graetz numbers trca Table VI were ccapared with the 

aoc11f1ed Leveque equation tor heat transfer to l'ewtonian fluids 1n 

laminar flow ( 40) and, 

� D  
- -

X 

1/3 e � Cp) . 1.75 •azl./' (7-1) 

with the exception or those data fran rune 1 and 2,  showed good 

agreeaat tar (c)  • !rhe naa-•evtO!lian aoditication ot BquatiOD (7 -1) 

presented 'b7 Pigford (40) and uperiaentall,- verified b,- lfetzner 1 

Tauglm1 and Boughton (37) tor non-Ievton� f'luida 

-

where 
�:::.1/3 • 'P' + l  

4a• 

tita the data calculated tor (b) alight� better than Equation (7-1) 1 

but 1 ainoe thoae data 1Dcarporate the errore ot an eetillatecl vall 



t81Q8rature, the •• � the  ncm-BevtOAlan correct1cm tera catmot 

be .1•t1t1ed traa the ex,er:baezrtal 4ata ot th1a work. Jletzner, 

Vataglm1 aDd Boup:t;OD (37) alao recc a4ed an _ _,irlcal v1tcoett7 

correctiOD tera a1w1lar to the one deTeloped 'b7 S1e4er and hte . . 
0 ·' 

• 1 ; • , ·� , , ' , ', 0 I ' � �� • • 1 I ' � ' ·  •• �"'!- � , 

tar •evtcmiaD fluicla (�7) to � Equation (7-2) • . .  · . .  

(cc

. 

•_- ) O.l� . 

Cwall. · 
. (7•3) 

where : ecnw • the .. ccma�c1" :ll1Ct8:i: fmll�tel,.'at �( 

bulk �ature 1 anc1 

ewall • the couiateaCJ" !Dclex fmlluated. at the 
. . 

vall t_,erature . 

This •441t1cmal correct1oa a01mt1 �� - ab� · 2 .� tor the 11111ted 

data � th18 work 8D4 cumot be JU8t1t1ecl here al...,..._b .acae degree 

ot aucceae hal beea clafMd tar ezteuin corr8lat:1cm at ·�� 

izrreatigaton . aata (37) . 

A .ca.parisc ot the luaeelt nlllbera_ calc�te4 tar (c) a'bon 

Yith the tlleoret1cal Tal�• calc�ted b7 L;rclle and Bird (27) 1Ja41catea 

that the ezpermeatal aa� � th1a work are ala� 1D goocl agre--.t . 

011 this pomt . �- vu to be expected a1Dce tl3e LJ'che-Bird tllearet1cal 

t..,_.ature protUee agree With the ezper1Mutal prot'UU . ot th18 

1Dftetigat1cm. 
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!here ware IIUltiple OJPortl11litiea _ tar error :lJl th1a iDftat!pti�J. 

however 1 it 1a believed that aoat at tlieae error• �e m1n1w1 zed 'b7 

carehl. a,er�tiOA. !he U8ual .•aaur•at errora iDYolftd· 1D tbe 

t....-ature, diatace, Q.cl rheological d8terainatioa8_. were •ub3ect · 

to acae "aootlWls" 1D the prel'•'••'7. lata· �ia atepa , · .. and .it .ia 

felt that aoat ot the r�� �ora: vare -.l�ted � · ·-nrap4 .out" � 

The greatest obeene4 exper��tal varia� ion·. occurred in rtml 1 . 

and 2 where the source of heating· was different troa that qplOJ'e� in 

the other runs . INr1Dg these 1Di tial r\Dls a pair ot electrical . 

illaersion heaters were placed in the reaervoir for heating, and the 

steam heat exchaD&era were not tiaed . . At the end· ot · both ruD& 1 and 2 

it vas tOtmd that an appreciable quantit7 ot the t�at. fluid had · · 

evaporated ,  The rheological propertiea of the saaples taken before 

end after the1e runs were quite different 1 and it vai suspected that · 

soae accelerated "agtq" ettects were involved . Some r�tulte . obtained 

trc:a runs 1 and 2 were 1Dcoaa1atent vi th those obtabed troa the 

Moat exper1Mntall1' deteraiDed temperatures aDd preaaure dit­

terentiala were reproduc ible vith1D 5 percent .with GDl7 a few larser 

variatiODa . The rheological data were aoaevbat le�a coaeiatent 1 u.d i:t 

ia believed that aoat ot the error vas due to accelerated "ag1Dg" ot 

the aaplea vhil.e heating thea to the higher taperaturea far teet1Dg. 

Instead ot •aauriDg the presaure drop as vas dcme in this work, it 

would be preferable to measure the volu.etric flow rate and celq)ute 

� preaeure gradient since errors in .eaaurtng the preaaure gradient 
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are greatl7 a;plified 1D calculatiDg nloc1t1ea tor power-law tlu148 . 

The need tor expermental temperat� data near � pipe vall 

wa� apbaaize4 repeatedl.J 'b7 the abnormal reaulte calc�te4 t� 

quanti ties 1D that neighborhood . 

. . : ·  .. . 
: ' ::;' ·� : .· ...... � :--



CBAPJD . YIII 

��ized 1D th:e tollori.Jig paragraphs . •  

auggeat that an 111creue 1D abe� ·�••• cauaea a alisht . 4ecre�e . .  �. 

theral cOACluctiT1t7 tor atueoua Carboto1 ao111t1cma . · �, 1t 1a 11ot 
. . . ·  

poeaible to ahov a:zq qli8Btitat1T8 aheu atrea� . etfectl be�auae tJ. 

coutaut shear reg1ou alaoat co:l.D��de. Yith the ezperfaental isotherM . 
. . 

SuppJ.e.ant&r7 tellperature protUe calculaticu aaauaiDg co,u.tat . 

therul coacluctiri'tJ' ahov that the eff�cta ot a shear a�eaa · azul . . . .. 
tellperature an the thenilal con4uct1T1t7 of aq•OlUI Carbopol are 

..U eaough to have no effect � the ta.perature 418tribut1oa 1D 

� t11114.  

ne 11a1te4 heat trauter data f'rca this 1Jmta��t1• agree 

Yith the theoretical calculaticma of . L7che 8D4 Jird ( 27) aDd · .the . . . 
ezpers.mtal corre�tiaa ot. Jletzner, Tauglm, .ana Boughten (37) .  Bellce, 

it 1a felt that accurate heat tr8D8t� ca1culat:l.� can . � Mde tar · 

la1n•r aoa-•�caiaD tlcnr uaiDg coutat valuea ot therul 

c0Diuctiri't7· 

Both exper1aental aD4 calculate4 data indicate that tree cca-

fluids tor the rage � ccm41t:l.oaa investigated. 

fte rheological behaY1or ot neutral�ec1 aqueous. Cerbopol 

.. ��luticma is �U described 1q an e.;p1rical1 te�ptrat11r8-c1epea4ent1 



' 

4ecreaaea l1Dearl7 with 1Dcreaa1Dg taperature , vhUe the expoaent, 

n, 1a 1D4epea4ent ot tea;perature . 

Althoash it proved ill;poaa �ble to dete� 8Jl �ct �elatica 

betveea ahear atrea�. and the theral ccm4uct1v1t7 of . non-•evton1an . 
. ;';· 

'' 

tluida 1D the equipamt ot the _ preaent �,...t�ticm, . it_ 1a t��:t _that
_ 

the equipaent �1ticat1ou rece . aa.a �- : the to�oviq paragrapu_ 

would enable tuture worker• to deteraiDe the nature ot aueh' a .. . . . . . -

relat�aa 1t one exiata . 

Bxperi.-ntal Don-Bewtcmian �- cODdUct1v1t,- bta ·should be 
t � 

• • • • • • ' 

obtained under ccmditiona where the con&tant· shear · lmea · aild 1aotheru 

do not coincide, e .g. , :1D ncm-1aotheral teat 8ecticma where the 

re_aidence t• of � teat tlu14 1a lODg enough to fl:llov the. bulk tlld.d 

te.perature to approach the wall · tem;perature . · ��er these ·cond1t1ou . · 
the e:rtect of tqperature and shear a trees. wo�d be separable 1 and 1 t 

would be possible to show quantitative effect• ot · shear atreaa on 

thermal con4uct1v1t7. 

ExperjMntal detera1Dat10D8 ot waU te.;peratwe ahoul4 be 

carried out Wling theraocouplea iabedded in the pipe wau. This 

would el1lll:lnate the neceae1t7 ot extrapolat1Dg 8XJ8riaental tea;perature 

data , a queationable JrOCedure at beat . In addition, it •7 aleo be 

poaaible to reduce the tl:leraocouple probe a1ze al1ghtl.1' . Thia would 

enable one to obtain eXper�tal ta;perature data 1D a neighborhoocl 

a�t nearer the pipe wall . 

AD accurate (uguet1c) tloaeter ahould be obtained tor wort 

with non-Bewtonic f'lu14a . Such • aeaauring devi�e would allow one to 



· ;  .. , .  

. · . . . .  

calculate preaaure sra41ent- data: tor· �ar.ioua· axlal poe�tiou ·iJi aD. . 

�iMDt� Masured teJf»erature field �- a �ovledge or· t:be 

:tlu14 ' a rhe�l.Ogical behavior . · It would a�o prori.de an iDdepeDden� 

check on calculated veloc1t,r prot1lea . 
. .. :. . . � 

56' 

Ezt,er'1Jiental tecbniq�a tor tbe direct Gx;erDez1tal : evalUation . · .  
· . .  " . ... . . . . . . . 

� . �loc1t1 prot1lee �houl4 �18� .
·� . c�14�ed . Teloc�t7 . ptof'Ue 

dat� , · determ!Ded exP8r1MDtan7·�. va.dct eiild.Date · the .need toi·. the · · 
. . • · • . . • • ,1' . •·. • . . . . 

. · �xtena1w rheological atuq at tJae . prea�t 1Jrnat18at1cm anc1 the· 
. . . · · . 

calcUlat1oa ot veloeit7 protUe• � . 

·' . ; ' . · ;  
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A.PPDDICES 



APPDDII A 

TBI CAPILLABY VISCCIIB'l!.IR 

Detend.Datio.u or aoa-BewtODiaD nacoai't7 data are trequeatlJ' 

ude Yith a ca:pil.lar7 T18cCII8ter. Maroa, Kreiger, aDd Sisko (28) 
\ 

deacribed an abaolute Tiaca.eter Y1th. cCDt:bluOU8� 'Y8J!'7iDg preaaure 

head which had a wide operat� remge aD4 was afllple to uae . A 

v18caeter ot a1w11ar 4eaigD was coaa�ted b7 Lo (26) and 

s41tied alight� b7 tarld.D (24) at the liDJ.ftnitJ' ot �DDeeeee . 

