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ABSTRACT 

Velocity and temperature prof! les in mercury are reported for 

vertical flow in a pipe at Reynolds numbers of approximately 3 .. 3 x 104 

and 5.4 x 10 4 with variation in heat flux. At a Reynolds number 

~ 3.3 x 10 4 prof! les are reported for thermal calming lengths of ap­

proximately 17, 36, 61 and 84. 

The velocity prof! les, temperature prof! les and Nusselt numbers 

are shown to be strongly influenced by free convection effects. Cor• 

relations are presented whereby the amount of d.istortlon of the velocity 

profile from the isothermal prof! le under gl·ven conditions may be esti­

mated, and the value of the Nusselt number under given conditions may 

be predicted. 
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CHAPTER 

COMB I NED FREE AND FORCED CONY ECT I ON IN TURBULENT PI PE F Lml/ 

I.I INTRODUCTION 

The effect of free convection on the velocity a11,d .temperature prof! le 

ln turbuleht forced convection has either been neglected or regarded as 

insignificant by the majority of investigators tn this field o.f research to 

date. A numerical study of the problem by Ojalvo and Grosh [I] Jn 1962 

showed, however, tha't free convection effects could Influence velocity and 

temperature prof I !es to a marked extent. 

More recently Horsten [i] carried out an experimental study of this 

problem in turbul.ent pipe flow. of mercury under conditions of constant wal I 

heat flux. His results confirm that even at low heat fluxes the velocity 

and temperature profiles distort signlflcantly. The resulting eddy 

diffusivitles of heat and momentum and heat transfer coefficients are also 

shown to be affected by free convection effects. A problem that arises, 

however, is whether the meas-ured prof i I es were fu I I y deve I oped, or whether 

the observed effects were due to prof! le development .. 

The effect of thermal entry length on the Nusselt number Jn turbulent 

flow of liquid metals was reviewed by Kays [3] in 1966. The survey shows 

that the greater the Reynolds number the longer it takes the Nusselt number 

to reach its f i na I value. Typ i ca I I y for a Reyno Ids number of 50 000 the 

Nusselt number only assumes its final value after an L/D ~ 35 and at a 
' Reynolds number of 100 000 the final value of the Nusselt number ls only 

assumed after an L/D ~ 45. 

More recently Azer [4] ana iyse_d the prob !em of therma I entry length 

and suggested the Interpolation formula 

L/D 0.701 Pe8 ·827 
(I. I) 
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(where L is the thermal' entrance length) be used to establish when 

flow is fully developed. L/D values obtained using this equation are low 

compared to the data reported by Kays. Typically for a Reynolds number 

of 50 000 with Pe= 1300 and Pr= 0.024 an L/D ratio of 21 .I is obtained. 

Since none of the work on thermal entrance lengths has been based on 

a knowledge of both the actual velocity and temperature profiles an experi~ 

mental determination of these profiles would be desirable. 

Brlef ly, the objectives of this thesis were : 

(I) To extend and confirm the work done by Horsten I.e. 
measure non-isothermal velocity and temperature profiles 
using the same loop as he did. 

(ii) To attempt a correlation of the effect of free con­
vection on velocity and temperature profiles, eddy 
diffusivltles and Nusselt numbers. 

(iii) To examine the effect of thermal entry length on the 
velocity and temperature profile with a view to 
establishing whether fut ly developed flow was reached 
in the experimental equipment used. 

Experiments were carried out to measure velocity and temperature profiles 

at Re ~ 54 000 for L/D = 84 and at Re ~ 33 000 for various L/D ratios and 

a variety of heat fluxes. The basis for the determination of eddy 

diffuslvities of heat and momentum fr'Om such measured profiles is set 

out in the fol lowing section. 

I .2 THE EQUAT l ONS OF MOMENTUM AND ENl:RGY 

The equation of motion in cyl lndr'ical coordinates for a fluid flowing 

in a pipe is [5] 

(
dU au u111 au dU ) p x x ~ x x = 

gC at + Ur Tr + r aip + UX ax . - 2-Q_ 
ax 

( 
dT d'T ,. . I a .. I x . xx 

- --. (rT) +-~+-. r ar rx r aip ax ( I • 2) 

The corresponding equation of energy is [5] 

pC - + u - + ~. - + u - = - - -C rq ) (
aT aT u," aT aT) ( 1 a 

p at r a r r aip x ax . r a r r 

+ viscous di ss i pq~)l;:i on terms. ( I • 3) 
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The fol lowing assumptions are made : 

( i ) FI ow is f u I I y deve I oped. 

(ii) \val I heat flux is uniform i.e. 3T/8x= const., 1\ .[I]. 

(iii) Flow is vertically upward in the positive x-direction 
i.e. Ur = U\lJ = 0. 

(iv) Viscous dissipation is negligible. 

(v) Axial heat conduction is neg I igible. 

(vi) The fluid is essentially incompressible and the overall increase 
in velocity due to heating is neg I igible. The continuity 
equation may thus be expressed as au /ax = 0. x 

(vii) Static pressure is constant across any cross-section i.e. 
ap/ar = ap/a$ = o. 

(viii) All fluid properties (except the density) in the driving force 
term are constant and evaluated at the mean cup temperature. 

(ix) The flow is single phase (i.e. liquid phase) 

<x> There is no slip at the wal I i.e. the velocity at the wal I = 0. 

(xi) T$x = Txx = 0. 

For turbulent flo111 the shear stress 
au 

x --9 T = - µ- + pu'u 1 
c rx ar x r au 

is expressed as [6] 

( I • 4) 

where - µ "'rx is the laminar contribution and pu 1.u' is the turbulent 
a x r 

contribution to the shear stress. 

The heat flux is analogously expressed as 

Where k ~~ 
heat flux. 

-q = k aT C U1T 1 
r ar+pp r ( I • 5) 

is the laminar and pC u'T 1 the turbulent component of the 
p r 

The eddy viscosity (or eddy diffusivity of momentum, EM, first suggested 

by Boussinesq (see Brodkey [6] ), is defined as 

au ( 1.6) LJiUT=-E ~ x r M ar 

and slmi larly the eddy diffusivity of heat is defined as 

uVT1 = 
r 

and hence the momentum equation becomes 

dp n I d [ 11 - -p _.;;i_ = - - ...J::.. r < I +E /v) dx g r dr g M c c 

dux] 
dr 

and the energy equation becomos \ 

dT I d [ dTJ pC u - = - - kr( I +E /a) -p x dx r dr H dr 

C I • 7> 

C I • 8) 

C I • 9) 
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wh~re v= µ/pp the kinematit viscosity and 

a= k/pC, the thermal· diffusivityc p 

The density variation in the body force term on the left-hand side of 

equation (1.8) may be expressed as 
' 

P = b [1-SCT-T >Jc av · av ( I • I 0) 

Ae dx may be evaluated from the friction factor relationship [7] 

dp g 2u µ 
-. + P - = ... m f Re 
dx av gc ()'2'g-

c 

where Pav is the mean fluid density and by definition is 

p = 2 J1 Pndn . av o 

Pav must thus be evaluated at Tav where 

T = 2 f 1 Tndn av o , ' 

and not at the mean cup temperature, 

T = 2 f 1~Tndn . m o u m 

Using the dimensionless parameters 

n = r/R 

u = u /u x m 
e = T - T av 

cf> = 21-;e 
----·-
Pav u c f\0 2 

m p 
2 B g c AD 4 

Pav 
end Ra = p 

µk 

equation (f.8) combined with (1.10) and (I.II) becomes 

J_ _Q_ ln(l+e: /v)-dUJ = - ¢Ra - 0.5 f Re n ~ C . M ~ 8 

and equation (1.9) becomes 

l .JL·[n< I +e: /a) .2t l = ~ 
n dn H dnj 2 

\1 

(I. 11) 

( l • 12) 

( I • I~) 

< I • 14) 

( I • 15-) 

(I. 16) 
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E:q\Jat ions. C I • 15 > and C I • 16) can be r~arrqngep to give the eddy 
dlffusivittes of tnomeritum and heat 

~Ra 6:~~ndrl - cJ'.25 f Re. J 
t:~/v = dU - I ( I • 17) 

dn 
and 

= 
().5 t1 .µndn 

-d<I> 
Tl dn 

C I , 18) 

.· Exp~~i111entql. deter.mi natl oh of thE;J v~tocJ\y :and teinpera+ur~ dl?f'.ribution 
will 'ri6w allow calcuY~tion 'of the eddy ctiHusivities of heat 'and momentum~ 
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CHAPTER 2 

EXPERIMENTAL EQUIPMENT 

2. I THE TEST LOOP. 

The mercury test:loop which had prevlously been used by Horsten [2] 

is shown schemattca I ly tn f lg. 2.1. A 11 the sections were constructed 

from type 316 seamless ~stainless steel tubing. Mercury f Jowed vertically 

upward through an 18 ft 7 In. length of tubing with an r .o. of 1.968 In. 

and O.D. of 2.047 in. 

The top portion ~f the loop Is shown in fig. 2.2. It was construe-

ted out of 1.624 Tn. l.D. tubing and contained a Saunders diaphragm valve,. 

an orifice meter <Incorporating flange taps> and an expansion chamber. 

A -12 In. centrlfuga I pump was used to pump the mercury around the loop. 

It was mounted at the top of the loop so as to minimize static pressure 

on the pump g 1 and Ing. , The pump was be It driven by a 3 h. p. motor through 

a slfdlng-pul ley var!able speed drive and a 10 to I reduction gearbox. 

Speeds could be varied ·from 70 to 300 r.p.m. Monltor1ng of the pump speed 

with a tachometer gave .less than a 1% f luctuatlon over many hours of running 

time [2]. The motor, variable speed drive and reduction gearbox were 
1 

attached to a steel frame supported on rubber pads on a concrete platform 

to minimize the transmlsslon of vibrations to the flow loop. 

The Inner pump ca~Jng was made of cast lron and was epoxy painted to 

prevent rusting and contamination of the mercw~y. The pump shaft was 

glanded with an.asbestos Impregnated tef Ion bush. The latter material 

was rl,gtd and had t~e I 8brt·catl1n9 propert I es of tef I on but did not "f I ow" 

as tef Ion does. 

Contro I of the mercury f Low rate was ath'I eved by vary lrig the pump 
' 

speed,, and. utt Ii zing a S~unders diaphragm Va Ive on the pump out I et. A 

mercury manometer, connected to the orifice meter flange taps, Indicated 

the flow rate • 

. The vertl ca I and bottom hor I zonta I return pipes co. 788 In. l.D.) 

were fitted with L.25 1~. diameter sta1ntess steel water jackets, the 

water flowing counter - current I y to the me'rcury. Two 6 ft. meta I 
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FIGURE 2. I SCHEMAT I c DRAvrn~G OF THE TEST LOOP 
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FIGURE 2.2 TOP PORTION OF THE LOOP 

A. Insulated test section B. Probing station C. Di~ferential pressure 

measuring system D. Variable speed control of pump drive E. Vertical 

return pipe F. Orifice meter G. Expansion Chamber ·H. Pump I. Thermo­

couple switching panel 
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pl I lars, situated Immediately under each vertical leg of the test loop and 

bolted to the ground floor, supported the loop. Wooden ciarnps, situated at 

the level of two laboratory landings and attached to the outside of the 

asbestos rope insulation (see section 2.2), held the loop vertically~ 

The loop was fi I led through the expansion chamber. The top and 

bottom cross sections were at a slight angle to the horizontal and gas vents 

were provided at the orifice plate and the pump so that gas trapped in the 

loop during fl I ling could be released. A drain valve was provided at the 

bottom of the loop. In case of emergency the mercury could be drained into 

a stainless steel tank but under normal conditions the mercury was drained 

Into polythene storage bottles when necessary. 

2.2 THE TEST SECTION 

As mentioned In the previous section, the test section was made from 

an 18 ft 7 Jn. length of seamless stainless steel tubing with an l.D. of 

1.968 in. and an O.D. of 2.047 In. 

Two mixing cups were welded onto each end of the test section. The 

design of the ~lxlng cups ensured complete mixing of the mercury and hence 

accurate Inlet and outlet temperatures could be measured. 

A 5/16 In. diameter hole, through which the probe was Inserted was 

drl I led Into the tube 2 ft 7 In. from the top end and a nozzle to which 

the probe traversing mechanism could be attached was sliver soldered about 

this hole. Si Iver solder was used to prevent distortion of the tube but 

had to be carefully covered with an epoxy cement to prevent contami'natlon 

of the mercury. 

The test section was evenly wound with I in. wide and 0.032 In. thick 

chrome! C heating tape. The length of heated test section to the probe tip 

was 13 ft 8.5 Jn. and the distance between the top and bottom lugs was 

14 ft 7 In. There were I I diameters of unheated pipe before the start of 

the test section and 17 diameters of pipe above the probe tip, 5 of which 

were heated and 12 unheated. 