!rhe s41tied viaccarter 18. shown in Jrigarea A.l and �.2.  

fte capil.lar7 Ullit 1a 1Datalle4 tnaic!e a P1ex1glaa ql1D4er 

chaus1Dg capil.lar7 tubes , :r1gure A.l. De capil.lar7 unit _caa.taiJul 

two reaen'Oire vhich are appraxiate� 2 mchea 1n � ad. 1 

1nch . deep �omtea 'b7 the aide ara aD4 capil.lar7 tubes . � Plezi­

glae strips :pr09'14e aupport to raove atram :rrc:a the sJ,aaa 

capil.lar7 tube . !he a14eara tube 1a uae4 t� tW. � bottca 

reaeno:lr �th the lla.Ple and f'ac111tate the rapid atta� ot 

lvdr•tatic ba' ence at the end o£ a teat. Tiacoa1t7 c1etend.Dat1au 

in th1a 111'9eat1gat1oa 1DTol.Ted the uae ot a prec1a10A bare Ppt� 

capil.lar7 tUbe with an :lu14e 41aeter ot 0.1019 ca. , obtained t:r• 

the W:llllad Glasa CGIIP8D7. 

The .anaaater UDit was •de :rrc:a a ller:laa -aaater With a 

0.518 ca. iu1de cU.aaeter, 128 ca. laag glaaa tube . � _aane8!rter 

UDit was comaected to the capil.lar7 1D11t 'b7 clear Plex1glaa co.n­

ta:ln1Dg JQ"lon stopcock valvea . A tvenv �· �c s�iDp 
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V'aa used to. ac)Jua� the .rc'Ur7 �enl 1D the -� leg and to 

purge air t:raa the bott• reaervof;r or the caJil.lar7 uni� before 

eac� teat . Both the capUlar7 uait an4 ��m-.rter �re 110111lted 

oa. the rigid srlllYCXrk of a laboratCXE7 beach. Water circulated 

trca a ccmt�tu.t teQerature bath1 8Duf'acture4 bJ the .berice 

Scientific �trUI8llt CQ11tp81Q' 1 waa uaed to amtaf.n iaothenal 

cOD41t1au 4ur1Ds each run .  T.be vertical he ight  at the aercu:t'1' 

:I.D the .ancaeter tube waa •aaured duriDg the testa with a 

cathetcmeter .nutactured 'b7 the JrrecJrich C .  ll'enaon CompaZQ". 

llerc11r7 l.eTela were read to the nearest 0.001 Cll· 'b7 �e ot a dial 

1D41cator em the cathet�ter ' a base . � t• correaponcJ1ng 

to the varioua aerc1117 levels wu obta:lzled with two electrical 

t�• 118D'U1:actured b7 the Standard Electric Tmer CQ11tp81Q'. 

I.  Wim>D � .ABAL1SJS 

The plQ'sical par-tera ot the viae� are deaigDatea as 
tollon : 

Bx = radius or the mancaeter tube 

Be = radius or the capil.lar7 

l1t = radiua or the reaerroira :In the ca»Ular7 1mit 

L a leagth ot the capUlar7 tube . 

66 

S:lnce both reaenoira have the seme croaa-sectional area , (when the 

'bJ'-paaa valve is closed) 1 the heigbt ot the sample col'UIII:l1 a, remains 

constant during a teat . The heights y and z '  v1ll be used to 

deaignate the heights of the mercury columns 1n the capil.lar7 ait 

reservoir and 1D the manometer 1 respectively, above the horizontal 
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1Jltercoanect1Dg •rcur.r tlov line. 

The Jr888'Ur8 ·(lrop 8Cr08a the capUlar7 1 /1 p 1 CaD be 8Xpr88884 88; 

� p  = 

where : 

� - � P.s 
c 8c 

+ 8 p ·gJ 8c 

P .. a deuitJ' of MrClll'71 

P s  • denaity of teat 11qu141 

g = acceleratiOA due to grant,-, 

lc • \mita coaatant . 

(A�l) 

Whel1 the Qlltea 1a brousht into ]Q'droetatic balance 1 1 •. 7 0 aDd 

z '  • z ' and: 0 

AP • o .. z� P rtT> - {'To P,.r. + • P,s_\ (A-2) 
80 \ 80 80 ) 

Equat10D (A-2) � aubatracte4 trca Bquaticm (A .. l) : 

Sf.Dce the vol� ot JlerCUl"7 1J1 the .,..-t• re..1D8 . caa.atu.t 1 QQe . can 

write : 

tti 
7 - 70 • - - (z ' - z�) � 

anc1. aubat1tu:te (A-11.) 1Dto (A-3) to obta1D : 

AP • (z 1 - z� �� ( 1 + � ) - (A-5) 
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Bav1 let z '  - z� a h so: 

E..! /1P = g 
c ( � )  l + 2 h 

BB 
(A-6) 

and the vol.U11118tr1c tlov rate 1 Q1 1a :  

(A-7) 

AD 1Dapecticm ot equatio.oa (A-6) and (A•7) reye� that an exper!amtal 

determ1Dation ot h as a :ranctiau ot tiae , t1 vUl perait one to oalc�te 

both 6.P aD4 Q.  � 4eu1t7 ot the sa»le tlu14 doea not appear in 

eithar . ot the equatiou and need not be mown . 

The power-law ccmatanta 1 C . and D1 can be eTaluatecl frca 

ca:p1l.lar7 viacCDWJter data uamg Equat10DII (A-6) and (A-7) . with the 

a1w11 ar expre•a1ou obta1Decl trca the power-law rheological aodel . 

A aUl,ple torce balaDc_e on paver-law fluida 1D pipe . tlov s1�• : 

6,p - .  
2L 

c t �] l1 (A-8) 

Bquat1cm (A-8) caJl be rearraDged 8Dd_ 1Dtegrate4 to deteraine the 

:point nloc1'Q'1 v1 88 8 tuD.ction ot radial JC81t1cm1 r .  

tntee;ratioa. 

B�PJ 1/nf_ l/D D u�p�l/D � �- .] (A.-9) 
, = - FL r ' ' c1r = - ..... B, • r 

D+l 2cr. . 
. e 

. 



Bow, substituting Equations (A-6) and (A-7) into Bquation (A·lO) , 

an expression ia obtained which involves OD17: ·: (a). the power-law 

paraMterl , (b) the �truant diaeuiona ,  aad (c) experiMDtal <lata 

tre31 the capUlar7 viacc:aeter . 

Par· aillplitication, define : 

Thua , lquation (A-ll) beccaes : 

� .. 
- B hl/a 

dt . 

Which can also be iDtegrated to gift : 

t D hn- -;-
[ n-1 n-lj 

= B(l-D) - � 

.: : where ht is the driving height at t • o .  

BquatiOD (A-14) ia ot the fora: 

d 
t • a + bh 

(A-1�) 



l'ov, aet1ne : 

where : 

a • 

b = 

d • 

hz • Ohl 

� - o� 

hJ. ·- 0� 

!.:! 
n 

h.1 • G.1·\_ 
bt.1 .. b [o4 - 1] hi 

6tl . t2 - tl 

�t2 - t, - t2 
�t • tL - t 

. , ... 3 

Where : 0 < G < 1 ( • 0. � tor the data aDal7sed 1D th1• . 

1Dve•t1gat1on) • Equation (A-1') ie ot a t:ora tor which data can �­

arranpd to deteraine aU three constants (a1Dce the7 are inter­

dependent upon ODl.1' two \Ulknavn paraaetera , C and n) • B,- plottf.Ds 

the capil.larJ' Tiacoaeter data , h versus t ,  and d1tterenc1Dg a� 

defined abon, 1:t is poas1ble to evaluat� both C and n troa the 
I 

slope and 1Dtercept on a log-los plot ot hJ vera� ��J ' aiaoe 

the slope of such a plot 1s equal to d ed the intercept 1a equal 

to los b [o
C - � • 

Data trca a tn>ical suple ot neutralized Carbop�l are 

presented 1n !able l'III and •hown 1n l.l'igure 6.2 tar this aal7ele . 
This technique vas not aplored far the naluat1on of te�Qerature-



TA!IE TIII 

C.APILLABY VISCOMI'l'EB DA!A . 
0.18 WBIGB'.r j CABBOPOL A'l 15. 80, 

D:ltterence4 
COUDtiDg · :  Preeaure Bea41 

ID4u:1 -� - · 1  'liae , 
J q ¥1 SecODis 

(1) ( 2) (3) 

1 �.� 16 
2 88."' � 
' 83.0,S '7 
.� 78.0� 81 
' '13·'91 107 
6 68.988 ]J6 
7 61. .�, 168 
8 6o.,S 200 
9 '1 o!'C)l 2� 

10 ,, .86, 281 
11 ,0.63]. "' 
12 �1·�' -
1' � • .,7 �, 
1� �2 .0'' ,03 
1' ;9.,� ,., 
16 37.158 Q6 
17 �.929 728 
18 32 .833 81, 
19 3().86, 907 
zo 29o0U 998 
21 27.270 uo; 
22 2,.6� 1209 
23 2�.096 1,20 
a 22 .� "'1 
z, 21..291 1�, 
26 zo.o" 1661 
27 18.813 1m. 
Z8 17.6a 1896 
29 16.623 2oo8 
!50 �.626 zlz' 
,1. .688 za' 
32 1, .. 8o7 2;61 
'3 12.979 A79 
� 12 .200 2,97 
,, u.� 2713 
36 10.780 2831 
'7 10.1'' 29!50 
,a 9·� 3072 
39 a .  3200 
� 8.Jt.16 ,,,2 

71 
' . 

'liae Incr.�nt 1 
Secon48 

(�) 

20 
21 
a 
26 
29 
'z 
'2 
�.-. 
... , 
:S2 

� ·,1 
" 
Q 
70 
7' 
82 
a, 
� 
91 

. 10, 
1o6 
111 
U1 
u ... 
uli 
110 
12, 
112 
U1 
ua 
11.8 
118 
U8 

. u6 
ue 
119 · 
122 
128 
132 
133 



TABIJ: VIII ( C'?ft:nmD) -

Ditf'ereuced 
Count1Dg Preaaure Head , 

Index , c:t __ , Time , 
J Jas Seconds 

(1) . ( 2) . (3) 

41 7.911 ,..65 
42 1.431 3593 
43 6 .990 3718 
1a4 6�571 38IW 
45 6.1Tf 4o82 
46 5 .Bo6 4222 
47 5.458 �378 
48 5·130 ----

49 4 .822 . ----

50 4.,,, ----

51 4 .261 ----· 

52 4 .005 lt-968 
53 3 o765 5132 
511- 3 ·539 5305 

�11118 Increment , 
Sec� 

(4) 

128 
125 
122 
lli-2 
14<> 
156 
- -- · 
. -
- - -

- - -

1611. . 
173 . 
- - -



Counting 
. IDdex, 

J 

_(1) 

12 
13 '1� 
1' 
16 
17 
"18 
19 
20 
21 
22 
23 
a . 
2' 
2' · ·
z7 
·ze 
29 
30 
31 
'z 
'' 
-� 
" 
� 
37 
,a 
'9 
1M) 
�1 
11.2 
�, 
� 
.. , 
� 
11-7 

TABLE VIII (CONTINUED) 

CAPILLARY VIBCOME'l'Jm DATA 
Oo18 WJI:IG!lr 'J, CA:RBOPOL AT 95.00, 

Differenced 
Pressure Jiead1 

,.Bg. , Tiae, _  
!!1 Seconds 

( 2) C5) 

lt-7.,9, 6 
� .737 u 
�2 o05' 16 
;9.,30 21 
37o1,S 28 
�o929 '' 
,z.a,, ... , 
3().86, ,. 
29o0U 6' 
27.270 ., 
�.6� . 82 

.()96 9' 
22 o� lo6 
21 .291 120 
20.� 1, 
18.81' 1,, 
17o6A 173 

. 16.623 196 
1,.626 218 
1�.688 _ z��., 
13o807 271 
12 .979 !500 
12 .200 ,,2 
u.� '" 
10.780 �, 
lOol'' "2 

'·� � 
e. ,30 
8.le.16 ,17 
7.9U 62, 
7.�,7 672 
6.990 
-6.,71 

72, 
778 

6.171 8,7 
'o806 900 
,.lt.,S 96, 

73 

Time . Increllent , 
. §eoonda 

. (�l 

' 
' 
' 
7 
7 
8 · 

u· 
9 

" 10 
9 

u 
13 
la._ 
1' 
18 
20 
z' 
22 
2' 
28 
29 
'2 
,... 

'7 
'' 
'-2 
� 
'-7 
� 
�7 
'' 
'' 
'' 
63 

a 



C..-tiag 
. IDiez, 

, 
(1) · 
� �, 
� 
'1 
'2 
'' 
� 

TABLB - YIII (COlT�) 

Ditferencel 
h.e••ure ._., 

�1 �· I  
� - . 

(Z) 
�-1,0 

.ezz 
�.,,, 
� .z61 �.� 
,.76' 
,.,,9 

'!me, 
Seccat.a 

(') 
10, U01 U72 
�2 
1,,2 1�12 
1!508 

�:· ·.180�, ·:  
Secoall 

. (�) 
68 
11 
eo 
80 
80 
96 
--
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4epen4ent rheological :paraMtera ot the eol�iou used iD the flow 

a,.at• priar117 because ot the tqperature l�tation 1apoee4 b7 

the lov aotteDiq :pomt ot the Pleziglaa construction •ter�. 

-lloveT.•r 1 1t wa•. telt that the ezpermeatal ·� ual.Tt1cal technique• 

- used provided an adeqllate general bovledge about the validitr ·o� 

the power-law aodel tar neutralized aqueoua Carbopol aolutiou !' 



.API'.DDIX B 

THE BOTATIOIIAL VISCO)BT.IR . 

A B�ookfield Sjnchro-Lectric viaca.eter shown tn Figures 4 .1 
and Ia. .2 was ueed to evaluate the rheological properties of the fluid 

samples obtained trca the 41Dudc flow a�t- . 'lhree C7l1Dc1rical 

ap1Ddlea �re made for uae with the Brookfield viscomet�r since the 

76 

a}JiDdlea supplied with the iutruaent did not have seo.tries aaenabl�. 
to ��athe��atical UU78i8 . 

. I • . CALIBBATIOI' 

The Brookfield viacoaeter reqUired calibration to determine 

abaolut� rheological data , and a visca.eter cal1brat10D flu�d waa 

obtained troa the Rational Bureau of Standards (oil x; Lot Bo . ,1) _ :_ 
. . 

tor thia purpose . The calibration fluid va� obtained with a ·�t 

ot teJQerature-Tiacoait7 4ata, and the _Brookti�ld viscometer vas. 
. . 

calibrated at one of theae taperat�ea (Tfr) 'b7 ua1Dg the Jre�onian 
l 

rtac��t7 ot the oil ai that tqperat�e (9 .0� poise) as follon . 

'!he relation bet�en shear atreas and ·ahe� rate tor 

Jrevtonian fluids ia defined b7 

where tL ia the viacoait7 1 and 'V 1a the ahear rate . 

(B-1) 
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Consider a aection through � viscometer of uuit height in the 

region ot aifora f'low (aVQ" trca the end ef'tecta) • . The measured couple 

per unit height is H. 

The shear stress 1:' (r) a t  radius r is given b7 

1:' (r) • ...!L 
2a2 

and the rate ot shear b7 

v = r an ar 

Where n is l the angular velocit,- . 

Therefore 1 tar Jrewtonian fluids 

4r -
r 

(B-2) 

(J-3) 

(B�) 

The solution of' this diftereatial equation dependa on the bo\Dldar7 

cODClitiou at the c,-11Dder .. surface anc1 the width ot the fluid . . gap . It 

there is no alippiq either at tbe ql1ncler or the container walla , the 

b0\mdar7 ccmditiou beca.e 

n • n .  at r • r., ap1Ddle radiua 

n • 0 at r • . rc , CO.Dtaiaer radiUS 

Bence , 11rtegrat1Dg. Equati<m (B..li.) 1 the aDgU].ar nloci't7 at the ap11lclle 

aurtace 18 

which reduces to 

sJI 
n • · (B-6) 

s J,.,c IL r2 . 
• .  • ) 2  

tar r0 >> r8 ,  e .g . , if r8 __ • 0 .�50 aDd r0 • 2 .50, thn 1 . -(;; • 0 .99 



and Equation (B-6) is only 1n 1� error . 

Bearrang1ng Equation (B-6) , 

B = , (B-7) 

and by definition the spring constant is equal to the meter def�ecti� 

divided by torque on the spindle . It is also known (by a simple force 

balance on the spindle) that the torque ia equal to the product of the 

measured couple per unit height, B, and the spindle iJIIae�sion , 

depth, z1, Therefore, 

Meter Deflection 
(B-B) Spring CODStant • 

llzl 

Combining Eq'U8.t1ons (B-7) and (B-8) 

Spring Constant = (Meter Deflection) ( 8c2 ) 
(B-9) 

zl 4. l.L r 8 n t!l 

Equation (B-9) can now be used to determiDe the value of the spring 

constant from experiaental data since all terms are read117 available . 

II . EIPLAJlATION . OJr BROOD'IELD CALIBRA�IOR �ATA , T.� _ -IX 

Data for cal1brat1Dg the spriDg constant ot the Brookfield 

visccaeter are given 1n Table IX, and those data tor the 0 .500 in. 

O.D.  spindle are plotted in J'1gure B .l. '!he slopes of the lines 

are equal to the "lleter Deflection per lDlit iJIIaeraion depth". required 

tor lquation (B-9) • The calibration fluid viscoeit;r at '1'fp ·was 



· r.-ratoa 
Depth. il:\. 

· o .3()0 
o.� . '-0.,00 
o .6oo 
0.700 
o.eoo 
1.000 
1 .200 
1.� 
l .6oo 
1 .800 
2 .000 

TAM1C IX 

l!BOODDLD CALIBRA�IOB DAU 
lleiOJW. BtiiiAU ar s!� . OIL . "B" A� Tf.OO, 

1.00 m. o.D.  SpiD41e o .,oo :lD. o.�.  Sp1Ddle . 0 .  2!50 iD. 0.]). Sp1D4l.e 
Sca1e �lecticm, Scale �le�tian, Scale Deflecticm, 

UDite 11du 
K 

llalta 
6 ll - ;o GO 6 D " as ·  u !0 60 

BPJI BPJ( BPII BPJI BPK BPII BPM BPJI BPK BPJI BPJI 1U'J( - - - - - - - - - - - -

9.8 21.8 ,,., 
15 ·� ,1.9 78.0 -- - - - - - - - - -- - - - - -- __ .,. - - - - - -

Z1.8 �,.o --- - -- --- - -- - -- - - - - - - - - - - - - - --

27., 52 .8 - -- - - - ,.6 1·9 21 .7 Ja.z .7 - -- --- - --

31.8 62 ., - - - - - - - - - - - - - -- - -- -- - - - - - - -

37-1 . 71.6· - -- - -.- , .7 12 ., 32 ., Q.8 1.2 2.6 a., . 16.;5 
46.2 #:90 . 7 --- - -- 8.2 17.0 �,.8 86.0 -- - ·-- - -- -- - - - -

- -- --�- -- - -- 10., 21 .7 ,a...9 - - - z .Jt. ...  8 1,.4 26.8 
- - - - - - --- - - - 12 .8 26.2 6, ., --- - - -

- -- - - - - -- - - - 1, ., 3() .7 76 .1 - - - , ... 7., 19.2  ,a.o 
- -- - - - --- - -- 17.8 ,,.7 ea., -- - '-·1 8 .� !1.9 ... , ., 
- - - - - - - - - - - - - -- -- - - -- --- .. _.6 9·1 -� -7 ..a.9 

\if 
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NATIONAL BUREAU OF STANDARDS 
OI L . .  N . , AT 77. 0 °F . 

0. 500 - in.  O D SPI NDLE 

80 

0 L----L----�---L----L---�----�---L----���--� 
0 0. 2

. 
0.4 0.6 0. 8 4 .0 t . 2  f .4 · 1 . 6  

RELATI.VE I M M ERSION DEPTH (in. ) . 
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TISCOMITER, 0. 500 D. SPIRDm 



9 .0511- poue, and the inatruaent paruet�ra are given :lJl 'fable IX. 

!'he sprf.ns constant� calculated :trca the data were 

Spindle Speed 
:RPM 

6 
12 
30 

. 6o 
Aver8ie 

Spring Coutant 
Deflection Vaits/»1ne•ca. 

0.1520 
0 .1537 
0.1538 
0 .15!t5 
0.1535 

The average spring constant tor all three ap��· and tour 

apee4s vas 0.1551 Detl�ct1an UDits per Dfne-ca. 

III . POWD�LAW FLUIDS . 

81 

The relation between shear stress and shear rate tar power-law 

fluids is defined b7 

D 
T . c [- V ] • (J-10) 

and ccabmillg lquations (B-10) , (B-2) , and (B-3) one obtaina 

d n • - ( )' 1� (�1 1� ..!_ .JL. = ! ....._ a 1:' (B·U) 
· c r 2 C l' 

'.rhe boUDclar7 ccmd1t101l8 tor thia 41tterent1al equation are 

n • n 8 at r = r. 

n = 0 . at r a r c • 

Hence, integrating Equation (B-11) , the aDplar velocit7 at the 

aptDdle aurtace is 

n a • ! (�:C ) 1/a � . (�) 2/a) . (B·l2) 
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For ·n < < 1 Equation (JS-12) becca.ea 
I 

(B-13) 

!heretore, a log-log plot at shear streas versus angular velocit7 must 

be a atraisht
· 

l:lJle Vith alope 1 n1  and intercept 1 ( ; ) n C .  

hplanationa _ot saple data for these equations are giTen below. 