To obtain different heating lengths, steel hose clips, provided with 

power cable connections, were clamped around the heating ribbon at distances 

of 33 In., 72 in. and 119.25 In. below the probe tip. Non-isothermal 

velocity and temperature profiles could thus be measured at thermal calming 

lengths of 16.8, 35.6, 60.6 and 83.6. 
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2.3 TEST SECTION HEATING 

The supply voltage was passed through a 74 amp, 220 volt Foster 

voltage stab! lizer and then through a varlable transformer capable of pro­

viding 100 amps at 160. volts. The minimum outp.ut_.,ypltage of the trans­

former was 60 volts. For high heat Input runs the transformer was con­

nected directly to the heating ribbon, but for low heat Input runs an ad­

dltf.ona I resistance was Inserted into the circuit ·to give the required 

power output. Power consumed was measured by timing the revotuttons ·on 

a calibrated domestic KWH meter rated to take 80 amps at 220 volts. An 

ammeter and a voltmeter were also Included Jn the circuit. During al I 

non-Isothermal experlmental runs one of the power cables remained connected 

to the top of the heating ribbon while the other power cable was connected 

to either of the four other power connections provided. 

The heating ribbon was electrically insulated from the pipe by means 

of asbestos paper glued to the pipe with sodium slltcate and covered wfth 

a 2 In. woven fibre-glas"s ribbon. Successive windings of the heating tap-e 

were spaced by 1/16 In. diameter asbestos string. Hose damps, provided at 

regular Intervals, held the heating ribbon In position. The clamps were 

also Insulated from the heating tape by means of asbestos paper and ftbre­

glass ribbon. Provis ton for the probe noz.zl.e was made by cutting a semi-
:::" 

circle out of each of two successive heating tap,~ wln?.:Lngs. Heating tape-
4 to-tube resistance was approximately 4 x 10 9,hms wh.e.n the lnsulatlon was 

.. 
dry·. 

The test section was therma I ly lnsu latE)~ by two layers of 3/4 In. 

asbestos rope wound fairly loosely to give maximum insulation. Preformed 

fibre-glass steam pipe lagging Cl 1/4 Jn. thick) was Hnally placed 

around the asbestos rope, cutting heat losses to less than 2%. 

2. 4 THE PROBE 

To enab I e s I mu I taneous measurement of ve loc I ty and temperature p'ro­

f i !es, a probe was constructed to serve as a combined pl tot.static tube 

and lron-constantan thermocouple. Figure 2.3 Is a dlmensloned drawing cit 
the probe and fig. 2.4 is a photograph of the probe tip. 

The outer tube was 10 gauge (0.077 In. l.D. and 0.128 In. 0.0.) and 

the lnner tube 18 gauge (0.032 in l.D. and 0.048 In. 0.0.) stalnless steel 

tubing. The goose-neck impact tube was 25 gauge (0.010 In. l.D. and 
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. ·FtGURE.2.4 THE PROBE TIP 

FIGURE 2.5 THE PROBE ASSEMBLED IN THE TEST SECTION 

<Fibre-glass lagging removed) 
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0.020 Jn. 0.0.) stainless steel hypodermic tubing, tapered to 0.015 Jn. 

at the probe tip. 

Two grooves, 0.016 in. wide and 0.016 In. deep, were made down the 

sides of the outer tube to accommodate the thermocouple wires. Six 

0.020 in. diameter static holes were drilled Into the outer tube 1.3 tn. 
downstream from the probe tip. The static holes and thermocouple wlre 

were equa 11 y spaced at 45° to each other as shown In f I g. 2. 3. 

At the probe tJp tightly fitting wire coils were placed around the 

Impact and inner tubes keeping them concentric to one another and to the 

outer tube. The tubes and springs were firmly held together by means of 

an epoxy cement. 

The thermocouple was made of 30 gauge (0.010 In. 0.0.) iron wire and 

34 gauge C0.0067 Jn. 0.0.) constantan wire. The bead had an average 0.0. 

of 0.0225 Jn. To minimize Interference Jn the flow around the probe tip 

the thermocouple bead was placed 0.25 Jn. downstream from the tip. The 

wires were carefully placed Into the grooves provided and cemented In w-ith 

an epoxy cement. After drying, the epoxy was machined flush with the outer 

tube. Epoxy cement was also used to streamline the impact tube, thermo­

couple bead and wires to the outer tube. The exposed bead was covered 

with a very thin layer of epoxy lacquer to avoid direct contact of the 

bead wtth the mercury. Fig. 2.3 shows how the thermocouple bead was posi­

tioned on the side of the impact tube. The overal I width of the bead plus -

the Impact tube was 0.047 Jn. 

The impact tube was goose-necked, thus enabling the probe ttp to 

touch the test section tube wal I before the rest of the probe. This 

also enabled readings near to the wal I to be taken and fact lltated probe 

positioning. 

At the rear of the probe the inner and outer tubes were again con­

centrlcal ly positioned by means of a steel col I placed around the Inner tube. 

An epoxy cement was used to hold the tubes together and form a seal. 

Four holes (0.030 In. 1.0.) dri I led Into the outer tube and surrounded 

by a manifold provided a take-off point for static pressure measurement. 

A pressure tube fitttng at the end of the Inner tube enabled the Impact 

pressure to be measured. 

A Tufnol terminal block provided with smal I brass electrical con­

nectors was positioned next to the manifold and served to joJn the thermo-
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couple extension leads to the thermocouple wfres. 

Details of the probe traversing mechanism are given by Horsten [2]. 

2.5 PRESSURE MEASUREMENT 

Fig. 2.6 ts a photograph of the pressure measuring and transduclng 

system. Only a brief description of the system wt I I fol low and further 

detal Is may be found In Horsten's Ph.D thesis [2]. 

An Inverted Dwyer hook gauge situated at the top of the system was 

used for calibration whereas the rest of the system measured pressure sig­

nals and transduced them. to d.c. voltages. 

Static and Impact pressures were transmitted from the probe, by 

m~ans of nylon pressure tubing, to two reservoirs half fi I led with mercury 

and half fll led with water. These reservoirs had large cross-sectional 

areas, thus minimizing any offset pressures which could be caused by flow 

of mercury in the pressure tubes. Two water lines transmitted the pres­

sures from the reservoirs to the ports of a Whittaker Corp. model Pace 

P 0 9 D differential pressure transducer, having a range of 0 to I In. water, 

and activated by a model C D 10 carrier demodulator giving an output range 

of 0 - 10 volts d.c. The transduced pressure signals Ctn the form of d.c. 

voltages) were electrlcal ly fl ltered to remove high frequency fluctuations 

and recorded on a 10 In. Beckman pen recorder. 

The pressure measuring system was under a static pressure of approxi­

mately 30 p.s.t. 

2.6. THERMOCOUPLES AND TEMPERATURE MEASUREMENT 

Mixing cup, pump outlet, Inside and outside Insulation temperatures 

were obtained from lron-constantan thermocouples. The thermocouples 

were epoxy cemented Into 4 tn. lengths of 1/8 In. stalnlass steel tubing 
he.l<l 

with the bead protruding slightly. The thermocouple sheaths were,ln 

position by Conax fittings and sealed with teflon bushes. 

All thermocouples (Including the probe thermocouple) were con­

nected to leads of the same material and taken to a mult!way switch from 

which their Individual e.m.f.'s could be monitored. E.m.f.'s were 

measured relative to an tron•constantan thermocouple placed In a double 

walled PVC container, fl lled with crushed lee. A model 887 AB Fluke 
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differential voltmeter provided direct reading of thermocouple E.m.f.'s. 

The e.m.f. from the probe thermocouple was offset by a voltage 

approximately equal but opposite to the e.m.f. measured at the pipe centre~ 

This voltage was tapped off two Mallory mercury eel Is and remained very 

steady. Offset e.m.f.'s were recorded directly on a Series BD Kipp and 

Zonen Micrograph. Since the maximum offset voltage was less than 500 µ'I 

the fu 11 range of the recorder cou Id a I ways be uti Ii zed. The maximum 

sensitivity of the recorder was 0.05 mV ful I scale, thus enabling very smal I 

temperature differences to be measured. 

By offsetting the probe thermocouple e.m.f. 1 s. far more accurate tem­

perature readings could be made than by recording e.m.f.'s directly, parti­

cularly as this technl.que enabled better utilization of the recorder scale. 

2.7 COOLING WATER 

The cooling water system, In which water flowed counter-currently to 

the mercury, is described by Horsten [2]. Cooling water temperature could 

be control led within! 0. 1°F, giving control over the mercury inlet tem-
t- 0 perature to within - 0.2 F. 

2.8 OPERATION 

2. 8. I CI ean i ng and Fl I 11 ng 

Before commencing .any experimental work the test loop and the mercury 

were thoroughly cle~ned as described by Horsten [2]. To ensure that the 

loop had no leaks, It was pressure tested at 100 p,s.l.g. before It was 

fl I led. To avoid oxidation of the mercury, al I the air was evacuated 

from the loop and replaced by nitrogen. This procedure was repeated 

five times before the 1-oop was fi I led with mercury. During f 11 I Ing, 

nitrogen, was bled Into the loop thus avoiding any air being sucked In 

with the mercury. 

2.8.2 Probe lnstal lation and Positioning 

The probe was fitted Into the traversing mechanism before being 

carefully Inserted through the hole In the pipe and the traversing mecha­

nism screwed onto the pipe nozzle. The probe was vertically positioned 

by visual observation through the test section exit, making use of Its 

reflection Jn the mercury. A strip of 0.0015 in. thick paper was u,;;.§ld 
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as a feeler gauge to determine the position of the probe ttp relative to the 

tube wa 11. The probe was screwed in towards the wa 11 untl I it just n I pped 

the paper and a lock nut was tightened to prevent it from being advanced 

beyond this polnt. Thus, the probe could be advanced to within 0.0015 In. 

of the wal I and retracted to a radial position of y/R = 1.20, its position 

being indicated on a dial gauge which could read to 0.000 2 in. Fig. 2.6 

Is a photograph of the assembled probe mechanism and dial gauge in position, 

with part of the fnsulatlon removed from the test section. 

To ensure that no air remained trapped in the probe or Its leads, 

some of the mercury was al lowed to run back out of the reservoirs and through 

the probe whl le the nylon pressure tubing was being tapped. Tapping the 

tubing helped to dis lodge any air bubbles which were stuck to the tube wal Is. 

2.8.3 Start Up 

After long idle periods, It was found that the heating ribbon-to-tube 

resistance would drop significantly due to water belng absorbed by the 

sodium st llcate. Thus, after long inoperative periods, it was necessary 

to heat the loop with very low currents to avoid shorting between the 

heating tape and the test section tube. 

The procedures dealt with so far were not done regularly, but only 

when the need arose. In the section to fol low normal experimental opera-

ting procedures wi I I be discussed. 

2. 8.4 Operat.1 ng Procedure 

The fol lowing steps out! lne briefly the operating procedure for measu­

ring non-Isothermal velocity and temperature profiles: 

(i) The pump was switched on and the variable speed drive ad­

justed to give the desired flow rate. Finer adjustments 

were made by utl II zing the Saunders diaphragm valve situ­

ated Immediately below the pump. 

( 11) The coo 11 ng water system was put Into opera ti on and for 

those runs In which a temperature controller was used, 

the water heaters and controller were switched on. 
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(If I) The bottom power cable was connected to one of Its power 

connections to give the required heating length. For low 

heat Input runs, the addltlonal resistance was Included in 

the heating circuit and the power turned on. The trans­

former was then adjusted to give the desired heating rate 

which, at this stage, was set according to the voltmeter 

and the ammeter. 

Clv) The reference thermocouple was Immersed In Its lee bath 

and allowed to reach a steady temperature of 32°F. 

(v) The pressure transducer demodulator, filter circuit and 

Beckman pen recorder were switched on, a zero position and 

recorder scale were chosen, and the pressure measuring 

system ca 11 brated. 

(vl) While steady state was being reached a 11 minor adjustments 

to the flow rate, heat Input and coo 11 ng water temperature 

were made. A period of 2 - 3 hours was a I I owed for the 

loop to attain steady state conditions. 

(vi I}, Once steady state had been reached 'the probe was positioned 

at the centre of the tube, the offset voltage source and 

Kipp Micrograph switched on, and the probe e.m.f. offset 

by an equal and opposite voltage from the mercury eel Is. 

A suitable recorder scale and zero position were chosen 

and temperature and veloclr{ readings commenced. 

(vlll) Pressure differentials and probe thermocouple e.m.f.'s. 

were recorded at discrete y/R Intervals. Because of the 

large capacitance of the condensors and the f lne hypo­

dermic Impact-tube, It took at least 3 minutes for the 

differential pressure measuring system to respond to any 

changes In radial position. Recorder tracings of about 

20 minutes at each radial position were thus necessary. 