IT. SAMPlE BBQ9DIELD B�IOBL �C� 
DATA , �S X, XI, ABD XII 

Scale deflection (Table X, colu.na (2) 1 (3) 1 (�) , and (5) ) is 

plotted versus relative ilaeraion depth (Table x, collaR (1) ) 1n 

:rlgare B .  2 .  !he slopes ot these curves ere used to calculate the 

wall ahear stress on the ap1D4J.e_ (Table XI , colu. (3) ) as a t1mct1on 

ot ap1D4l.e speed (�ble �� Colao: (1) ) b7 use of Equations __ (B-�) and 

· (B-8) . These ahear stresa-te.perature-sp1D4le speed data are 

presented graph1cal.17 a.• : (a) a rectaxagular plot of _shear streaa 

versus t-.erature for each speed (this figure hints strcmgl.J' ot a 

linear t_,erature dependence) 1 :rtgure B .• 31 aDcl ('b) a l.og-log :pl.ot 

ot .�hear �tress vereua ugul.ar nlocit7 (which sh� the linear 

relat1ain indicated b7 Bquat1on (B-13) ) 1 1'1gure B .4 . The slopel and 

intercepts · ot plots s'•' lar to Figure B .� were calculated b7 least me� 

1quares and ta'bulate4 1n 'fable XII as a 1�� tunct�OA at tapera-

ture, see Figure B .5 . �•e data were then averaged ·with aiailar 

4ata for other suplee to obtain the tellperature-dependent rheological 

data in Table IY. 



TAlSI.ll :Z: 

SAJIPIZ lla!A�IODL VISCcwta DAB - 80.� 
SAJ�PIZ tiDI AJUB :amr 6 

SPIIDIZ D:u.BR • �o�• 

Belat1n Iaer•ica Scale Detlect1•1· !elta 

Doth� IDchea 6 mr &! IIPII � liPJ(  
. (1) (Z) (3) (�) 

o.aoo 16.0 19.6 26 ., 

1 .oo8 �., 3().2 �.2 

1.216 ,2., �., ,..� 

1.�� �1.0 �.6 67.6 

1.6,z .. 9., 6o.7 81.9 , 

60 BPII 

(') 
, . . , 

51·' 

69.z 

87�� 



(1) 
o .6z8 

1_.z!)6 

'·" 

6.z8 

!aU: XI 

.SAJIPLB c.AlCUL&BD ,SIIAJl SBIS8 011 SPIIDIZ WALL 
SMPLW · � AJBI Blll. 6 

·a,XIIU . Du.!a _ • · 0 .!5()0 .. ... IIC�rn�DS-.!1 . 

Sllear Str••• • !JtaU• Wa111 »ru•lca2 
,...,., §ilfiOJ' .... � Ilia'� 

(�) (') (�) (') 
».z ., lto.o, ,., ... , ,1.16 

''�9' .. ,.Q �.,a. ,7.8' 

.,.,1 �.sz 61.02 lt.9·"-

,.88 �.89 76.60 6�.,2 

��.�� -
(6) 

,,.16 

,S.6, 
�.� 
60.,, 



TA:BL'I XII 

SAJCPia CAUroLA!ID BDOLOGICAL PABBIDIS 
AS A 'UICYI<m 01 ·!IIIPD.etD 

SARPL"I tiiD Kr!IB llS 6 . 

COU1ate&c7 
lft���MJratve , l'JI4ex, c l z nn.a s.c!'Z• .. 

(1) 
�., 
8o.6 

lOZ .� 

JZT.� 

"'·� 

(z) 
z6.7 

2,., 

�.o 

20.0 

21., 

C D 28.16 - 0.07� 

• 
. (') 
0.,,2 

.,z, 

.329 

.,,1 

·-
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APPDDIX C 

An IBM 1620 digital caqnzter 1 located 1D the Caqnzter C�ter 

ot the UJ11vers1t;r ot Tennessee , was uaed to make .aJ17 ot the lagt!Q' 

calculat1cma required in this vork o � uchf.De was progr-d in 

1Portran1 an autCIUtic cocl!Ds s;rat• with a l.aDguage cloee� reaeabliDg 

algebra . A lillt ot the more c�OD s,abol8 and c�da uaed 1D the 

IPortran progrd8 far thia 1Dveatigat1ca are given below. 

+ 

* 

I 
** 

LOG ( ) 

DO 

D1mena1on 

Bead 

. Print 

denote• ac141t1oa 

denotea subtraction 

denotes .ult1pl1cat1oa 

deDotes divia1an 

denotea ezpooentiatian 

clenotea Lose ot ( ) 

denotes a command far a aeries of 
repeated calculatiODa specified · 
1n the atataent 

denotes a ca..and to aave apace 
far certain iteJU 

denotes a cC'IW!!nd to read 1D.put 
(tapa) data 

denotes. a c�d to tne out results 

I.  P!OOBAJI (C•l) 

'lh1a progrUl va� 1UJed t� calculate : (a) reduced radial poa1t1oa. 

(41ae�10Dleas) , (b) point veloclt;r (ft/am) 1 (c) po1Dt shear �trea� 

lbr/tt2) ,  (4) point te.perature ('7) 1 and (e) point thermal .c0Dduct1v1t;r 

(btu/hr-tt-0,) tor 101 equal.q spaced pointe trom the pipe centerline 
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to 1 ta wall . Oal1' 17 ot the aeta ot nlllbere �e act•117 prated 

becaue ot the rather alov print out e !'he Tal:ue� printed we;re tha.e 

carreepaDdtDg to each 0 .1 red�ed radial 1Dcreaent and the three 

0.01 reduce4 radial :lncre.enta near.e�t the ceDterl.iDe and wall. 

The Tol�tric tt1ov rate was also calculated 1D Progra (C-1) . 

are : 

De data 1Dput aJIIbola aDd their aeaniDp tor Prograa (C-1) 

Sp!bol 

Burmo a 

TCL = 

A -

• 

PG • 

B • 

Am . -

s -

D!CLZ = 

DAZ = 

D6Z -

Me ani¥ 

data identiticatiOD number 

'.r CL 1 centerline teJBperatur� 1 !able .I 

A 1 a constant in the eJJp1r1cal temperature 
diatriblltion, '!'able· I 

a, a constant 1n the eapirical teJII)erature 
diatr1but1on 1 Table I 

preaaure gradient , hble III 

B 1 an ..,1rical co.natant 1D the te.perature­
depeDclent rheological equatic:m 1 '!'able IV 

C 1 an t���1r1cal conatant in the t-.perature­
dipendent rheological equation, Table If 

1/a, an 81()1r1cal constant in the t.»erature­
clependent rheolog1ca1 equation, Table IY 

I il '�crl a z , . '!'able II 

ilA/ i) z 1 Table II 

?J-f () i' 1 Table II 
I The tollovmg ad41t1oaal cCJIUitants were also supplied 1n the program: 
I 

B, • 1.332 em . , pipe radius 

OP.R = l.oOll6 cal/cc o °C (Pure water data (39) 1 calculatecl) 

D = 0 .0002 ca1/cc .-0c-0, (Pure water data (39) , calculated) 



In the above ,  CP.R end D are constants 1n the taaperature-dependent 

ezpressiao for the product at heat capac1t7 and denait7. 

(CPR - DT) cal/cc .°C 

where T is in 0, .  

_Progr811 (C•l) 
Calculation of 

D,uaaic Thermal Conduct1v1t�ea 

DDDSIOll F ( lOl) I G (lOl) I P(lOl) " 11(101) , T(lOl) 

. CPR�l .Oll.6 

D..O . 0002 

RW=1 .332 
\ 

1 BEAD�UIR01TCL�1PG1B1AID1DTCLZ1DAZ 1DMZ 1S 1T 

BWT�**'.r 

AA...mrcLZ*(CPR-2 .�) 

ABIIiiiW'f*( 2 . �*DAZ+2 . *A*D*M.'CtZ-cP.R*DAZ) 

ACa-BW*ltft*2 .  *A*D*DAZ 

.AB•-2 . *A*A*D*.RW'.l'*.RW'. 

C·� (PG/(2 . � -a) ) **S) *(BW**(S-8 (tf+l o))*l .9685 

CO.(AID-P.I.'CL) I (A*B*BW!r) 

DA-122 .8974*( (BW**(2 . -�) ) /(A*!) ) 

PRnr.r, BUBO 1 PG 1 s I PGS -

DO 5 B•l1 101 

Qafl 

(C-1) 
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'l(B).O .Ol*(Q-1 �) 

P(B) _. (W)H'! 

' G(B)•( (J' (I) /(P(R) +CO) )**S)*C 

U(lOl) .O.  

DO 8 B•1, 101 

n•lOl-B 

B2-102-· 

8 U(ll) aO.OO' *(G(Il) +G(B2) )+U(I2) 

G(l) -=0 • 

DO 11 B•21101 

%'1'-iP(B) 

BLIRI-tOG(BW*P(B) ) 

G (B) -.AA+AB*U+AC*l.'I*U+AD*H*BLIRX+AB*B*�BLIRX 

11 V(B) -G(B)*U(•)-r(•)*DA 

T(l) .O .  

P (l) lll.l'CL 

DO 15 lf•21101 

15 G(n)•(T(D)+T(B-1) )*0 .005+Q(•·l) 

DQ 20 ll•2,101 

G (B)•�(li) /P(B) 

P (B) �*P(B) 

20 T(B) aO .OOloli428ltPG*BWi�P (B) 

DO 23 B.U.,Jt. 

PRIIT�(B) 1U(B) 1V(B) 1P(B) 1G(•} 

23 COITilltll 

DO 25 B�ll191110 
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. PBD.ri'(B) 1U(B) ,T(B) ,P(B) 1G(B) 

25 COITIItll 

DO 27 K-98 ,101 

PBII!,P(W) ,V(B) ,T(B) ,P(B) ,O(B) 

27 COITIIUI 

P(l) .0 .  

DO 29 11=2 1101 

29 P(W)•(U(K)*P(•)+U(•·l)*r (•-l) )�.00202895+P(B-l) 

PBDT,P(lQl) 

. PAtm: 

GO � l 

nD 

II . PBOGRAJI ( C-2) 

ft.ia prograa vas uaed to calculate the te.�erature protUea : 

down streea fro. a poiDt 1n � 17at• wbere both te���erature aDd · 

nlocti,. d1atr1bllt1oaa were bown (aloag with an appr02:mate vall 

·teJI.perature 41.-trf.lntti•) b7 aaaua!Dg a coutant theral cOD4uctint,.. 

�18 aolut�cm. waa •4e Yith the ue ot finite 41tfereace increaenta 

azul requ1rec1 170 s�a of repeatea calculatiou per 0 .  75 tt .  uial. 

mcraaent . 

fte data 1Dput QllbolJJ and their •antDP for Progra (C:-2) ar� : 



SJ!bol 

lhmao = 

DIJ = · 

A'!J a 

Jlean1ng 

data 1dent1f'1cat1on nuaber 

initial vall tem;perature 

vall t_,erature gradient 
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ALPliA • therMl coac11lct1T1t,"/(heat capacit,") (den:a�t7) 

W( i) • iDlet tea;eratures 

T( i) = tnlet velocitiee 

'!he 1DcreMDta used were : 

DZ 

= 

= 

0.0011.371 ft . 1 radial incr-.ent 

0 .0011411 tt . ,  axial 1Dcreaent . 