The temperature was not recorded for such long periods 

at each point since the response of the thermocouple was 

fast. The temperature was, however, referred back to 
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a radial postflon of y/R = 0.50 at regular Intervals to 

ensure that any mt nor changes In temperature level would 

not affect the temperature prof I le. Zero readings were 

checked from time to time and where any drift occurred the 

necessary adjustments were made. After completion of each 

run, recorder tracings were averaged by eye and the averaged 

values tabulated. 

(fx) At the end of each run the resistance of the probe thermo­

couple circuit was measured and In some cases the differential 
SYs-te.m 

pressure measuring was recalibrated. 
' /l 

During al I the non-Isothermal runs the fol lowing parameters were 

recorded at regular Intervals: 

I. The press~re drop across the orifice meter. 

2. Heat Input, by timing a set number of revo-
lutions of the KWH meter disc. 

3. Inlet and outlet mixing cup temperatures. 

4. The tempetafure after the pump. 

5. Inside and outside insulation temperatures. 

6. Cool Ing water temperature ar;i5f f'i'!cw· rate. 

7. The offset voltage. 

y', 
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CHAPTER 3 

EXPERJ MENTAL RESU.LTS 

3. I I NTRODUcfl ON 

Tab ii e 3, I sumrnaH zes the experl men+a l cond 1 H ohs under wh !Ch Velo"'" 
cl ty ahci tempe'ra+ure pr'oH :1 e·s we're measured, 

TABLE 3.1 

EXPER I MENTAL COND '1 T IONS 

' ··-··· .;._ .. 

Run Re q T (°F) Tw-Tc f:r 'L/D m 
{xl0- 3 ) (Bfu/hr/tt2) (OF) Ra/Re 

.. . .......... .. . 
. 

I 53.9 159:1 76.59 T.73 0.024'1 0.644 83.6 
2 54.1 2064 82.22 ·11.20 0.0236 0.831 83.6 

; 

3 55. I :2762 87 .. 79 'I 3,83 0.0231 I .107 83.6 
; 

4 36.6 3824 115.16 14.06 0.0210 3.609 83.6 
5 35.8 3836 r12.56 14,25 0.0212 3.887 60.6 
6 35.2 3842 96. 77 13.78 0·.0224 : 3.986 35.6 
7 32._;1 1595 82.00 7.99 0.0236 1.861 83.6 
8 33.7 1590 86. 16 8.02 0.0233 1.7'13 60.6 
9 34·.0 1569 

; 

79 .• 45 8.34 0.0238 1.767 35.6 
10 32.5 1703 73.64 7.49 0.0243 

.. 
1.93!1 l6.8 

11 31.5 669 83.39 4.57 0.0235 0.81<D 83.6 
12 30.7 682 79 .15 4.46 0.0238 Q.853 '60.6 
l3 30.'6 675 77. 77 4.67 0.0240 0.859 35~6 

l4 31. I 723 74.64 3.59 0.0242 0.898 16.8 :,_, 52.2 0 56.54 0 - : 0 0 

l-2 3h3 0 59.0 0 - 0 0 



- 21 ~ 

Temperature and velocity profiles were measured simultaneously by 

using the combined thermocouple and p1tot-static tube probe~ The data 

agreed wel I with those obtained by Horsten [2] using the same fest loop. 

Profiles were measured at Reynolds numbers of approximately 3'3 000 

and 54 000 and an L/D of 83.6. Further non-isothermal prof Iles were 

measured at a Reynolds number of 33 000 for L/D ratios of 60.6, 35.6 

and 16.8. Heat fluxes In the range 670 - 3840 Btu/hr ft 2 were used. 

Isothermal velocity prof!!es were measured at Re~ 33 000 and 54 000. 

3.2 VELOCITY AND TEMPERATURE PROFILES 

Experimental data together with the computed results are tabulated In 

appendix E. The calculation procedure is ~(ven In appendix A. 

The mean velocity computed by intc:gration of the velocity profile 

was generally in good agreement with the mean velocity obtained from 

the orifice meter. Small differences Jn these two veloc.lties were 

probably due to residual inequalities of temperature In the leads from. 

the Impact and static tubes to the pressure transducer even though the 

leads were taken out horizontally so as to minimize the temperature 

difference effect. For isothermal runs, the Integrated mean velocity 

agreed exactly with the orifice meter velocity. 

The agreemeni beil\leen the orifice meter and the heat balance velo..,. 

cities was no.t as good as the agreement between the orifice meter and in­

tegra!l!ed mean velocities even though heat losses amounted to less than 

2% of the tota I heat input. The 1t1orst disagreement was, however, on I y 

7.5%. The most I !keiy reason for this discrepancy is inaccuracy of 

the KWH meter. Dimensionless parameters reported In appendix E were 

computed using the Integrated mean velocity. 

Since heat losses amounted to less than 2% the axial temperature 

gradient should be I !near [I]. This is experimentally confirmed with 

mean temperatures based on a I inear interpolation between test section 

inlet and outlet temperatures being only slightly higher than that 

measured at the probe (see appendix A for detai Is). 

3.3 ENTRANCE LENGTH EFFECTS 

To study the entrance length effect, sections of the heating col I 

were reconnected to give L/D ratios of. i6·.a, 35.6, 60.6 and 83.6 (see 
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chapter 2) before the probe was reached. Sfrice tHe total engtH of 

the test section to the probe was constant, this meant that the hydro­

dynamic calming length to the p~obe was constant, but that the calming 

length before the start of heatlng was variable. The relatlonshlps 

are given In Table 3.2. 

TABLE 3.2 

CALMING LENGTHS TO THE PROBE 

: 

Heated Entrance Hydrodynamic calming Total hydrody-
Length, L/D length before start namic entrance 

of heating, x/D length. 

0 94.6 94.6 

16.8 77.8 94.6 

35.6 59 94.6 

60.6 34 94.6 

83.6 II 94.6 

Developing velocity and temperature profiles are shown in figs. 

3.1 - 3.4 a+ a Reynolds number of~ 33 COO. 

Hinze [8] recommends that Nikuradse's value of x/D .. 40 be re­

garded as a mini mu~ value for the Isothermal velocity profile to develop 

fully. Thus, for runs 11here L/D' 35.6 (i.e. x/D ~ 59) the Isothermal 

velocity prof! le can be assumed to have been fully developed before 

heating began. 

It Is seen that distortion from the expected pseudo-parabolic velocity 

profile already exisfs at an L/D ratio as low as 16.8. At a given heat 

flux, distortion of the velocity profile 1.ncreases until flow becomes 

fully developed. For al I the cases considered it appears that both the 

velocity and temperature profiles are fully developed for an L/D ) 60.6. 

Slight differences observed between velocity profiles measured at an L/D 

of 60.6 and 83.6 are smal ! and within the bounds of experimental error. 
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FIGURE 3.4 DEVELOPING TEMPERATURE PROFILES 

At Re = 3.3~10~; Ra = 2.5xl04 

I. Run No. 13; L/D = 35 .6 
2. Run No. 12; LID = 61 .6 
3. Run No. I I ; L/D = 83.6 
4. Run No. 14; L/D = 16.8 
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From the resu Its It appears that at high heat fluxes the velocity proft le 

develops more rapidly, for example at a Rayleigh number of 1.39 x 105 

the velocity prof Iles are al I very similar at L/D ratios of 83.'6, 60.6 

and 35.6. 

The shape of the temperature profile appears to be more convex at 

low thermal heating lengths. It appears, however, that the temperature 

prof! le approaches Its final shape before the velocity prof I le. At 

Rayleigh numbers of approximately 5.9 x 104 and I .37 x 10 5 there is 

hardly any difference between the developing temperature prof Iles. 

The data are too Incomplete to al low determination of the exact entry 

lengths required for fully developed flow to be reached but from the 

results It appears reasonable to assume, however, that fully developed 

velocity and temperature profiles are reached In the experimental 

equipment used. 

3.4 VELOCITY AND TEMPERATURE PROFILE TRENDS 

Fully developed velocity profiles (J.e. for L/D = 83.6) are shown 

In figs. 3.5 - 3.6. The results confirm the distortion observed by 

Horsten [2]. 

From the reported velocity profiles it ls clear that at a particular 

Reynolds number the degree of distortion Increases with heat Input. 

Horsten [2] has pointed out that at high heat fluxes a point of satu­

ration Is reached beyond which an increase In the heat flux does not 

cause any further distortion of the velocity prof I le. 

Fully developed temperature prof Iles are plotted In figs. 3.7 - 3.8 as 

~ versus y/R where ~ ls defined as 

~ = T - T w 
T - T w c 

(3. I) 

In the range of Reynolds numbers and heat fluxes used in this Investigation 

tt Is clear that the temperature prof I le becomes more convex with lncrea-

s Ing heat f I ux. Horsten [ 2J has observed, however, that at very low 

heat fluxes the temperature profile: again becomes more convex. The 

point at which the temperature profile ts least convex corresponds to 

the point at which the velocity prof I le changes from having a maximum 
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at the pipe centre to having a maxfni'Jm veloctfy at some ofher r~dlal 

position. f\s in ~he case of the velocity profile Horsten has pointed 
profi\< , .. · ( 

out that lt appears that the temperature,. a I so reach.es a saturat ton 

point beyond v1hlch further heating causes no forther distortion of the 

profile. 
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CHAPTER 4 

DISCUSSION OF.RESULTS CONCLUSIONS AND RECOMENDATIONS 

4.1 EDDY DIFFUSIVITIES OF MOMENTUM 
i 

On the basis of the measured velocity and tempe~ature prof i·Jes the 

eddy diffusivity of ~momentum, £W may be calculated from the equation 

£M + = -Ra !~ <P n d n - 0.25 f Re n ( 4. I ) 
-
\) 8 n 

dU 
dn 

Eddy dlffuslvit~es of momentum are shown In figs 4.1 - 4.2 and are 
' 

tabulated In Append!~ D. 

From equation (4.1) it ls clear that, in regions where the velocity 

prof! le is fairly fl~t, a small percentage error in the velocity would 

cause a large percen~age error In dUldn and hence in £Mlv. The trend 

in ~Iv with heat f lµx and ylR is slmi lar to that reported by Horsten [2] 

although the agreemeht in £Mlv values is only fair. 

In some cases £~Iv values tend to! oo · near the point at which the 

velocity prof! le goe~ through a maximum. Clearly, from equation (4.1), 

the numerator (or driving force) in the first term on the right hand side 
' . 

of the equation and the denominator (or slope of the velocity prof! le) 

must pass through ze'.o at the same radial position otherwise £Mlv values 
+ . • . . 

wi I I tend to - 00 • Experimentally, the difference between the posltfons 

at which these two quantities went through zero was never greater than 

3% of the total radius. 

At this stage no general correlation of £Mlv values Is apparent. 

Attempts to correlate £MIRu* with Ra and ylR also proved unsuccessful. 

4.2 EDDY DIFFUSIVITIES OF HEAT 

The eddy diffusivity of heat Is computed from the equation 

0.5 !~ u n d n 
d¢ 

n dn 

(4.2) 
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Eddy dlffusivities of heat are shown In figs 4.3 - 4.4 and the 

results are tabulated in Appendix D. 

The agreement between £H/a values for fully developed flow In this 

work and those reported by Horsten [2] is good. The reason why £H/a 

values compare better than £M/v values do, is explained by the fact that 

the slope of the temperature profile (up to a radial position of y/R = 

0.8) Is generally greater than it ls for the velocity profile and hence 

d~/dn is not as sensitive to experimental error. 

At this stage no general correlation of £H/a values Is apparent. 

4.3 THE RATIO OF EDDY DIFFUSIVITIES 

The ratio of the eddy dlffusivities of heat to momentum, a, (which 

is an Indication of the relative rates of heat to momentum transfer) are 

shown In figs 4.5 - 4.6 and are tabulated In Appendix D. 

At Re::::: 3.3 x 104 the curves shown are an average of a values at 

thermal entrance lengths of 83.6 and 60.6. The data of Horsten [2] 

and Buhr [10] are also included. a values were calculated from the 

smoothed £H/a and £M/v curves. Since both £H/a and £M/v values were 

obtained by differentiation, the accuracy of a values is limited. 

This Is partlcularly evident from fig 4.5 (Re= 5.4 x 104
) where no 

general trend in a with heat flux and y/R is appa~ent. However, at 

Re= 3.3 x 104 there appears to be a trend in a values and the dashed 

I ines in fig. 4.6 sh_ow the trend with Ra ~nd y/R. 