.AJu.l7a1a Used to Coapute T..,.rature 
D1atr1but10D8 D. Prograa (C-2) 

-i 
I:t one assumes� theral coa4uct1T1t7 to be independent of poa1t1on1 

the energr equa�ion in c,-11Dc1r1cal coordinates mel J'ourier ·' s �v; 

Zquatioaa (3·2) and (3_..,) ,  can be cc:ab:lned 1Dto 

(C-2) 

It one further ass-.es that the deuiv and heat· capacit7 ar� 

iDdepeDCleDt ot poaiticm Yhile the raclial nlocit7 profile reaiDs. 

UDclwaged 1D the axial df.rectioa, the abcwe equat�on beccae• 

. (C-3) 



where Ct • 

Xov 1 let the :toUOV'llas f1Jlite-41tference apprCD::lE.tiODS be •de : 

() ' - �'1+la�l - Z'1a�l (C-5) • 
C) r  f:l.r 

i) �  - �(1+11Jl - 21(1IJ) + Z(l•l,J) . (c-6) 

l) ri 
-

. ( � r) 

J.l'urtberaore 1 at the centerline ( �:) ... 0 aa r ... 0 and 

(C.-7) . 

B7 •ubst1tv:t1Dg equat1cms (C�) 1 (C-5) 1 and (c-6) 1Dto equat1ona (c-3) 

and (C-7) 1 the f'olloviq are obtained 

[ T(1+l1,1) ( �) 

. and at the centerline 

!(l,J+t) D 
· a 6 s 
( fl. r)! v z ( 1) 

[ �T(1+l1.1) 

+ T(1,.1} (t � �: w(l) . �) J 
C-9) 
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BquatiODS (C-8) and (C-9) can now be solved uu.ericall7 to eva_ lute . . .  

the te.,erature protUe at axial poaitiou clonatreaa tr ca  acae 1Dit1al 

aeta of ta.perature and nlocit7 dlatributiou when a vall teJII)erature 

cllatr1but1cm. 1a mown or can be eet:llllated • 

. Prograa (C-2) 
Calculation ot 

DowDatre• '!ela;perature Profiles 

DIIBISIOI !(ll) ,U(ll) 1T(11) 1W(ll) 

DtaO .ool.371 

DZ.O .�ll 

1 BEAD ,BtJDO ,BJ ,A'!J ,ALPliA 

RBAD1W(l) 1W(2) ,W( 3) 1W(4) 1W(5) 1W(6) 1W(7) ,W(8) 1W(9) 

READ1W(l0) 1W(il) ,T(l) ,T(2) 1T(3) ,T(4) ,T(5) 1T(6) ,T(7) 

. BBAD,T(8) ,T(9) 1T(lO) ,T(ll) 

ADZ-ALPBA*DZ 

" OJ-.T 

lltJBOP-mJDO+O .001*( lJ. .-o.T) 
Z•170 .O*m*OJ 

PBilf.r ,BUBOP ,z . 

DO 5 Mcl111 

DO 25 l'l-1 1170 

Q .. 

U(l) •(ADZ/(DRS*f(l) ) )*(� .*!(2)+(DBS*f(l)/ADZ� .)�(l) ) 



DO 15 M-2110 

P .. -1 

B•( (P+l . )  /P) il!( ... l) +(JBSIT(X) I lil'£- ( 2 .  *P+l .) /P) 4'.1! (K) 

15 U:(K) =ADZ*(:R�(X•l) )/(DBS*f(M) ) 

DO 20 Jlal1U 

20 T (II) -u(•) 

25 COJ1'l'IRUE 

DO 30 M-1111 

W(K) J.r(K) 

PBIIT 1X1!(M) 

30 COft� 

10 _COI'.rDtJE 

PAtEl 

GO �0 1 

Elm 

PBOGRAK ( C-3) 

This program vas uaed to e:vaJ.uate the flow S78tea peraaetera : 

(a) bulk t�ature 1 (b) liquid te��;Perature gradient at the wall, 

(c) the taperature clrOJ acroes the vall, (d) tbe po:lnt fila 

coetf1c1ent1 (e) tbe point heat tlm:1 and (f) the apparent fluid 
. -· 

rtacoatt,- at the wall . The tollowi.Ds d1aenaionl.eas groups were 

also calculat�d : 



Gros 

Be7Dolc1a Bwaber, · 

(Buli) 

Def'1D1t10D 

rP y24 P · 
gc c au-l 

PraDdtl BlJ!Iber , 
(Bulk) 

Cp \ c an-
1 ( � ) n-1 

PraDdtl Klaiber , 
(Wall) 

Xuaselt Klaiber , 
{Vall) 

Z [c�:1in:] 

1/a 

D (-H) v 
�Bul.k- �all 

The cl.ata input s1Jibola aDd their aeaniDga tor Prograa (C-3) . are : 

Sl!lbol 

Buzmo a 

A Ill 

B -
AltO = 

wss • 

. 
Meaning 

data 1deat1t1cat1an number 

1/a, Table If 

B, Table If 

C<», Table If 

vall shear stress , calcul.at�d 1n Progr811 
(C-1) . 
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!r(1) 

11( 1) 

• po:lnt t.,eraturea ,  aaoat� aDd 1D Table I 

• po:lat veloc1t1ea , ca1culate4 and 1n !'abl�� 
Xti through IXYIII 

ft.e tollowiBg additional coutants were alao SlJPPlied 1n the prograa: 

DF = 

DC = 

OD -
PI • 

AqiW • 

iDa ide pipe diaeter , 0 .o874ll f't . 

inside pipe diaeter , 2 .6611. em. 
outs ide pipe diameter , 0 .109583 f't . 

3.14159, a constant 

est:lllated thermal cOD4uct1Tit1' of � teat 
f'luid at the � temperature , o.3lf. Jtu/hr-tt-<7 
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AQD = :est:lmated theraal conduct1v1t7 of the teat fluid 
at the bulk tnrperature , 0 .36 Btu/hr-tt�<? 

SSK :=• approziate therul conduct1Yi't7 at the stainless 
ateel pipe wall, 9 .11- Btu/hr-tt-0, 

DR = 0 .1 reduced radius 'tDlit , 0 .0011.371 ft . 

KeYton ' a toraul.a tor backward :lDterpolat1oa. and a s,-.tem of 

Jl'UIIberical d1tferent1at1on (la.5) were eaplOJ8d to estilaate the fluid 

t-.perature gradient at the. wall 1D Progra (C-3) . 

Progra (C-3) 
Beat Tranafer Data and 
Dimenaionle•a Groups 

DIMERSIOI G (ll) ,K(ll) ,� (ll) ,U(ll) 1Y(5) 

D.r.O .o87417 

DC-2 .664 

0Da0 .109;83 

Pl•3.1�159 

AQIW aO • � 

AQIB.O • 36 

SSX-9.lt. 

ALIDl•LOG(OD/Dr)/(2 .*Pl*SSX) 

Dt..0 .�371 

1 RIAD ,BUBO ,A 1B 1AI.O 1 WSS 

�,� (1) ,! (2) ,!(3) ,!(4) ,� (5) ,!(6) ,!(7) 

BBAD1! (8) ,!(9) ,� (10) ,! (11) ,U(l) ,V(2) 1U(3) 

READ,V(4) ,U(5) 1V(6) ,U(7) 1V(8) ,11(9) ,tJ(lO) 

U(U) ..O .O 



Q---l 

G(X) IIIQ*U(•) 

2 B(X) .O(K)*'!(K) 
DO 3 11-211012 

JI(JI).a..••<•> 
3 oC•>•·�<•> 

·DO � M-31912 

li(JI) -2 .*H(J1) 

II. G(M) •2 .*0(11) 

TU.O.O 

u-o .o 

DO 5 K•l1ll 

!U-'M+H(Jl) 

5 U-tJ.tG(JI) 
TCUPJM /f1 
UJ8AJI=l. ,,... 71f1Jm*JJ!*U/ (Dr*DI') 

Y(l) lll.r (ll) -!(10) 

Y(2)�(ll) -2 .*!(l0)�(9) 

Y(3) af(ll) -3•*f(l0) +3 .*T(9) �(8) 

Y(�) �(ll) -4 .*!(1�)+6.*!(9) � . (!(8)+!(7) 

Y(,) -t(ll) -5 .*!(10)+10.*T(9) -10.*!(8)+5·*!(7) �(6) 

D!DRW•(Y(l) +0.5*Y(2)+2 .*I(3) /3 .+0•75*Y(�)+0.8*Y(5) ) /DR 

lllllr:A-I!CUP-T ( 11) 

P.R:gl'.r ,ImDO ,!'CUP 

AEBO.-J:8*11tJBW /rlmlA 

BI-AQD*AIUJIO/r. 
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FLUI•lii*DILTA 

D'l'W=III*AUIDI 

AI•l ./A 

DB =DC** All 

FlJ-u.AB** ( 2 .  -B) 

GAJIIA.O .l2,..(Am-B41.1'CDP) *( 6.+2 . *A) **All 

BDo-DPJ'lJ/GAIIfA 

· PDOA=241 .905'GAIIIA*(DC�)**(l.-B) 

PDOA-.PDOA/AQIB 

WSS-498 .81-wss 

.AJIJAP•( (Am-:841!(11) )**A) /(1f8S**(A-l.) ) 

. PDOB•24l. 905*.AJIJAP I AQT/11 

PRIIT ,JtDO ,AIUKO 1P.DOA 1PDOB 

. P.R� ,DJ!IInl ,Iml ,Bii'UlX,AimAP 

PAUSE 

GO '!0 1 

EID 
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APP.DDIX D 

'!able I aU���ariz�d the expert.ental teQerature . prof ilea in 

teru ot the three constants ot an eapirical equation. . One c�tant 1 

'�cr. (Itea (3) ) 1 wu evaluated directl7 fraa the centerline tewperature 

ot the aaoothed experiaental da� while the other two constants , A 

(I  tea ( li.) ) an4 a ( It• ( 5) ). ,  were e�luated fr� the slope and 

1Dtercept ot a log-log graph ot '!CI. - ! versus r, the radial 

position • . The origiDal temperature 41a�i'but1on data were ua�d to 

•ke thee_e graphs . 

Table n is a .•1818%7 ot the constants required t_o e:valuate. 

the axial temperature gradients fr• the 'follovf»g _relations . • 

!!p1r1cal Teserature Profile 

!I! = T - �  
CL 

. (D•l) 

Axial !!!ll)!rature Ora41ent 

(D-2) 

where the subscript z refers to the value ot the paraaeter at •a.e. 

particular axial locatiOD. . ( u 'f/ u z) 1 ( u A/ u z) 1 and ( (} a/ (} z ) 

were graph1call7 nal.uated tr• aoothed grapha ot the coutants �CL 

(It• (3) 1 Table I) 1 A (Itea (Ia.) 1 Table I) , and • (Itea (5) , !'able I) . l . ' 



loll. 

vera WI cool!Dg leDgth. ( 0 .  75 tt . between •asuriDg ports) � 

tabula�ed ill '!able II tor tour axial positions. as Iteu (3) , � (4) , and 

(5) . With these tabulated :values it ia_ now possible to calculate 

the axial t_,erature gradient at aD;J axial ancl radial position. 