4.4 CORRELATION OF NON-ISOTHERMAL VELOCITY PROFILES 

It has a I ready ,been pointed out that the degree of d I stortl on of the 

velocity profile at a particular Reyno~ds number increases with lncreaslng 

Rayleigh number untl I a point of saturation ls reached. Closer inves­

tigation shows that u/u may be correlated by.using Ra/Re as the cor-
m 

relating parameter. At a particular radial position the value of u/um 

Is approximately constant for a particular value of Ra/Re. Thus, by 

plotting u/u versus Ra/Re at a fixed radial position, the behaviour m 
of the velocity profile at that position may be observed. The same 

technique was tried uslng v/u* versus Ra/Re but the results obtained 
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yielded no Improvement on those u~lng u)u ~ m 

Curves of u/u versus Ra/Re for a number of radial posltlons a're m 
shdwn In f~g 4.7. The data cover a Reynolds number range of 20,000 -

60,000 for LID > 60 and Include the data of Horsten [2] and Hochrefter 

[9]. The scatter ls less than~ 4% and thus non-Isothermal velocity 

profiles can be predicted with good accuracy In the range of Reynolds 

numbers and heat f:luxes. considered In th'J s work. The data of Hoch­

re(ter [9}, measu·red at Re ~ 9.o x ·1·04 in a 1.434 !nc'h dlam~ter plpe 

(L/D = 65), lie very close to the smoothed curves, Which f:ndlcates 

that the corl'.'e:lation ls .lndepend3nt of pTpe diameter or L/D, provided 

f I ow ls fu I ly deve.1 oped. It a l·so appears that the correlatl on can be 

e~tended over a wl~er ReynoJds number range. 

It shou Id be noted that there must be a sma I 1 Reyno! ds number effect 

on the correiatlon since at Ra= 0 the proflles are known to be different 

bu't the d:ffference Is sma 11 f·or the Reyno Ids nurnber range cons I dered. 

Frorn fig 4.7 t+ ls seen that beyond a· ~alue of Ra/Re~ 0.4 the dls-

:tortlon of the veloclty prof'.i le Is sign.rflcant~ ·Beyond a value of 

Ra/Re~ 4 on:ly very smal I changes in u/um are noflced which confirms the 

observation made by Heirs ten [2] that a pot nt of saturation In the ve lod:ty 

Is reached beyond .wh lch any l ncrease In Ra/Re causes no forther si gni fl -

cant distortion bf the veloclty prof! le. 

Fig 4.8 shows the velocity profiles for various values of Ra/Re, 

reconstructed usf ng the correlation of fig 4.7. 

4.5 NUSSELT NUMBERS 

4.5. I Veloct+t .and Temperature PrOff le Effects on the Nusselt Number 

ldeal:ly, if both the temperature and 'the veloel~ty profile t·n a pipe 

can be predicted, the Nusselt number- could be evaluated from the equation: 

Nu = hD = 
k 

g 
T - T w m 

x D 
k 

(4. 3) 

arid no c6rre I ati on f6r the Nusse 1t nurnber: i:tse If wou Id be necessary 

since tw would beavdilable and Tm could be calcu!·ated from the pre-

dicted profi !es. Attempts to predict ·the .:tempe·rature profile have to 

date been unsuccessfu I • Buhr [10] proposed a carrel ati on parameter, 
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Z, where 

Z :; Ra x D (4.4) 
Re L 

for correiatlng temperature profi Jes but as has been pointed out by 

Horsten [2] data obtal.ned ft-om the present equipment show very little 

agreement with thls correlatlon particularly as thfs correlatlon does 

not make a Ii owance for <P va I ues to reach a ml n t mum and then aga t n to 

increase. A'lthough Buhr [10] found the corre1ation to work fairly 

we 11 It appears that the Russ tan data used by him were for non-fu I I y 

deve I oped How. Thus, the 1 ncl us I on of D/ L l n equation ( 4. 4) pro-

bably accounted for both fully and non-fully developed flow condit'lons. 

Attempts to cor'reiate the temperature prof! le agalnst Ra/Re proved 

unsuccessful and thus a method of determin'tng Nusselt numbers d'irectly 

would be des1rabte. 

Many of the Nusselt numbers cakulated to date have been erroneously 

computed on the assur'npt.ton that an tsothermal velocity dlstr!butlon exlsts 

under non-Isothermal conditions. Nusselt numbers computed on this basis 

would be too low stnce the mean Cl'.lp temperature based on an tsotherma.I 

ve'locTty distribution would be lower than that based on the actuai non­

lsothe'rma'I velocity distr"ibution. 

To 111 lustrate the effect of the ve loel ty profile on the Nusselt 

number .. , Nusse!I t 171Umbers were computed us! ng both the 1 sotherma'f an.d non-

lsotherma 1 velocity prof! les ln conjunct'lon with the correspondlng tem­

peratu're proftle and this eHect ls 1 llustrated graphlcal 11y :Jn flg 4.9 

as a plot of 
Nu <non-'tsotherma I ) - Nu ("I sotherma 'I") ( 4. 5) 

versus Ra/Re. 

A. 

Nu ("isothermal") 

Deta I Is of the ca I cu lat! on procedure appea'i .. t n Appendix 
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4i5~2 Nusselt Number Cor~elatlon 

• ciea~ly, the Nusselt number ls ~ot only a function of forced con­

vection parameters but also of free convection parameters. Horsten [2] 
: ' . 

demonstrated the effect of free convection on the Nussel+ humber by 

plotting Nu versus Z with Pe as parameter. The parameter Ra/Re Is used 

here in preference to Z, for the re~sons mentioned earlier. 

of the form 

An equation 

Nu ~ a ~ b Pe~ + d (Ra/Re) + e(Ra/Re) 2 + f(Ra/Re) 3 (4.6) 

was used to describe the Nusselt numbe~. This form retalns the 

Martine I I I-Lyon [II] form of the equatl on for Ra = 0 wht le for Ra > 0 

the free convect_ion effect is described by a third order polynomial. 

Equation (4.6) was fitted to Nusselt numbers reported tn this work for 

an L/D = 83.6 and to the Nusselt numbers reported by Horsten [2]. The 

coeff ·i cl ents were dete.rml ned using the New+on-:-Raphson technique for 

soivtng a set of non.;. I inear equations. It was found that a = 5.8, 

b = 0.026 and c = 0.74. 

A p I ot of Nu· -· 0. 026 Pe O • 7 4 vs Ra/Re-· .. J s shown 1 n fig 4. I 0 and shows 

the data of Buhr [10] in addition to the data used for the original cor­

relation. The data'of Buhr [10] are in fair agreement with the predlcted 

values despite the-fact that his Nusselt numbers were computed on the 

assumption of an isothermal velocity d'lstrlbut'lon. Data reported by 

other I nves ti gators have not been ·1 nc I uded l n fl g. 4 •;I 0 s 1 nee these 

data were e.ither comp,uted under condt-1-ions of non-ful Jy developed flow 

or on overat I measurements rather than using actual ve.loci1y anct tem­

perature profl I es. 

Equation (4.6) predlcts an ln1tlal drop In the Nusselt number from 

the isothermal value 'as. Ra/Re ·1s increased from zero, and after going 

through a minimum Nu ~alues increase again. It appears that a point ls 

reached where free c6nvectlon has no further effect on the Nusselt 
-~ . 0 74 

numb~r i.e. beyond~ ~ertaln value of Ra/Re the value of Nu-0.026 Pe • 

remains constant. 

The effect of free convection on the Nusse'I t number ls a I so l llus­

trated 1 n f·i g 4. I. I . wherEii':'fthe Nusse It number. is p I otted as a funtfi on 
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of the Peciet number with Ra/Re as parameter; 

4.6 CONCLUSIONS 

The conclusions drawn from this work are: 

(I) Readings taken with the combined probe are reproducible and 

confirm the work of Horsten [2]. 

(ii) In turbulent non-isothermal flow of mercury the degree of 

distortion from the pseudo-parabolic shape of the velocity 

prof I le depends on the parameter Ra/Re. The effect of 

Ra/Re on u/u has been correlated and for a value of m 
Ra/Re > 0.4 free convection effects on the veloclty prof! le 

become slgnifican~ in the range of Reynolds and Rayleigh 

numbers considered In thls work. 

<1 I I) The temperature prof'! le ls also affected by free convection 

In turbulent non-Isothermal flow of. mercury. 

(iv) The velocity and temperature prof I !es distort even at low 

heating lengths and the higher the heat input the more 

rapldly do the prof! les developt. The point at which flow 

becomes fully developed is unknown but It appears that fully 

developed flow was attained in the equipment for an L/D > 60. 

(v) Eddy diffusivlties of heat and momentum are affected by free 

convection effects but s:nce both of these depend on the 

differentiation of the appropriate profile they are subject 

to large errors and no general correlation can be drawn 

about the variation observed. 

(vi) Heat transfer coefficlents ar$ not only affected by forced 

convection but also by free convection and these affects 

have been correlated In the range of data considered. Free 

convection effects on the Nusselt number provide an explana­

tion as to why there Is so much scatter In reported Nusselt 

numbers for liquid metals. Early workers had attributed 

this scatter to thermal contact resistance at the tube wal I. 
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4.7 RECOMENDATIONS 

As a result of ·this Investigation It Is recommended that future 

work in this field be conducted along the fol lowing lines: 

(i) The pre~ent method of determining eddy diffuslvitfes shou~d 

be abandon~d because they are so susceptible to error. 

(ii) Since the velocity prof I le and Nusselt numbers can be pre­

dlcte_d taiirly accurately in the range of Reynolds and 

Rayleigh numbers considered In this work extensions to these 

predictions should be made. The Reynolds number effect 

should be Included in the velocity profile correlation so 

that the correlation can be extended to cover both lower. 

and higher Reynolds numbers than those considered In this 

work. Emphasis should be placed on obtaining Nusselt 

number data at l~rge Ra/Re values(where free convection 

effects are significant). 

(Ill) On the basis of this work It appears feasible, with a I lttle 

more work, to obtain a correlation of when the flow becomes 

fu I I y deve I oped. 

<iv) With sufficient entrance length data, a correlatlon of the 

Nusselt number in the entrance region would also be made 

possible. 

(v) In the system used~ free and forced convective flow were co­

current. A study of heated, vertical downward flow (in 

which case free and forced convective flow would be counter­

current) should be carried out with a view to extending 

the existing velocity profile and Nusselt number corre­

lations. Only once al I the problems for the above two 

cases have been sorted out would it be worthwhile studying 

the case of horizontal flow. For horizontal flow the 

momentum and energy equations would be far more difficult 

to handle due to the fact that the temperature and velocity 

prof! les would be ~sy}netrical. 
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NOMENCLATURE 

a, b, c, Polymonial coefficients 
d, e, f 

A 
· . '.!'<•client 

Axial temperature, dT/dx, 
f\ 

°F/ft 

cp Pressure coefficient of pltot-statlc probe 

c p Specific heat at constant pressure, 0 Btu/lb F 

CD Orifice meter coefficient 

D 

g 

Pipe diameter, ft 

Orifice m~ter diameter, ft 

Dimensionless friction factor, 

Acceleration due to gravity, 

2g T I pu 2 
c w m 

ft/hr 2 

gx Acceleration due to gravity para I lei to pipe axis, 

ft/hr 2 

gc Gravitational constant, 4.17 x 108 ft lbilbf hr2 

G Fluid mass flow rate, lb/hr 

h 

k 

L 

p 

p 
i 

q 

Q 

r 

t 

T 

T' 

Heat transfer coefficient, Btu/hr ft 2 °F 

Thermal conductivity, Btu/hr ft °F 

Heating length, ft 

Static fluid pressure, 

Mean impact pressure at pitot tube tip, I b/ft2 

Heat f I ux, Btu/hr ft 2 

Heat f I ux; Btu/hr 

Distance measured along a radius from the pipe centre, ft 

Time, hrs 

Fluid temperature at radius r, 

Temperature f Juctuatlon at radius r, 

T Arithmetic mean temperature at a fixed axial position, °F av 

T Mean fluid temperature at a fixed axial position, °F m 
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T Fluid temperature at the wai I at a +1-~;o axial 
\'I 

pos ltt on, 
6
F 

u Fluld velocity para I lei to tube axis at radius r, ft/hr 

u• Turbuleh_t velocity fluctuatlon In x direction, ft/hr x 

u' Turbuleht velocity f luctuatlon In r dlrectlon, ft/hr r 

um Average fluid veioclty, ff/hr 

+ u Dlmensl6nle~s velocity, u/u* 
I . 

u* Frlctlo~ velocity, um.ff/Z", ft I sec 

3 600 

Uc Veiocity at centre of pipe, ft/hr 

u
0
r Veloclty through or'tf ic:e meter, ft/hr 

U Dlmenstonless fluld velocity, u/um 

v Fluid velocity paralle;I to tube axis at radius r, ft/sec 

x Direction of mean flow and distance along pipe axis, ft 

y Radial cllstance _from wal I, ft 

+ y Dimensionless radtal distance from wall, yu*/v 

Y Yantovs.ki I's free convectton criterion, Gr*/Re* 2 

z Free co"nvectlon parameter, <Ra/Re). (D/U 

a Therma I d°ttfus I vi ty, k/ pep, ft 2 /hr 

Coefficient of therma I expansion, 
b -1 F . 

13
0 

Or lf 1 ce meter parameter, rat Io of or I fl ce di a meter to 

pipe diameter 

l!;h Pressure dlfferentlal, in. of fluld 

tip Pressure differentlai, lb/tt2 

Eddy diffusivity of momentum, 

Eddy di ffuslvlty of heat, tt2/hr 
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µ 

\) 

p 
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Dlmenslon:less radlus, 2'riD 

Radial temperature difference, 

Flu.Id viscosity, 

Kt nett c vi scosl ty, )..l/p, ft 2/hr 

Density, lb /ft 3 
m 

bJffus~Vlty ratio ~EH/eM) 

flu! d shear stress, lbf/ft2 

Flu l d shea'r stress at the wart, 

T-T °F av' 

lb/ft2 

DJmens i·onless temperature cf! f.ference, ,z:Ke/ p .. .iu. c_ AD 2 
av m p 

"C-'r .;.J)/T. -t > dfmenslon:l'ess t·emperat.ure dHfe'rence 'ratlo ·w w c 

iµ Angular ·coordinate, radians 

:DJmenslonJes·s Groups 

Nu = 

Nu~T = 

Re = 

Re·* ·~ 

Pr "-

Ra = 

Gr = 

Nusselt number = hD/k 

";lsotherma 111 Nusseft rilirllber 

Reyndhds number ·=·Dump/µ 

Fr'icti:on Reynolds ;number, Relf /2 

Prahd11 nurl1bet = c µ/k . . . p 

Rayleigh nUmbe·r =·Gr* Pr·= p -2 (3 gCpAD 4/µk 

Grashof nu.mber · bas:ed ·on radT a·.1 · tetnpera'tur.e d I f ference, 

'P 2'3 g<T :..T. )0'3/µ2 
w c 

Gr* = ·Gr.ashof number ·= J2.aQA0'4 /µ 2 

Pe = Peclet number =·Re.Pr 



- 54 -

LIST OF REFERENCES 

I. Ojalvo, M.S. and Grosh, R.J. "Combined free and forced turbulent 
convectlon in a vertical tuben, Argonne National .Laboratory 
Report, ANL - 6528 (1962). 

2. Horsten, E.A. "Combined free and forced convection In turbulent 
flow of mercury", Ph.D. Thesis, Univ. of Cape Town ( 1971). 

3 Kays, W.M., "Convective Heat and Mass Transfer", McGraw Hi 11 ( 1966). 

4. Azer, N.Z., "Therma I entry length for turbulent flow of I lqti.lc;I 
metals In pipes with constant wal I heat flux", Trans. ASME '~ J~l;leat 
Transfer, 483 - 485 (1968). · 

5. Bi rd, R. B. , Stew a rt, W. E. and LI ghtf oot, E. N. , "Transport Phenomena", 
John Wiley, New York ( 1963). 

6. Brodkey, R.S., "The Phenomena of Fluid Motions", Add}son,"!W,~sley 
( 1967). 

7. Mc Abe, W.L. and Smith J.C., "Unit Operations of Chemical Engin­
eering", McGraw-Hill (1956). 

8. Hinze, J.O., "Turbulence", McGraw-HI I I, New York, (1959). 

9. Hochrelter, L.E., "Turbulent structure of lsotherma I and non~ 
isothermal liquid metal pipe flow", Ph.D. Thesis, Purdue University 
(1971). 

10. Buhr, H.O., "Heat transfer to liquid metals, with observations 
on the effect of superimposed free convection ln turbulent flow", 
Ph.D. Thesis, University of Cape Town (1967). 

11. Lyon-, R.N., "Liquid metal heat transfer coefflclents 11
, Chem. Englng. 

Prog., 47, 75 - 79 (1951 ). 

12 Rein, P.W., "The turbulent velocity distribution, with particular 
reference to measurements In mercury", M.Sc. Thesis, University of 
Cape Town < 1967>. 

13. "Smithsonian Physical Tables", 9th rev. ed., Washington D.C. (1954) 
Table 291, reproduced In J.H. Perry, "Chemical Engineers' Handbook", 
4th ed., McGraw-Hi I I, New York (1963) pp, 3 - 71. 

14. Kutateladze, S.S., Borlshanskll, V.M., Novlkov, I .I. and Fedynskll, 
O.S., "Liquid metal heat transfer media", Consultants Bureau Inc., 
New York <1959) pp. 2 - 5. 

-15. Lyon, R.N. (editor), "Liquid - Metals Handbook", 2nd ed., U.S. Govt. 
P~lntlng Office, Washington (1954) p'p. 42 - 43. 



0 

- 55 -

APPEND ICES 

APPENDIX A CALCULATION PROCEDURE 

APPENDIX a CAL I BRAT I ON 
APPENDIX c PHYSICAL PROPERTIES 
APPENDIX D EDDY DIFFUSIVITIES 

APPENDIX E EXPERIMENTAL RESULTS 



- A - ! -

APPENDIX A 

CALCULATION PROCFDURE 

Run number 7 has been chosen for the purpose of i I lustratlng the 

calculation procedure utl II zed In processing a non-isothermal run. 

For the isothermal case only parts of run 1-2 are processed where the 

technique differs from that used to process non-isothermal runs. 

A. I OVERALL MEASUREMENTS 

A~l.I Heat Balance 

The heat input measured on the KVH neter is 3. 46 KWH and from tab I e 

B. 3 the percentage error I n this read: ;1g is 2. 73% i • e. corrected heat 

Input 

= 3.56 K\tJH 

= 12 !50 Btu/hr. 

The lniet mixing cup thermocouple e.m.f. measured on a Fluke 

Differential Voltmeter ls 0.832 mV. 

Thus Inlet mixing cup temperature (3ea table B.2) 

= 49.43 + (0.832 - 0.5) x 34. 108 

=;; 60. 76°F 
• ~! 

and slml l~f'IY for the other thermocouple:;: 

Thermocouple e.m.f.(mV' Temp. (of) 

Inlet mixing cup 0.832 60.76 

Outlet mixing cup I .508 83.65 

Inside Insulation 3.043 135.02 

Outside Insulation 2.043 101.62 

. .. The ·j·emperature difference over tie Insulation 

and the mean insulation temperature 

.jj' 

= 33.40°F 

= I 18.32°F 
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The thermal conductivity of the fibre-glass lnsulatlon, k, ls 

given by: 

k = 0.01878 + 0.000034 T (°F) 

= 0.0228 Btu/hr ft °F 

Insulation thickness= 1.25 in. 

and the log mean area of the insulation (see Horsten [2]) 

= 20.64 ft 2 

. .. Heat loss = 20.64 x 33.4 x 0.0228 x 12/1.25 

= 151 Btu/hr 

= 1.24% loss. 

• Net heat Input = 12 000 Btu/hr. 

Since L/D = 83.6 the inside area of the heated tube= 7.525 ft~. 

:. Net wa 11 heat f I ux = I 595 Btu/hr/ft 2 

The heat gained by the mercury as lt flows up the pipe is 

Q = G !Tout C dt 
Tin p 

The septlfic heat of mercury, Cp (see Appendix C) 

= 0.03348 - 0.0000036 T C°F) 

and hence the mass flow, G, can be computed: 

G = I 595 
(0.03348 T - 0.0000018 T2 ) 83 • 6 S 

6'1•76 

= 15 820 lb/hr. 

CA. I) 

The mean temperature ln the test section ls 72.21°F and hence 

p = 845.4 lb/ft 3 (see appendix C) . 

. The mean velocity is thus 

u 
m 

= 4G = 
1TD2p 

4 x 144 x 15 820 
1T x ( 1.968) 2 x 845.4 x 3 600 

0.246 ft/sec. 

This velocity, based on the heat balance, wi 11 be referred to 

as the heat balance mean velocity. 



A. i. 2 Mea h Ve I oc i ty 

The orifice meter equat:icn <see appendix 8) is 

ll :: 
m 

3. 29 /8h (¢m mercury) 

I Pniercury 

<A.2) 

The temperature dlfference between the 6utlet niixihg cup and the 

puinp was never incre than about 1°F and thus the temperature at the orlf-ice 

meter ·was taken to be equa I to the ou,i·i et mLd n'g -c:up temperature. 

At the out)et mlxlrig cup tempera1·ure of 83.65°F the density of 

fni:!rcury Is 844.4 lb/ft 3 <see append'ix CL The pressure drop across 

the orit'ice meter was 4,20 cm. mercury. 

; .. - 3.29 4~20 
. 844.4 

::!: 0.232 ft/sec. 

A.2 VELOCITY F'ROFI LE 

Po·-int Velocities were nieasured w'lth a pitot·•statk tube. for the 

non-;I sothe1rma I 'runs no p.l tot-tube correct! ohs were made si nee ·no data 

is avai lab'le on pitbt-tube errors in a temperature fleld. On the basis 

of corrections made to p1tot-tubes In i sotherma I f 1 ow (see I ater :in this 

sec fl oh) cOr'rectl ons are expected to be neg., i g i b I e for non'- i sotherma 'I 

flow. 

The p'itot'-static tube equation used in th'is :investigation :is 

2g Ah p . -
· c . wciter 

(A. 3) 

12 Pmercu·ry 

where i\h ts the pressure d ltference between the impact and statfc 

pressures 'tn 'rnche·s of water. The mercury dens-lty used in equation 

<A. 3) was computed from point temper-atures. 

The transducer calibration for ru;i 7 Is <see appendix 8.4): 

-t.h (inches water) ., -0. 00283 + o. 002:38 t:. chart. 
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'·•, 

Typically at y/R ~ 0.70, 53.0 chart divisions were recofded and 

hence 

6h = -0.00283 + 0.00238 x 53.0 

= 0. 123 inches water. 

At this radial p6sit1on the temperature was 79.09°F and hence 

pmercury = 844.8 lb/ft
3

• 

The density of water at the calibrating temperature of 70°F is 

62.3 lb/ft 3 and hence the point velocity is 

v = ·2 x 32. 17 x 62.3 x o. l23 
844.8 x 12 

= 0.221 ft/sec. 

The mean velocity is obtained by Integrating the velocity prof 1 le, I.e. 

= 2 ! 1 T v Pn dn 
0 (A. 4) 

where pm Is evaluated at Tm and for run 7 pm = 844.6 lb/ft~ and hence 

= 0.235 ft/sec. 

For more detal Is on the numerical technique used to Integrate the 

velocity profile see appendix D. 

The velocities obtained from the heat balance, orif Ice meter and 

from Integration are thus 0.246, 0.232 and 0.235 ft/s·ec. respectively. 

The largest difference between veloc.ities is 6%. The Integrated mean 

velocity v.ras used to compute dimensionless parameters etc. 

For Isothermal runs, readings near the wall were corrected for 

turbulence a~f:ordlng to the relationship 

v = 
Vmeasured [

-, - (~ _!_ )·2Jt 
u* u+ 

. I -

(.A. 5) 
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The turbulence intensity is obta'lned from Laufer's air data as 

suggested by Horsten [2] and Hochrel ter [9]. 

Conslderfng run I - 2 

·-"·'1 

At y/R = 0.04 1 y+ = 33.60 1 

+ u = 14.40 and u = o.t88 ft/sec. meas 

The turbulence intensity from Laufer's data (see Reln[12]) ts 2;45 

I 

v = 0. 188 [I (2.45/14.40)~]2 

O. 185 ft/ sec. 

. + 
The velocities were only corrected for turbulence effects up toy = 60 

since beyond thls radial position the correction amounts to le~s than 1%. 
No correction 1~as made for / due to the effect! ve centre of the Impact 

tube being displaced since this had very l!ttle effect on a plot of U 

versus y/R. 

A.3 TEMPERATURE PROFILE 

Point temperatures were measured by means of an tron-constantan 

thermocouple. The calibration is the same as that used for the other 

thermocouples and appears in table B.2, 

The offset e.m.f. from the probe thermocouple was recorded on a 

mi I livolt recorder: External resistance changed the recorder s~ale 

factor by the ratio: 

Internal resistance+ External resistance 
Internal resistance 

Operating conditions were: 

. .. 

Reference voltage = 

Resistance of thermocouple 
plus reference voltage 
system = 

Range of recorder = 

Internal resistance = 

Effective recorder scale 
factor = 

1.347 mV 

697 ohms 

0.5 mV ful I scale deflection 

5 000 ohms 

0. 5 (· 5 000 + 697 )' 
5 000 . 

= 0.569 mV full-scale. 
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Af y/R ~ 0.70 the average chart reading was 4.2 dtvlsiohs ~rid rep~esents 
a d t ffetence bf 

4.2 x o.569 ~ 0.024 ml/ 
100 

trom the reterence vo.I ta 9e~ 
• .. Thermocouple vo'ltage ~ L347 + 0.024 

= l. 371 mV. 