-Table m 1a a tabulation ot the measured pressure gradient 

tfflr each rm aDC1 correQODdms values ot preaaure gradients alcmg _the 

test aecticm calculated b7 asa-.!Dg: · (a) that the vol-.etric flow ra� 

vas coutant (cont:lnu1't7) and (b) that the •asured pressure grac11ent 

correspODded to the actllal pressure gradient at position (2) 1 15 inches 

frc. the_ dCMUitrea presaure tap. De aecGD4 asa.r;vticm �· baa_�d on 

a tev experDelltal •aaureEnta ot the pressure gradient through the 

theraocouple porta . Theae data :lndicated that the pressure gradient 

(slope ot a preasure veraU. length graph) increased alcmg the axial 

tlcnr d1rectioa such that the anrage (•asured) value was reached at 

a position correaponc1f.D8 to position (2) . !he actul calculat1ou . o� 

the corrected point pressure gradients were ude With CCBI"lter 

Progr• (c .. l) , frCII. which the T01-.etr1c flow rat�• were enl.uated, 

uc1 a desk calculator. 

-Table IV is a ca.p1lat1cm. ot the t..,_.ature-depeDdent, lX"fV• 

lav paraaeters tor each rull • -These values were determined b7 the 

aethod outlined 1n AppeMi% B .  

'table T liata ncm-•evtcmiaD dt.lu10Dleas groups and the bulk 

tellperature tar each rz at tour posttiau . These Talues n.re 

calculated b7 C0111»uter Progra (C•3) , and tbe aethod is 1D41cate4 __ 

in Appendix c .  �able TI 1a a ca.pUatiOD of two tnes at "average" 

Bus�elt and Graetz nu.bera that were ca.pared w1 th data Ot other 



1Dnat1gatora . The first pair ot Busae1 t-Graetz nUIIbera are 

average values ot the "pomt" values of Busaelt nl.abers liasted 1D 

Table T tar each run with a co.rreapQDd1ng average Graetz number . 

� aeconcl pair are baaed on the bulk temperature chaDge and the 

over-all coolil:ag length ot the teat sections . 
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Table TII is a tabulati� ot reduced teJIPeratu:re and ra� 

poatticm calculated tor the experDiental teJtl)erature �ta fran runs. 

5 and 8. !heae data were c0111;pared with sfmflar theoretical data . 

Table TIII is explained 1:n Appendix A where it appears . 

Table IX through ·ni are . explained 1n Appendix B where 

t.he7 appear . 

Tables XIII thro'Ugh XX are the tabulated experimental 

taperature profiles . The reduced radius , Items (1) 1 (3) , (5) 1 

(7) ,  and (9) , is the •aaured radial distance ,  r ,  divided b7 the 

pipe radius 1 B, = 1.332 ca .  The teaperature data were evaluated 

to the neareat 0 .10, in all cases while the radial poa1t1on was 

measured to the neare_st 0 .1 mm. (0 .• 0075 reduced radial units) with 

a vernier caliper . 

�ables XII through XD'III contain the radial thermal 

conductirlt7 and ftlocit7 profiles which were calculated 'tor f'our 

positions 1n each rlm b7 COQUter Program ( c-1) • 

Tables XXIX through XXXVI are tabulations of' the calculated 

t�ature profiles (baaed on an aaaumed c01111tant thermal 

con4uct1v1t7) • The technique used is outlined in Appendix C 

aloag with Ccaputer Program ( C-2) • 



- - (1) � -
Be4ucH . 'hap . ,  
Batiua _gx _o.r_� 

(1) (2) 

-0.878 86.6 
- .811.1 89.1 
Q -796 96.6 
C> .68, u� .l 
c:t ·570 126.·6 
- .�13 1�_.8 
Q .2, 1,7.0 
- .o68 1'7·9 

.()Ia., 137-9 

.128 1:57.1. 

.263 136.0 

.6o8 123.5 

.,,, 1,.. ., 

.428 132 .• 6 
-

··"'' 1,, ., 

TABm XIII 

BXP.DIMD'fAL � DISDIBU!IOB, BUll 1 

(2) 
Belucea �.-. . ,  
liaU•J __!1��-

(3) . (�) 

.... o .863 79. 2  
co .au Slt..2 
- ·593 112.8 
� .661 103.6 
C> .�, 123-7 
... .,,, 129.8 
0 o2� 133., 
... . 1,0 1,,.� 
C> .o6o 134)., 
C> �008 1�.2  

.135 1� ·7 

.210 1 .o 

.30«) 131�2 

.4,, 1211-.8 
-510 119.5 

(,> .mn. · 

Be4uce4 T-.p . ,  

l_dlua ,X 0, • 

(5) . (6) 

-0 .871 77.0 
- .a,, 82 .0 
C> �.68, �.8 
- .,,, Ul.2 
- �311-5 122 .7 
... .225 125.8 
CD .098 128.8 

.030 129.8 

.1,0 129.0 

.233 127.0 

.315 12� ., 

.lt.,S u6.o 

.,,, 110.3 
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2 ... 2, ·'� 2 .393 .4o7 
2 .137 .,17 2 .122 .389 
1.72' . 276 1 .73, .,,, 
1 .201 . 227 1.2,S .3()0 
·o .6lo ·�173 o.&9 .2,S 
0 .000 ----- -- o.ooo ---- -

(�) 
The mal 

Velocity CCDluctivity :rt/!UD Btu/llr-:rt-Ojt 

(6) (7) 

2 .676 -----
2 .675 0.678 
2 .667 .,10 
2 .6311- .4,0 
2 .� -��1 
z .,a, ·'99 
2 .U, .,-r, 
1.� .�2 
1.211.2 .299 
0.6,, .2,0 
o.ooo --.. --

(') Outlet 

�1 
Velocity Cca.cluctivi� 
:rt/!ua Btu/Br-n-

(8) (9) 
2 .672 
2 .672 o .6,S 
2 .661. .�1 
2 .6:5() -� 
2 .�, .�, 
2 .381 . 328 
2 .U, . • 298 
1. � .269 
l.a6 .238 
o .66o .20' 
o.ooo 

t-J 
� 



.. 

� - . . 

PoeitiOB 

BH:ucecl 
Bati'M£! 

(1) 
- ' 

o.ooo 
O .]JJO 
o �zQO 
0 .30() 
o .� 
0 �!500 
o .6oo 
O o70o 
0 .800 
0 .900 
loOOO 

TABLE IXIY 

CAimJLU'.Im VBLOClft AID UllUIAL Cc:autJL"'i'ITlft DmrRIBlJ'fiOII6 . Blll. 4 

(2) . 
� 

Velociv c�1v1t7 
ft/!p. �oft=0Ja 
(2) (') 

2 .� C::.Ci c;;:t �CJ 

2 .  9 1.2,0 
2 .�1 o.,ao 
2 .,o8 .lt-28 
2 .422 .381 
2.2,2 .,,7 
lo9� 0,� 

. . l .,a, o289 
1.098 .2,.. 
o.� .173 
0.000 c;l-c;l--

. � . . . 

(') Jti.w.e 
�1 

Veloeit7 CQalucti�t7 n.{!p :atul!r-:rtc:aO, 
(�) (') 

2 .1t-92 - Q � CI! c:t  

2 .�91 o.,aa 
2.48, ·'!n 
2 .Jt.,l .� 
2 .� ·392 
2 .209 .� 
1.�, ·'99 
1.597 .367 
1 .1,9 .31Je. 
0 .,99 .2,0 
o .ooo OO'CDGDct 

(') {5) oUtlet 
'!Mmal 'fUral 

Yelocit," CoaGctiri� :rtlJ.s! Btu/B:r=:rt.,. Yelocit7 COD4uctiv11i 
n/icttJ. Btu/.lr-:rtc:t 

(6) (7) (8) (9) 

2.�79 c:u:�QOO 2.�73 O CI Cill c::JCit 

2 .Jt.78 o.,,, z .»..., Oo369 
2.11.71 .,,� 2.Jt.6, o319 
z .�,a o39() 2.4,, .292 
2.,!56 .420 2 .,,2 o272 
2.201 .4,7 2 .198 .2,-. 1.�2 cJe.3]. lc� .2� 
lo6ol .� 1 .6o2 .21' 
1.149 .,a.7 1.1,2 .192 
o.6o9 .282 0 .612 .166 
0 .000 OOCjltCDCJ o.ooo .Q c::t a:t CIJ Ct  

� 
� 



TAlSIB nT 

CAICOLA!.ID VBLOClft Aim TBimMAL C()!O)OO'fiVl!ri DIS!'BIBU!IOB, BUB ' (DOWW.ABD) 

Poa1t10D ( 2) 
!fherllal 

Reduced Velocity CODCluctirit;y 
Ba41wa.t!_ · :rt/!m Btu/Jrr·:rt-OJ 

-
(1) (2) (3) 

o .ooo 2 .939 _____ .__ 

0 .100 2 -939 0 .986 
0 .200 2 .932 .4,7 
0 .30() 2 .901 .349 
o .Jt.oo 2 .818 -�2 
0 .!5()0 2 .6,0 .348 
o .6oo 2 .36JI, ·"'1 
0 .700 1 .940 .311 
o.eoo 1.382 .2,9 
0 .900 0 .719 . • 1� 
1 .000 o .ooo _ _ _  .. _ 

(3) M1d4le 
�1 

Velocity COD4uct1vity 
rt/!Ua Btu/!r-:rt-<7 

(It-) . (5) 

2 .911 ------

2 .910 o.� 
2 .90, .361 
2 .872 .,,2 
2.789 .368 
2 .62' .,Sl 
2 .,a.9 . • ,78 
1.9114 .,,2 
1 .� .3()1. 
0 .�9 . 242 
o.ooo -----

(�) 
Thermal 

Velocity Ccm4uct1Tit7 
lPt/JUn Btu/!r-:rt-OJ-

(6) (7) 

2 .882 �--- -

2 .881 0.387 
2 .874 .311-8 
2 .�, -�7 
2 o763 .,,, 
2 .601. .36() 
2 .� .,,.. 
1.95() .,34 
1 .426 .299 
O .T71 .252 
0.000 - - - - �  

(') OUtlet 

Thftul 
Velocit;y Ccm4uct1v1� 

rt/!m Btu/Hr-rt- ., 

(8) (9) 

2 .881 
2 .S8o o.� 
2 .873 .412 
2 .81.2 .36, 
2 .762 .,,, 
2 .6o, .3()6 
2 .,,9 .281 
1 .95() . 2,, 
1 .426 . 226 
0.772 .195 
o .ooo 

� 
� 



Poa1t1cm 

Be4uce4 
Ba41uaa! 