Tempe'rature = 79.09°F Csee appendi·x B.2). 
' 

The centre 'I i ne temperatu:re = 78. 83°F 

:. t - r = O. 266F . c 
Pol nt tetnpe'("atures are recorded as T - T in append if x E. 

c 

A·. 3.1 Wa IJ J ernperatt.Jre 

The slope of the-temperature profile at the wa'l.I ts calcufoted from 

a modi fled form ot ·Four'i er' s law 

- 'Rq w 
~ 

... 'I·. 96.8 
2x"T2 

x l 595 
5. 117 

- 25.28°F/~ntt <y/R>. 

(A. 6) 

This s'lope was fitted by eye to the data near the wa'll, glving an 

extrapolated wa 11 temperature of 86. 82°F. 

A .. 3.2 rvtean.Temperature 

The mean mixed. cup temperature at the ptobe ·was obtained by lnte­

grati ng the equation 

t = / 1 T u p ~ d n 
m o ..... . 

(A.7) 

I~ u p n d n 

and ls 82.00qF. 

The dlstance between the probe t·J p and the top of the heat! ng 

r-lbbon = 0.875 ft,and the total heated :1engt'h = Pl.6 ,ft.. The mean 
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probe temperature ca~ also be calculated from linear interpolation 

between tn!et a11d outlet mixing cup temperatures • 

. .. 

. .. 
T = Outlet t~mperature -m 

(In I et-Out I et temperature) .. x 0. 875 
14.6 

T • 83.65 - (83.65 - 60.76) x 0.0~99 m 
0 

= 82.28 F. 

ThE:3 d l. fference between the J, nterpo I ated and integrated mean tern""' 

pera.ture Is on I y sma 11 and th! s ls the case for most of the runs. 
• I 

The arithmetic mean temperature ls computed from the equation 

T = 2_/1 Tn dn 
av o 

(A. 9) 

and 1 s 82~ 02°F . 

A.4 DIMENSIONLESS PARAMETERS 

At the lntegratcid mean probe temperature of 82~00°F the relevant 

phystcal prope,t-tles of mercury (see appendix C) are: 

. .. 

[7]. 

p = 844.58 lb/ft 3 

µ = 1.508 centipolse 

$ = O.OOOI0°F-.1 

k = 5. 13 Btu/hr ft°F 

c = p 0.0332 Btu/lb°F 

Reynolds number,· Re = D u p 
m 

= 

lJ 

l.968 x 0,235 x B44.58 x l 488 
12 x 1, •. 508 

32 WI. 

The von, Karman friction factor Is calculated from the relatlonshlp 

I ..... 4. O log (Re If> - 0. 40 
1 0 

(A. 10) 

(F 

and hence f = 0.00575 
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. .. u* = u It 12 m 

f 
i 

j,.; 
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= o.o 126 ft/s·~t. 
I' •· 

Prandt I nu.mber~ P'r = c µ 
~ 

k 
I . 

'~ == 0. 02·35 . 

Peele+ number, Pe = Re~P'r ::. 757. 

A = ~T a~h ~in~~ L/D = 83.6 
. d~ 

A = 

= 

.. _,., I ; . 
<Tout -.1 Tin> 

14.6 

1 ·~ 56~°F?f t. 
G~ashof f number~ Gr = 

.. .. · I 
Gr*= Gr : * dT >< o 

T - T i dx T2 w c 
i;·• : . ,:, ! 'j'" l 

= 7/·8 ·r(5(57 000 X ii o 568 X 1.968 
I ·12 

' i 
2 53'1 5dO't 

Rayleigh number, Ra = Gr* x Pr 

; = 59 744' 

RaR;,. Ra/16 

= 3 734. 
-.1 '. 

Ra/Re = 59 144 '. 86 32 IOI 

and z = Ra D 
Re . r 

= 0.022. 

y = .P2 $ ·g Jl\l- ::-: Tc) 03 .. 
µ~ 

= c::~'gaf x;·-ca44.58) 2 x o.ooc'.·1 x 32.17 x 7 .. 99 x ('·:.r.~·a,y 

= 25.9 . 
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. . ' if 
Other dimensionless paramete~s computed at various radiai positions are 

cornputed beiow usihg a typical radial position of y/R = 0.70. 

+ 
y ..... 

= 

= 
+ 

u = 

= 

Y u* P 
µ 

0.7 x O~Ol26 x 844.58 x I 488 x J.968 
I • 508 x 2 >< 12 

613.8, 

v 
~* 

0!22j = i7.5. 
0;0126 

u/u = 0.221 x )_ 6.00 ... 1.031 ~ 
c 0.214 x 3 600 

u = U/u = 0.22! m 0.235 

= 0,9'10. 

~ = T - T = 86.82 - 79.09 
w . 86.82 - 78.83 

T .- T 
w c 

=0.96. 

CT w - T) _ u* p Cp 

qw 

= 7.73. x 0.0126 x 844.58 x 0.0332 x 3 .600 
I 595 

= 6.25 . 

A.5 NUSSELT NUMBERS 

Nusselt numbers are computed from the equation 

Nu = D qw - CA. 11 ) 
k' T - T w m 

Thus for run 7 (Ra/Re = ( .86) 

Nu = I .968. x 1 595 
12 x 5. 13 4.82 

= 10.2 . 



Run 

I 
2 
3 
4 
5 
7 
8 

11 
12 
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Some previous workers have computed Nusselt numbers 

assuming an Isothermal velocity distribution. To I I lustrate the dtf-

f~rence between Nusselt numbers computed on the basis of the actual 

velocity d I strl but I oh and those computed us Ing an i sotherma I veloct ty 

distribution, mean cup temperatures were evaluated using an Isothermal 

velocity profile and 11 !sothermal 11 Nusselt numbers computed and compared 

with the actual Nusselt numbers. 

For run 7 Isothermal veloclty profile I .. 2 was used In evaluating 

Tm C" t sotherma I"), the resu I ting mean temperature bet ng 81. 69°F. 

·• •• 

Thus T ·- T C"lsothermai"> = 86.82 - 81.69 w m 

1.968 
l2x 5.13 

= 9.58 

x I 595 
5.13 

= L0.2 • 9.58 = 
9.58 

o .. '0647 

The effect of the veloclty prof I le on the Nusselt number'lS t I lustrated 

graphlcal1y in fig 4.9 as a plot of 

Nu - _Nut vs Ra/Re and results are tabulated tn table A. I· 

Nut 

}f\BLE A. I 

THE EFFECT OF THE VELOCITY PROFILE ON THE NUSSELT NUMBER 

~ .. . 

Ra/Re L/D 
T -T c°F) I -T (bf) 

Nu 1 Nu w mean w mean 
( i sotherma I ) (non- I sothertna I ) 

-

0.644 83.6 4.60 4.52 10.71 10.9 
0.831 83.6 6.83 6.58 9.25 9.6 
I. 11 83.6 8·. 74 8.29 9.67 10.2 

-3.6; 83.6 9.74 8.88 1 ·1 .·40 12·· 5 
3.89 60.6 9.61 8.67 I I o82 13. I 
1.86 83.6 5. 13 4.82 9. 58 ' ·10.2 
I. 71 60.6 ·s. 19 4 • .S5 9.44 10. I 
0.810 83.6 2.66 2.55 7.77 8. J 
0.853 60.6 2.66 2.56 7.99 8.3 

Nu-Nut· 
Nu1 . 

'0.0177 
0.0378 
0.055 
o. 105 ' 
0.108 
0.0647 
0.0699 
0.0424 
0.0388 
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A.5.1 Nus~elt Number Cdrrelation 

Nusselt numbers were correlated agciinst Pe arid Ra/Re usJMg the data 

from the runs where L/D = 83.6 and the data of Horsteh [2]. 

The form of the equation used in correlating the Nussel+ numbers ts 

Nu =a + b Pee~ dC~a/Re) + e(~a/Rel 2 + f(Ra/R6) 9 CA. 12) 

Equation (A.2) was fitted to 25 data points using the Newton-Raphson 

technique for- solving a set of non-1 lnear 'equations. 

The resulting cdefflcients are 

a 5.8 

b 0,026 

c = 0.74 

d - --1. 78 

e :::: 1.35 

f = -0. 17 i 

To f It a 11 the data onto one curve a plot of Nu - 0.026 Pe0• 74 

versus Ra/Re IS prasented in fig. 4. 10. A Plot .of this form tends 

to e><aggerate er'rors and a better idea of the goodness of fit can be 

obtained by referrlng to table A.2 \'/here the percentage, between the 

actual and predict¢d Nusselt numbers ls tabulated. 

Typically for run 7, 

Nu 10.2 

Pe = · 758 

Ra/Re 1.86 . 0.026 Peo. 74 = 3.52 .. 
. Nu - 0.026 .Pe0 •74 

= 6.68 .. 
and Nu calculated from equatl on (A. 12) :: 9.49 
. % error in Nusselt number .. 

= Nu - Nu (ca !cu I ated) x 100 
Nu 

= 6.99% . 
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TABLE A. 2 

NUSSELT NUMBER CORRELATION DATA 

This Work 

Run Pe Nu(given) Nu(calculated) %error Nu-0.026Pe0•74 Ra/Re 

I l.297 10.9 10.33 5.21 5.669 0.644 

2 1274 9.6 10.24 -6.65 4.44 0.831 

3 1273 10.2 10.32 -1. 18 5.04 I • II 

4 768 12.5 12.32 1.46 8.95 3.61 

7 757 10.2 9.49" 6.99 6.68 i .86 

II 740 8. I 8.56 -5.66 4.65 0.81 

NV and T Hors ten [2] 

I 428 II. 2 II .o 1.38 8.90 5.36 

2 439 9.9 10.0 -1.49 7.55 . 2.84 

3 462 9.4 8.53 9.23 6.96 I .90 

4 451 8.0 7.72 3.54 5 .61 I. 25 

5 457 7. I 7.54 -6. 19 4.68 0.790 

6 455 7.4 7.57 -2.3i 5.00 '0."572 

7 459 7.2 7.64 -6. 13 4.78 0.466 

8 463 7.3 7.75 -6.19 4.86 0.343 
' 

9 723 12.2 12.7 -4.29 8.71 4.02 

10 753 10.3 10.5 -2.36 6.80 2.48 

II 772 
. 8.9 8.70 2.27 5. 34 0.955 

12 759 8.8 10.5 0.96 5.28 0.470 

13 1396 11. 3 11.06 2. 10 5.78 o. 161 

14 1426 10.0 10.98 -9.84 4.39 1.37 

15 1443 10.8 10.75 0.47 5. l 4 I. 53 

16 1515 12.8 11. 39 I I .O 6.93 o. 118 

. T 18,NV 11 765 9."I 8.69 4.45 5.56 0.620 

· T 19 ,NVJ I 758 9.4 8.64 8.04 5.88 0.935 

T20 784 9.0 9. 10 -1.14 5.40 0.161 

' 
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APPENDIX B 

CA LI BRA Tl ON 

B. I ORIF ICC METER 

The or t ft ce meter had previous I y been ca I I b rc;ited by Horste.n [2] 

using water. The or;ifice diameter was 0.6875 in. and the pipe 1 • .D. · 

was 1.624 in. 

where 

and 

The orifice equa:tlon is 

u or 

ao = 0.6875 
1.624 

11 - e4 
0 

= 0.984 

= 0.423 

(B. I) 

Us Ing the average over a number of runs, Ho1·sten found CD to be 0.627 

and since 

u m = 

. .. u = m 

= 

D2 x uor or 
(B.2) 

w-

(0.6875r 
1.968 

x 0.627. 2x32.17x27.85 6h (cm.H
9

> 

o. 984 . -----------­
Pmercury 

3.27 cm H ) .·· g CB.3> 
-,-~ 
.r 
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s.2 THERMOCOUPLES 

All the thermocouples ClncludJng the probe thermocouple) used Tn 

this Investigation were of the lron-constantan type. 

The thermocouples were ca I tbrated In the range 50-l60°F wl th re-

ference to an lron-constantan thermocoupie Jn melting tee. Thermo-

coup.les were strapped to a standard thermometer and ca l'I brated Jn er ther 

a stream of hot air or an •tnsuiated beaker of warm oil, either method 

g l vi 119 the same resu :Its. Emfs were measured on a voltmeter w tth an 
+ 

accuracy of - 0.001 mV. 