(1} 

o .ooo 
0.100 
0 .200 
0.3()0 
o .� 
o .,ao 
o .6oo 
0 .700 
o.� 
0 .9()0 
1.000 

'!AlS� ID'I 

� VELOClft' A1ID � C<JIDtJC!IVIft Dmr.BIB17liOll1 _RUB 6 

(2) 
�1 

Velocity CODducti"rit,-
:rt/Ju.a Btu/!r-n-OJ 

(2) 
• r 

, .053 
3 .0,, 
, .� 
'·005 
2 .90, 
2 .700 
2 .36, 
1 .892 1 .� 
o.6� 
o .ooo 

·-

(3) 
....... --
1.263 
o.,,9 .4� 

·393 
·379 
.3� 
.3()7 
.241 
.171 

_ c:l  _ _._ 

(3) M14c1le 
ft.eral 

Velocit,r Coa4uct1vit,-
n/Jua Btu/:Br-J't-<7 

(Ja.) (') 
2 .999 • - ea ca -

2 .998 o.Ja.9' 
2 o990 .,,9 
2 .9� .�, 
2 .852 .3,5 
2 .659 .362 
2 .,-., .,!)() 
1 .903 .3].7 
1.34, .261f. 
o.696 .202 
o .ooo tiD_ .. __ 

(�) (') outlet 
n.r-1 �urmal 

CODcluct1v1 t,-
]ttu/JiroJ't ... OJa 

Velocity CCD4uct1v1� 
:rt/lan ·Btu/Br-n-17 

(6) (7) (8) (9) 

2 .�9 .. _ ____ 2 .951 
2 .959 0.288 2.�1, 0 .3<)6 
2 .9� .26o 2 .91f-2 . 2,S 
2 .912 .26Jt. 2 .� .2� 
2 .817 .2� 2 .810 . 217 
2 .6,, .280 2 .628 . 2olt. 
2 .,36 .276 2 .,,... .191 
1.915 . 2,S 1.917 .176 
1 .372 .228 1.,78 .1,9 
0.72' .189 0 .731 .1,9 
o .ooo ----- o .ooo -----

� 



PoaitiOA 

Be4w:e4 
Ba41111i! 

- (J..) - . 
o .ooo 
O .lC)O 
0 .200 
o .� 
o .4oo 
0 .!50() 
o .60o 
Q·.700 
o .eoo 
0 .900 
1 .000 

TAME nTII 
CAWULABD �l'ft � DIBMAL .COIIOOC,..tiV17f _DISSIBU!IOR, BUll 7 (DOiiWABD) 

(Z) ( 3) Jlicl4l.e 

� � 
veloctv Coa4uctirl� 
ft/Ju! Dt,.J!r-fto 

Velocit7 COA4uct1v1t7 
ft/7&. Btufllr-J't-OJ-

(2) (') (a.) (5) 

,.� ---- , .011 -----
, .o,, o.� ,.ou o.Jt.88 
3 .oll., .!568 ,.ooo .39() 
, .000 .�n, 2 .� .,Sl 
2 .892 .�7 2.S,2 .,a, 
2 .681 .�,a. 2 .6,0 .,sa. 
2 .�, ... 12 2 .,� .,-rz 
1 .876 ·311 1 .886 .�, 
1.3()2 .3].2 1 .,,2 .298 
0 .661 . . �, 

.. 0 .692 .� 
0�000 _ _ _ _  ...._ o·.ooo ---.. --

(�) 
TU:ral 

Velocity COD4uct1v1'b" 
:rt{!!m :atub.s:-n-OJ-

(6) (7) 

2 .993 -----
2 .992 o .1t.13 
2 .982 .,,a 
2 .� .,a.o 
2 .8,, ·331 
2 .6,S .,21 
2 .328 ··30' 
1 .893 .281 
1.� .248 
0 .7o6 ·209 
o .ooo _ .. _ _.._. 

> 

(') outlet 
Dcal 

Velocity COD4uct1rl� 
ft/!aa Btu/Br--n-

(8) (9) 

2 .98, ......... 
2 .982 .O .!n-0 
2 .972 .Jt.,, 
2 .93() .,� 
2 .827 .�, 
2 .632 .,,9 
2 .,21. .,1, 

_1.� .2811. 
1.,,1 . 2,2 
0 .711 . 217 
o.ooo -----

.... 
� 



� IDIII 

_ cALCULABD .. vnoclft AJID 'DilUfAL .c��lf#l DISBDlJ!Icir, lllll a 

Poa1t1ca (2) 
� 

Beduoe4 Velooiv CCD4uct1T1t7 
Ba41• ,x . · nf!u.e :stu(!r-:rt-OJ-

(1) ( 2) <.'> 
� 

0 .000 z .a,a. ........ 
0 .100 2 .�, o.4oo 
0 .200 2 .  ' .28' 
0 .30() 2 .797 .271 
o �Ja.oo 2 .68, .278 ·- -0 �� 2 .Jt.67 .2S, 
o .ooo 2 .1� .279 
0 .700 1.688 .2,7 
o .aoo 1 �1,7 .220 
0 .900 o .,Sl .175 
1.000 o .ooo ------

(') JU4clle 

� 
Velocity Coduct1T1'9 
:rt/Jap. 'Btu/!r-:rt-'7 

(�) (') 

2 .827 � - - - -

2.826 o.lt-9!) 
2 .81, .,98 
2 .769 .,., 
2 .651) .� 
2.�7 .,,a_ 
2 .12' .!541 
1.695 .311 
l.lTf .269 
o .6o1 .221 
o .ooo -----

(4) . (') . OUtlet 
ftama1 fterlla1 

Velocit7 COD4uct1T19 :rt/J!iD Bt!/lJr-n-OJa Velocity COD4.-t1rt t7 
n/MD. Btu!Jir-:rt-� 

(6) (7) (8) (9) ,.., 

z .ao, - ---CI- 2 .792 
2 .&* 0 .�9 2 .791 .o .,a, 
2 .793 ·"-1 2 .780 ... 9, 
2.� ... 10 2 .736 ·"-' 
2 .6!}8 .,90 2 .628 ... u 
2 .�,, ·'12 2 .�29 .,eo 
2 .123 .31l9 2 .122 .,a.9 .. 
1-7� .,19 1 .• 708 .,16 
1 .19' .282 1.200 .279 
0.616 .239 0.622 .239 
o.ooo --�--- o .ooo 

.... 
� 



Poaition 
:Reduced 
Ba41ue.r,! 

(1) 

o .ooo 

O .ldo 

0 .200 

0.30() 

o .� 

o .,ao 

o.6oo 

0.700 

o .aoo 

0 .900 

' ·  1 .000 

!A!U: XIIX . 
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CALC'OLA'!BD BMPEBAmRE PROI'ImS W:ml ASSOJim COIStil! 
DllUIAL COIDOt-tiVl'ft, BUll 1 

':2l JU4c11• '�l '�l Outlet 

!'eaerature1 0, �...-rature1 CT 'f..-rature 1 0, 

(2) (3) (�) 

129 .99 121 .71 112 .55 

129. 29 120 .811. 111.68 

127.�9 118.61. 109.,2 

121&. .2' U4.78 10, .811. 

U..9 ·� 109-18 100.66 

112 .11 101 .91 � . 26 

102 .� 9' ·27 86 .95 

91 o�, 83.79 79 .23 

79.03 ?21-.16 11·'9 

66 .71 6,.00 611. .�, 

,, .,, 56.67 ,a.o 



Po•1t1ca 

Beducecl 
Ba41ua,! 

(1) 

o .ooo 

0.100 

0.200 

0.:5()0 

o .Ja.oo 

0.5()0 

o .6oo 

0.700 

o .aoo 

0 .900 

1 .000 

123 

TaLE XIX 

C.ALCtJLABD � PROI'IIBS WI!'JI ASSllMID COIS� 
!BIBJIAL COlllll:C!IVl.'fi I BUB z (DOIIIWAKD) 

(3) 111111! (�) 

�•eature1 «7 '.r._..atwe1 '7 

(2) (3) 

124.0, 117.63 

123 .� U6.8, 

lZl .S. U4 .82 

U8.89 l11.27 

114 .27 lo6.07 

107.66 99.26 

98.93 91 .12 

88.4, 82 .18 

76.99 ., .10 

6,.71 �.11.8 

,,.,, �.67 

(5) Oatln 

·!,..-rature1 o.r 

(4) 

110._29 

109 ... 7 

107,.42 

103-92 

98.99 

92_�811. 

e, �eo 

78.3, 

71.01 

&.17 

,a.oo 



1Zia. 

CALCULABD BMP.IBAiftBB PRar:ImS Wl'.m ASStN:D COISDB! 
BDMAL COBDOC!'IVIft 1 BUR ' (DOWIWABD) 

Poa1t10D ,,) JUA1•l• (�) (') o.tlwt 

Be4uce4 
,..,...tE', or Ba41�,J: 'f.-et ... I o.r �..,..ature 1 C7 

. (1) (Z) (') (�) 
o .ooo 1 .. '·"7 1lt.2.Jt.' 138.07 

0.100 1�,.011. 141.73 137.14 

0.200 143.85 139.82 1311- .7!1. 

O .!JOQ lA1.,S 136.18 130.39 

o .� 136.92 13().27 123.82 

o.,oo 129.61 121.6' Ult-.96 

o .6oo 118.� U0.3Q 1�.14 

0 .700 101..32 96.9, 92.1, 

o .eoo 87.69 82.78 19·9' 

0.900 70.88 69.12 . 68.42 

1.000 ,, .,, 5() .67 ,a.oo 



Po.1t10D 

Be4ucecl 
Ba41•.£! 

(1) 

o.ooo 
0.100 

0.200 

0 .:5()0 

o.� 
o.� 
o .6oo 
0.700 

o.aoo 
�·900 
1.000 
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CALCULABD BIIP.IBA!'OD PBOJ'IL"IS Wl'll[ ASsu.D COIS'!.Aft 
. DD11AL CO.IDMIVl'.l'I, :BUll � 

(3) KiMl! 

�ature.� O, 

(Z) 

1�.99 

1" ·" 

1lt.2 .9JI. 

1,9.92 

1,... .67 

126 .,0 

U5.01 

100.69 

SJ4..98 

69.,2 

,, .,, 

(t.) 

-.r._eature & '7 

(3) 

1�1.02 

1�.17 

137-96 

1,.811. 