All the thermocouples gave the same results which were tn very good 

agreement wfth Horsten's [2] calibration Of the same. The temperature 

conversion table as used by Horsten was thus used In this work and is 

· reproduced In tab ;I e B. 2 

TABLE 8.2 

TEMPERATURE CONVERSION FACTORS FOR 

IRON-CONSTANTAN THERMOCOUPLES USED IN THIS INVESTiGATION 

mV OF °F/mV 

0.5 49.43 } 34. 108 'j .o 66.49 } 33.963 I • 5 83.47 } 33.632 
2 .o I00.28 } 33.360 2 .5 J 16 .96 } 33.338 3 .o 133.63 } 33.405 
3 .5 150.34 } 33.873 4 .o 166.77 } 33.021 
4 .5 183.28 
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B.3 KILOWATT-HOUR METER 

Since the KWH meter was designed to operate at 220 volts lt had to 

be recalibrated for this Investigation as the voltages used were generally 

a lot less than 220 ·volts. The calibration was performed by the Cape 

Town Electricity Department at a power factor of unity and at the con­

ditions of each run <i.e. at the same currents and voltages). The re­

sults are tabulated In table B.3. 

TABLE B.3 

KWH METER CALIBRATION 

Run Volts Amps KWH KWH % error (measured) (actua I) 
. 

I 75 46 3.45 3.55 2.94 

2 86 52 4.49 4.61 2.60 

3 100 60 6.03 6. 17 2.40 

4 120 70 8.44 8.55 I .30 

5 86.5 70 6.20 6. 35 2.50 

6 54 70 3.79 3.94 3.90 

7 73.5 46 3.46 3.56 2.73 

8 56 46 2.54 2.63 3.61 

9 37 46 1.53 I .6 I 5.41 

10 20 46 0.880 0.95 6.Wir: 

11 50 30 I. 42 1.50 5~:88 
12 37.8 30 1.07 I. 14 6.20 

13 23.5 30 0.660 o. 70 6.25 

14 · 13 30 0.358 0.40 11. 76 

• "'' 
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8.4 THE PRESSURE MEASURING SYSTEM 

The pressure measuring system was caltbrated by imposing a dlffer­

entfal water pressure across the ports of the pressure transducer. 

Pressure dlfferentlals were mea~ured by means of an Inverted Dwyer 
. ... + .. . . . 

hook gauge wt th an accuracy of - .OOi inches \'later. 

Since the response of the pressurn transducer was linear over the 

range of pre·ssure differentials used 1n this Investigation, a first 

order poiynomtal of the form 

b.h Onches water) = a + b b. chc-rt CB.4} 

was fitted to the ca l.ib'ratlon data anc'. used to ca.lculate the differ­

enfla I pressure from recorded ve I ocl ty points. 

The tr:ansducer was calibrated before each run and In some cases 

afterwards as wel I·. It was found, hcwever, that the ca't ibration never 

changed and In fact )t 1femalned constant for a number of days provided 

no adjustments were made to the amp I 'If I e1~ gal n etc. Ca Ii brati on data 

for run 7 are shown l'n table 8.4 

TABLE B.4 

CALIBRATION OF PRESSURE MEASUR.ING SYSTEM FOR RUN, 7 

b.h (inches water) 6. chart 

0.172 73.0 
0.163 70.0 
0.155 66.3 
0.126 54.0 

: 

0.105 45.7 
0!079 33.9 
0.063 27.8 

The ca (1 brat I on equaf l on Is thus 

llh Cinches water) = -0 .. 00283''+ O.OOi38 b. chart. This ls i 1 lustrated 

graph:fca 1 l y in 'f I g. B. 4. 
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FIGURE B.4 DIFFERENTIAL PRESSURE TRANSDUCER CALIBRATION LINE 

FOR RUN 7 

I 
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B.5 PITOT-STATiC TUBE 

The pltot statl1c tube was calibrated against a standard Dwyer 

sta.lnless ste~I 1/avi 166 - 12 pocket pltot-statfc tube In air. Dif­

ferential pressures were measured on a Flow Corporation Model MM 3 
;-

ml cromanometer. Th~ agreement between the two probes was excel lent 

and thus the pf tot-static tube equation 

= c p v 2/2g. 
p . c 

<B.5) 

was used to calculatE? the point velocities from recorded pressure 

differentials. c was assumed to be constant and equal to I in this 
p 

I nvestl gatlon. 

The final worklng form of equation (8.5) ls 

v = 2g tih ·p c : water 
(B.6) 

12 ' Pmencury 

_} 

• 1 
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APPENDIX C. 

PHYSICAL PROPERTIES 

The physlcal properties used In this work are the same as those used by 

Buhr[IO] and are shown In fig. C. I. Density data for me'rcury were taken 

from Smithsonian tables [13] and are In good agreement with other references 

[14 , 15 ]. Thermal conductivity, specific heat and viscosity data were 
ob ta I ned from the 11 qu Id - meta Is Handbook [ 15 ] and f I g. C. I a I so shows 

the data given by Kutatetadze et al. [14 ]. 

These physlcal propertles were approximated by a series of straight 

11 nes by Horsten [2] ewer the temperature :range of 60-200°F. The resu I ting 

equations are: 

Density: p = 851.55 - 0.0850 T lb/ft~·. 
Sp'eclflc Heat·: Cp = 0.03348 - 0.0000036 T Btu/tb°F 

Thermal Conductivity: k =4.49 + 0.00785 T Btu/h'rft 2°F/ft. 

Vt scos I ty (cent I po r's~) : 
6Ciftf<O, µ =t.766-0.00315T 

80<T<l20, µ = 1.738 - 0.0028 T 

120<T<l40, l-' : 'I .690 - 0.0024 T. 

Buhr [10] has shown that a, the coefficient of thermal axpanslon Is 
' ' 0 - ' ' '' 0.00010 F 1 over a wide temperature range". 
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APPENDIX D 

EDDY DI FFUS IV l'T I ES 

Run number 1wi11 be used to demonstrate the method of calculaflng 

the eddy dlffuslvlties of heat and momentum. 

D~ I FI TT ING OF .EQUATIONS TO VELOC lTY f.1ND TEMPERATURE PROF i LES 

Veioctty and temperature pi-ofl les were smoothed by hand and the 

smoothed data were processed on an 1 BM I 130 dig i ta I computer• In reg 1 ans 

where the slope of the veloctty profile was steep, such as near the wall 

and the profile peak, o'r v.1here a point of lnflectton occurred, data was 

fed tn+o·the computer at Intervals of n = 0.02. For the rest of the 

prof! I e data w.as fed In at i nterva Is of n = O. 05. The correspond t ng 

temperature point was fed in fo·r eve.ry velocity point. 

In the region of the velocity prof I le peak a third order poly­

romial of the form 

0 W. I ) 

was fitted to the data and In the regions where the slope was less steep 

a second order pojyromial of the form 

U = a + bn + cn 2 (0 .2) 

was f ltted u~tng a least squares technique. 

In the region of the wal I a rational function of the form 

u = an (D .3) 
+ bn 

was used to flt the velocity data and a rational function of the form 

(0. 4) 

was f I tted to the temperature data us Ing the Newton-Raphson. techn I que 

for solving a set of non-I inear equations. 
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For the purpose of differentiation curves were f Jtted to 5 points 

at a time, the derivative being evaluated at the centre point. Thus, to 

obtain dUidn and dcf>/dn at n = 0.30 (y/R = 0.70) for run 7 the fol lowing 

data are required: 

n 0.4 0.35 0.30 0.25 0.20 

u 0.967 0.951 0.940 0.936 0.925 

cf> -0.02652 -.0.02819 -0.02957 -0.03026 -0.03076 

Since the slope cf the velocity prof! le ·ls not very steep Jn this 

region, a second equation ts fitted to the data - I.e. 

and 

and 

u = 0.925 - o.0934n + o.486n2 

cp =;..0.0280 - o.o3bsn + o.b866n2 

:. dU = - 0.0934 + 2xO. 486n 

dn = o. 199 

~ = 0~0211 
dn 

For Integration 6 data pqints were fitted at a time, the Integral 

being evaluated over the middle interval. Slopes of the Isothermal 

veloclty profiles were determined in a ~lml lar manner to the non­

isothermal profiles arid Integration was performed using Simpson's rule • 

. . , -. - ·-~ .. ,.. :'"" 

.· - - r. c - / 
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0 .. 2 GALGU.LATION PROCEDURE 

At the mean probe temperature of 82.00°F the relevant physical 

propertle? of mercury are: 

p = 844.58 lb/ft 3 

µ = I. 508 centlpb' se 

13 = 0.0001°F- 1 

k = 5. 13 Btu/hr ft 2 °F/ft 

Gp = 0.0332 Btu/lb °F 

At the arithmetic mean temperature of 82.02°F' the density of mercury, 

Pav= 844.57 lb/ft 3
• 

The eddy dl.ffusivlty of momentum is calculated from the equation 

(see chapter I). 

e: Iv = 
M f ~ t n d n - o. 25 t Re n 1 -I 

Bn . J 
dU 
dn 

CD, 5) 

The mean velocity used is the arithmetic average of the orif lce 

meter, Integrated and heat balance velocities. 

. .. 

u = 1/3 (0.235 .• 0.232 + 0.246) 
m 

= 0.238 ft/sec • 
Re = D u p 

m 
µ 

= 1.968 x 0.238 x 844.58 x 1488 
ii 2 x I. 508 

= 32 452 

Pr = G µ 
_L 

k 

= 0.0332 x 1.508 x 2.42 
5. 13 

= 0.0236 

) 
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:; ~8.44_~·57) 2 x 0~0001 ;x 32. 17 x 0.·0332 x 1 •. 5,68 x C0(·1q4)1tx 1_4aa ~ _3600 
I .508 x 5 .13 

:; 59 800 

. .. 

<P = 2kH - T ) · av 

2 :x I) 2 x 5 • I 3 x CT -. T . ) ·· · av 
844~58·x 0.238 Y0~0332 x 1.568. x :.f.dl982 x 3600 

= O. 0 I 0 I 3 CT -· T ). 

f = 0.00575 

u* = u ../t/2 m ·. 

· av · 

= o. 238 (/0.-00575/2) 

= 0.0128 ft/sec. 

For run 7 at y/R = 0. 70, n = 0.30 and dU/dn = 0.199. 

Buoyancy term = - Ra ~ <t>n dn 

8.n 

0. 3 0 
= - I

0
'· , <Pn dn 

8 x 0.30 

and s I nee f 0 ~· 3 0 <Pn dn = -0. 00138 •. .· 0 

:. buoyancy term = 34. 42·. 

F r.i ct Ion term = -0. 25.f R.E?n 

;., ~0.25. x 0 .. 00575 x 32 452 x 0,.30 

= -14. 



- D - 5 -

.. e:M = 04. 42 .... IA> -I .. 

-· 0; 199 
\) 

= 10 I. 7. 

= e: M x µ * 
-· 
\) p Ru* 

= I 0 I • 7 i.X i. 5Q8 x 2 x 12 
844.58 x 1.968 x 0.0128 ~ 1488 

.. o. 1169. 

isothermal eddy dlffusivltles of momentum are computed from a slmpllfled 

fotm of equation m .. 5}: 

e:M = -0.25 f Re n -I CD .6} 
-
\) dU/dn. 

The eddy dlffuslvlty of heat ts computed from the equation (see chapter I): 

= o. 5 f~ , un dn 
n 'd¢/ dn. 

and since the heat f lµx distribution Is given as 

n: 

e:H may be written as 
-
Cl 

q/qw 
-
Cl 4 d¢/dn 

For run 7 at n = 0.30 

q/qw = 0.278 

and d ¢/dn = 0.0211 , 

-I 

CD. 7) 

(D .8) 

co .9) 



- D - 6 -

. 
£ = 0.278 -I .. 
H 

4 x 0.0211 -ct 

= 2.298. 

a values are computed from smoothed e:H/ct and e:M/v curves. 

0 = (0.10) 

Smoothed values of e:~/ct and e:M/v are (see table D.2): 

EH = 2 .• 20 
-ct 

EM = 101.0 _ ... 
\) 

cr = ... 2:~.;~Q. 
0.0236 x IOI .0 

= o. 9.2·. 

At Re~ 33 000 the a values computed for L/D ratfos of 83.6 and 

60.6 were averaged and are tabulated tn table D.2. 

For run 8 (L/D ~ 60~6) and n; 0.30 a= 1.01 and the average for 

run 7 (L/D = 83.6) an'd run 8 <Re ~ 33 000, Ra ~ 58 000) ts 

o (averaged) = 0.92 + 1~01 
2 

0.97 

It must be poTtlted out that the Rayleigh numbers reported In table 

0. I are R::!R as used by Oja;lvo and Grosh [I], 

where RaR = Ra/ 16 ; p!v 13g Cp AD1t CD. 11 ) 

'16 llk 

For run i: RaR ; 3734. 