127.39 

ne .Jt.o 
107.o6 

�.17 

80.87 

68.19 

�.67 

(5) o.t1ft 

�..-rattCN .t O:r 

(�) 

13,·71 

l,a..68 

132 .83 

127.Ja.6 

120 .67 

111.79 

101.� 
89 .81 

78-37 

67.67 

,a.oo 



Poaitico 

Beiuce4 
Bati•,X 

. (1) 

�.000 

0.100 

0.200 

O.!K)O 

o .IJOG 

o .,oo 
o .6oo 
0.700 

0 .800 

0.900 

1.000 

126 

�IE DXIII 
CALCULABD � PllOJ'ILES Wl'fll ASStiiiD CO� 

� COKDti:!In'ft1 BtJR 5 (DOWIWAlm) 

(3) JU.¥1• ''l (5) O!tl;!t 

� ......... , 0,  -t-eerature, O.r ,..,...,.,. 0, 
(2) (:5) (�) 

1,2 .� 129.86 126.67 

1�.70 129.30 125·9' 

130-77 127.81. 12la..01 

128.82 12�.93 120.5() 

12,.26 120 .17 11,.10 

U9·3' U3.09 107.69 

110.� 10,., 98.Jt.6 
98.2, 92 .� 88.0, 

I 

a,.s, 79.68 rr.,z 

69.0, 67�611. 67.17 
,, .,, "·67 ,a.oo 



Po•1t1oa 
> ·  

lleluce4 
:la11!!&! 

(1) 

o.ooo 
0.100 

o.zoo 
o .� 
o .� 
o.,oo 
Q .6oo 

. 0.700 

o.eoo 
0 .900 
1.000 

CAI.CULlBD tilli?SIA� PBCJriiZS Vlft ASStJm) COJBI!Aft 
� COBDtX,"fiVm' I lUJll 6 

-
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'�} JU.Itle ,.l - '2l Oatkt 

.,..,..t ... a or lfe11M1'ature1 0, ���t··· � 
.f . .,. ... 

( 2) ( ') (4) 

149.1' 146.,, 142 .,S 

148.69 14,.62 111-1.42 

147 .43 14,.67 138.97 
1".8o 1'9·92 1311- .49 

140.0, 1,3.76 127.66. 

1,2 .27 � .75 U8.36 

120 • ., w .a, lo6.9' 

10,.66 98.81 94.20 

88.� 8, .97 81.26 

n.z, 69.68 69_.0, 

, .,, �-67 ,a.oo 



Poa1t1an 

B_eiuce4 
••!!•aX 

(1) 

0.000 

0 .100 

0.200 

o.,ao 

o .�o 
o .,ao 

o.60o 

0.700 

o .eoo 

0 .900 
1.000 
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CALCULABD BJIPBRAftll PJlOI'ILJ:S Wl'fll ASStiiiD . COIISUft 
'1'lllltMAL COIDtJC'!Ifl'fi I BUll 7 (DOWIW.DD )' 

,,) 111W.• (t.l (2) OUtlet 

z--.eture1 0, �turea or '!..-rat!¥! 1 '7 
( Z) (!5) . (Je:) 

l'' ·'z 1�9 .81 14,.2, 

152 .70 1�.9!5 1" .18 

1,1.0' 1� .611. lt.1.�7 

1�7.72 142 .,, 1�.� 

1,2 .09 1,,.� 129 .28 

1,,_,, 12,.9, U9 .,2 

121.2� 11,.� 107.70 

105 .79 99 .18 ,-..69 

�·'7 � .17 81.,, 

71.22 69.71 69.18 
,,.,, 56.67 ,s.oo 



Pota1t1cm 

...... 

CALCULA!ID BMPD.A!tlBI PltOJ'IL§ Wl'!ll .ASSUMID . COIS'.rAI! 
'1'BDMAL COiDuc!IVl'fi I llUI 8 
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(3) JIWtle ''l ,,) outlet 

Ba41p1x . -.,:r•tun· 0, �!!P!fatye, 0, . !-.»el"&tl1r8a . . .  0, . I I 

. (1) (Z) (3) (�) 

o.ooo 166 .�1 161o'9 1"·"' 

0 .100 16,.� 16o ... 9 1�_.,2 

0.29(> 16,.�1 1'7o6' 1,1.07 

o.� 1!59oZl 1,2 ... 2 1 .. ,.29 

o.� 1,2 .31, l".,a.. 136.78 

0 .!5()0 1 .. 2.� 1''·1'- 1Z, .63 

o.6oo 127.99 U9.08 �2.,9 

0. 7� uo.6' 10,.12 98.02 

o .eoo 9l.,a. 86.66 e, .� 
0 .900 72 .68 70o96 70.19 
1 .000 ,,.,, !56.67 ,a.oo 
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APPBIDIX_ I 

- coutaat ued 1D Bqatioa (D•l) 

- coutu.t b. lqatica (Aml5) 

• coutaat c1ef1De4 ttR !'able IY 

"" coatat ill :lquatiot�. (A ... 15) · 

- cc:ailiateac7 1Mu ct �-law 

- caaataat 4ett.e4 tar �able If 

mo41t:J.ed couietenc7 mciex def1Ded 1n Bquation · ( 2-7) 

heat capac1t7 

- pipe dialleter 

- ccmatant 1D Bqutioa (A-=-15) 

• defined b;r :lquatian (A•12) _ 

� iaothelwal J'am:JDS trict:J.OD factor 

- aon ... :J.aotheraa1 J'amWig. tric'tiem factor 

- 0 . �, a 41fterenc1Dg constant � 

- enerua1 force vectOX" 

- acceleratioo at srav1�7 

- aite coutat 

•· z '  : ..,  z0 .. 

- . heat · traufer fila coeU1c1at baaed upcm ar1�1o--an 
te.perature iitferace 

· -

.. clr1'Y:I.Ds height at t a 0 

th.emal cca1uct1v1t;r 

.. leqth 
.. cCIIUitant used in Kquaticm (D-1) 
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n - cpcmeDt 1D ponr-lav 

n'  - aod:lf'1ed ezpcDat 1D panr-law def'ined in Eq�t1on ( 2-6) 

P static preeaure 

Q - Tolu.etric fl� rate 

-> 

q - heat flu vector 

'r - ra41al heat f'lux 

B - upper l:Jait corresJOA41Bg to radial poa1t1on 

. Be - radius at catillar,r 

:a. - radiu ot aaa.eter tube 

ll_a - ra41• ot the reservoirs 1n the capillar,r unit 

Jt, - pipe radius. 

r - ra41ua 

r c - radius or ccm.t.ainer 

r 8 - ra41ua of' sp1Ddle 

s - he1ght ot •U�Ple colua 

! - teJII)erature 

�(11�) - te.perature at radial position 1 and u:ial position .1 

t - taa 

T - aTerap llneu wloclt7 

w - veloc:ltJ' 
-> 
v - nlocit7 nctor 

Yz - axial Yelocit7 

vz (1) - u:ial velocitJ' at radial poa1t1oa 1 

X - reduced ra41ua 
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7 - height at MrCUl7 col� 1D. capillar7 a1� reaervo� 

70 - bJiroetatic balance beiSbt 

1r - 4� �tegratlcm a,abol tor dieta:ace trca �enterline 

z - cooled leagth 

s1 - aptDdle �aiOD depth 

z • · 
- height ot .rc11r7 col� ill .an-.eter 

' 
&0 - UJ�roatatic balance hetgbt 

(1 - def':I.Ded b7 Equation_ (C-3) 

� . - reciprocal Graetz DUIIber 

I.L - viaco.it7 

IJ, b  - �co.lt7 at bulk t.,.rature 

IJ. w  - rlacoa�t7 at wall t_,erature 

V - shear rate 

• - ,.1�1,·---

p - cleu1t7 

P a deaait7 of :MrCU1!7 

/.)1 - deDait7 ot teat lifUid 

1:' - -shear atreaa 
-� 
-r ahear atreaa teuor 

� � - shear atreaa at ra41u r " �r 

T - rz ccapcment � shear streas " ·rz 

e - reduced tellperature 

n - ugu1.ar nloc1t7 

s_1 8 - aqular ftloc:lt,' at ep:ln41e �adiua 

� - ditfereace Dotatlcm 
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D 
Dt 

v 

t ( ) 

- Subaturtial derivative 

- Del operator 

- tuactioaal notation 

A - A 1 a coutamt ill t� ea��P1r1cal tgperature diatr1but1cm 

AU> - .c0, an aQ1r1cal ccmatant 1D the tellperature-dependeD.t 
rheological equat10D 

AQD - eatblated t� cODduotiT1t7 at teat tluld at 
bulk ta,erature 

· 

AQD - eat:lated thermal coaduct:lrit7 ot teat tlu1d at vall 
tfl11P81'ature 

ATJ - vall t-.perature gradient 

lS - B 1 an eJ�Pirical cOAatant 1n t-.perature-4epeD4eDt 
rheological equat10D 

CPB - a cODStant 1D Bquatioe (C-1) 

D - a cODStet 1a Equation ( C-1) 

. DAZ - partial derivative tar J.:quatf.CB (D-2) 

DC - 1Da1de pipe 41aeter , ca. 
DF - iDe ide pipe diaMter 1 ft .  

DrL - partial derivative tar J:quaticm (B-2) 
m - radial 1DcreMDt 

D.rCLZ - partial derivative tor Equation (D-2) 

DZ - u:ial 1acr8Milt 

em - outside pipe diaeter 
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PG - pressure gradient 

�I - 3.141591 a constant 

Ruano - data identification number 

S • 1/a, an ea;pirical constant iD the temperature-dependent 
rheological equation · 

SSK - approxiute thermal coa4uct1vit7 at ata1Dle�a a.teel 

T . - m, a constant in the empirical tarperature d1atribut1on . 

. T(�) - point teQeraturee 

TCL - !CL' centerline teJQerature 

T.MJ - taitial wall teaperature 

U(1) - potDt velocitiea 

T(1) • talet veloc1t1ea 

W(i) - tnlet temperatures 

WSS .. �11 �hear atress 

DIMENSIONlESS GROUPS 

ANUNO - Nua•elt Number (Wall) , see page 99 

Graetz NUIIJ1ber 1 Equation (7-l) 

1311-

- Huaaelt Humber baaed on arithmetic -mean temperature ditterence ,  
Equation (7-1) 

PRNOA - Prandtl Number (!ulk) 1 aee page 99 

PRNOB ... Prandtl Number (Wall) 1 see page 99 

RENO - Reynolds lumber , see page 99 
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COMMENTARY 

.The exist�ce ot tully developed laminar tlow is requ�e� before 

one is Justified � �eteraining the velocit7 dis:t:rib�ion trom e�ri­

mental teaperature and r�ological data o An equation tar est1Jiat1Dg 

the .traDSition length required tor fully developed laminar tlov is 

given below (39) : 

where : LentraDCe is the entrance leogth, 

D is the tnside pipe diameter , and 

1L is the Beynolda number . 
-Lte . 

This equation has been shown to give conserntive estimates tor pse�o-

* 
. 

plastic power-law fluids b7 Bogue • The JD8%1mlll tranai�ion lengths 

.requ�ed in this investigatiOD were less tha� 1.5 x lo-3 tt as CCII� 

pared to the o. 75 ft apac1Dg between temperature measuring ports , 

therefore.; it is concluded that tully de�eloped laminar velocity 

·profiles did exist 1D the test section and that their calculation �om 

experillental temperature and rheological data vas Juatif'ied . 

* 
Bogue 1 D .  C o  1 "Entrance Effects and Prediction of Turbulence in lfon-
Jfewtonian J'lov" , Ind . Bug• Ch8a. 511 874 (l959) . 
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