Tf'\BLE D. I 

EODY DIFFUSIVITIES OF HEAT AND MOMENTUM. 
----------------------------------------(BASED ON RUN NO. l) 

REYNOLDS NUMBER 549~7. RAYLEIGH NUMGER 2171 
FRICTION FACTOR O~D-0511 PRANDTL NUMBER 0.0241 

UMEAN(AVERAGED) 0,406 FT/SEC 
PHYSICAL PROPERTIES WERE EVALUATED AT 76.6 DEG.F. 

----------------------~----------------~--------------------------------------------------------------
' I I I I . I i I I I 

Y/ll I li I 'l' I dll/d:ri I d'f/dTJ !Buoyancy !Friction, "i/" I £./.Ru• I a .fa. I <l/q,, 
I I I I I Term I Term I I M I H I 

-----------------------------------------------------------------------------------------------~------
1.uo I 1.091 I -0.03514 I o.ooo I 0.0000 I o.oo I o.oo I o.o I 0.0000 I o.ooo I o.ooo 
o.g5 I 1.092 I -O.U3495 I O.OSG I 0.0111 I 3.81 I -3.SO I 4.3 I 0.0031 I 0.233 ' 0.055 
0.9D I 1.097 I -G.03408 I 0.107 ! 0.0202 I 7.52 I -7.01 I 3.7 I 0,0027 I 0.3$1 I 0,109 
0.88 I 1.099 l'··0.03360 I 0.112 I 0.0226 I 8.97 I -8.41 I 3.9 I 0.0028 I 0.453 I o.lH 
0.8& I 1.101 -C.03321 0.131 I 0.0242 I 10.38 I -9.82 I 3.2 I 0.0023 I o.587 I O.l5J 
0.84 I 1.104 -0.03263 0.096 I 0.0247 I ll.76 I -11.22 I 4.5 I 0.0032 I D.781 I 0.116 
O.S2 I 1.106 -0.03215 0.3?.5 I 0.0261 I 13.11 -12.62 I 0.5 I 0.0003 I 0.895 I 0.198 
0.GO 1.112 -0.03166 0.123 I 0,0285 I 14.43 -14.03 I 2.2 I 0.0016 I 0.930 I 0.220 
0.78 1,112 -D.03108 C.Ul3 I 0.0319 I 15.72 -15.43 I 21.0 I 0.0152 I 0.901 I 0.243 
0.76 l.111 -O.G303l -0.043 I 0.0363 I 16.97 -16.84 I -3.7 -0.0026 I 0.827 I 0.265 
0.74 1.111 -0~02963 -0.057 I O.U3G7 I 18.16 -18.24 I 0.5 0.0003 I 0.955 I 0.287 

.i 0.72 1.110 -0.02876 -0.038 I O.U372 ! 19;31 -l9.G4 I 7.7 0.0055 I 1.080 I 0.310 
I 0.70 1.109 -0;02s1s -0.037 I 0.0392 I 20.42 -21.05 I 15.9 0.0114 I 1.119 I 0.332 I CJ 
I D.68 1.109 -0.02731 -0.029 I O.G406 I 21.47 -22.45 I 31.6 0.~228 I 1.180 I 0.354 
I O.GG 1.108 -0~02644 -0.042 I 0.0435 I 22.48 -23.85 I 31.2 0.0225 I 1.162 I 0.)76 
I 0.64 1.107 -o.oi557 -0.052 I 0.0425 I 23.'•2 I -25.26 I 33.6 0.0242 I 1.31;2 i 0.399 • -..J 
I 0.62 1.106 -0.02470 -0.06S I 0.0450 I 24.32 I -26.66 I 36.0. 0.0259 I 1.539 I 0.421 . 
I Q.60 1.105 -0.02393 -0.068 I 0.0~83 I 25.16 I -28.07 I 41.4 0.0298 I 1.290 I 0.443 
I 0.5S l.lOJ -0.02277 -0.07G I 0.0517 I 25.94 I -29.47 45.2 0.032G I 1.246 I 0.465 
I D.56 1.102 -0.02170 -0.078 l O.U542 I 26.65 I -30.87 52.4 0.0378 I 1.247 0.487 
I 0.54 1.100 -0.02064 -0.091 I 0.0542 I 27.29 I -32.2£ 53.2 0.0383 I 1.348 0.509 
I 0.52 1.099 -0.01~57 -0.102 ! 0.056G I 27.B& I -33.G8 55.7 0.0401 I 1.345 0.531 

0.5u 1.096 -0.01841 -0.117 I 0.0514 I 28.37 l -35.U8 55.8 0.0402 I l.249 0.552 
0.48 I 1.094 ! -C.Ol71G -0.128 I 0.0667 I 28.79 I -36.4q 58.8 0.0423 I 1.151 0.574 
D.4G I 1.091 ! -0.01571 -0.139 i 0.0716 I 29.12 I -37.89 61.8 0.0445 I 1.081 0.59& 
0.44 i I.nee I -0.01426 -0.155 I 0.0759 ; 29.36 I -39.50 62.Y 0.0453 1.007 0.617 
0.42 I 1.084 I -0.01271 -0.171 l U,0793 I 29.50 I -40.70 64.2 0.04G3 1.013 0.659 
U.40 I 1.081 I -o.01og7 -0.203 l O.UH22 I 29.53 I -42.10 60.7 0.0437 1.007 0.660 
0.38 . I 1.077 I -0.00942 -0.235 0.0861 I 29.45 I -43.51 58.5 0.0421 b.~7& 0.651 
0.3G I 1.072 I -0.00768 -0.219 0.0880 l 29.26 I -44.91 55.0 I 0.0396 0.995 0.702 
0.54 I l~CGS I -O.U0575 I -0.323 O.U919 I 28.95 I -46.31 l 52.G I 0.0579 0.967 0.725 
0.32 I 1.059 I -0.00400 I -0.382 0.0957 I 28.52 I -47.72 I 49.2 i O.U354 0.942 0.744 
0.50 I 1.051 I -0.00207 I -0.452 O.U9B6 I 27.Y6 I -49.12 I 45.7 I 0.0329 0.936 0.764 
U.28 I 1.041 I O.OUU05 l -0.522 0.1040 ! 27.27 I -50.53 I 43.5 I 0.0313 0.885 0.784 
0.26 I 1.029 I 0.0020B I -0.571 0.1083 I 26.45 I -51.93 I 43.6 I 0.0314 0.855 0.804 
0.24 I l.U18 I 0.00430 I -0.614 0.1117 I 25.47 I -53.33 I 44.3 I 0.0319 0.842 0.823 
0.22 I l.U05 I O.OOGG2 I -O.G~6 0.1189 I 24.36 I -54.74 I 45.2 I 0.0326 0.769 0.8~2 
0.20 I D.YYl I 0.00894 i -0.726 0.1228 I 23.08 I -56.14 I 44.5 I 0.0320 0.751 0.86U 
0.18 I 0.977 I O.UllG5 I -0.798 0.1262 I 21.63 I -57.54 I 43.9 I 0.0316 0.739 0.878 
0.15 I 0.959 I 0.01407 I -o.n5 0.1277 I 20.02 I -58,95 I 33.5 I 0.0277 0.753 0.89) 
0.14 I 0.941 I O.UlLG8 I -0.998 0.1262 I 18.23 I -60.35 I 41.2 I 0.0297 0.807 0.912 
0.12 I 0.910 I 0.01919 I -1.000 0.1355 I 16.21 I -61.76 t 44.5 I 0.0320 0.738 0.928 
D.10 I 0.901 I 0.02171 1 -1.038 0.1426 I 14.16 I -63.16 I ,G.2 I 0,0333 0.653 0,943 
0.08 I 0.879 I -0.02490 I -1.131 0.1557 I ll.85 I -64.56 I 45,G I 0.0328 0.538 0.958 
0,05 I D.853 I 0.02809 I -1.Gll 0.1804 I 9.33 I -65.97 l 34,l I 0.0246 0.347 O.Y72 
0.04 I 0.821 I 0.05157 I -1.821 0.2111 I G.59 I -67.37 I 32.4 I 0.0233 0.167 0.91~ 
0.02 I 0./69 I 0.03641 I •G.160 0.2883 I .3.~0 I -6~.17 I ~.ii I C.0069 -O,U4 l 0.9'i'7 
o.oo 1 o.ogo 1 o.043~9 10•••••• o.2ss1 I -o.oa 1 -70.18 I -0;5 1yo.0004 -0.019 d 1.000 

------------~-----~--~------~---~-----------------------------------~~-----~----~-------~-------------



TABLE D. I CContl~ued) 

EDDY DIFFUSIVITIES OF HEAT AMO MOMENTUM. 
----------------------------------------

(BASED ON RUN NO. 2) 

REYNOLDS NUMBER 5 54 04. RAYLEIGH NUMBER 2808 
FRICTION FACTOR 0.00510 PRANDTL NUMBER 0.0236 

U~EANCAVERAGEO) 0.405 FT/SEC 
PHYSICAL PROPERTIES WERE E~ALUATED AT 82.2 DEG.F. 

----------------------------------------------------------------------------------··--------~----------
I • - 1Bucyancy 1Friction1 I I 

y/R I u I f I dU/d.11 I a.<p I C.TJ i Te'•ru l 'l'erm I &M/v I &M/Ru'" I ~ /a. I q/q. 
I I ... I I I I H ' ' ----------~--------~--------------------------------------··------------------------------------~-------1.00 I 0,977 I -0.03806 ! 0.000 I 0.0000 I 0. Ol I 0.01 I 0,0 I 0.0000 I 0. llOO ; o.ooo 

0.95 I 0.979 ! -C.0)7/5 I 0.027 I 0.0058 I 5.32 I -3.52 I 6S.2 I 0,04li6 I l.101 I 0,04!! 
0.90 I c.seo 1 -0.03729 0.057 I U.0113 ! 10.57 i ~ i. 05 I 60.2 0. 01130 I 1.lGO > 0. 098 
o .. 85 I 0. 984 ! -0. O::Hi68 0.085 I 0.0156 I 15.70 I -10.58 I 59.0 0.0422 I 1. 355 0. 14 7 
0.80 I 0.989 I -0.0::'-576 0.123 I 0.0225 ! 20.69 I -14.11 I 52.4 0.0374 I l.184 0. 197 
0.75 I 0.996 I -0.03461 0.164 ! 0.0312 I 25.44 I -17.64 I 46.6 0.0333 I 0.974 0.247 
0.10 I 1.005 I -0. 03269 0.202 I 0.0409 ! 29.86 I -2l.17 I 41.9 0.0300 I 0.817 0.297 . 

0 o.· us I ·l.017 I -0.03040 0.238 ! 0.0502 I 33.83 I -24.70 I 3 7. 4 0.0268 I 0.735 o.349 · 
0.60 I. 1.029 J -0.02764 0.263 I 0.0585 ! 37.25 -28.23 I 33.3 O. 0238 I o. 714 0.401 0.55· ! l.0!;3 I -0.02458 0.279 I 0.0664 I 40.04 -31. 76 I 28.7 0.0205 I o. 710 0.454 I OJ 0.50 I l.053 I -0.02098 0.278 I 0.0746 I 42.ll -35.29 I 23.5 0.0168 I 0.706 0.509 
C.48 I 1.063 j -0.01952 0.255 I 0.0760 I 42.73 -36.70 I 22.G 0.0162 0.745 0.531 
0. 116 I 1.069 I -0.01791 0.245 I 0.0777 I 43. 21 -38.11 I 19. 7 0.0141 0.778 0.553 
0.44 I 1.073 ! -0.01638 0.213 i 0.0793 I 43.56 -39.52 I l7. 9 0.0123 0. 814 0.575 
0.42 I l.077 I -0.01477 0.192 l 0.0873 i 43. 79 -40.93 I l3. 8 0.0099 0.111 o. s 98 
0.40 I l.-080 I -0.01317 I o.ns 1 o.os65 1 43.85 -42.35 ! 10.0 0. 0072 0. 792 l 0.620 
0.38 I 1.084 I -0.01079 I 0.060 I 0.0869 I 43. 77 -43.76 I -0.8 -0. 0005 o. 81i9 ! O.G43 
0.36 I 1.083 I -0.00972 I -0.017 I 0.0877 I 43.55 -45.17 I 88.2 0.0631 0.897 i 0.665 
0.34 I l.oe2 I -0.00780 I -0.109 I 0.0911 I 43.19 -46.58 I 29.8 0. 0213 0.887 l 0.688 
0. 32 I 1.079 I -0.00589 l -0.187 I 0.1022 I f~2. 68 -47.99 I 27.3 I 0.0195 0. 737 I 0.711) 
0,30 I l.075 l -0.00359 i -0.308. I 0.1085 I 4l. 99 -49.41 I :!:Ll I 0.0165 0, 631i I o. 732 
0 _, 28 I l.069 i -0.00160 I -0.316 I 0.1191 I 4l. l2 -50.82 I 29.6 I 0,0212 0.584 I o. 754 
0,26 I l.062 1 0.00092 I -0,381 I 0,1264 I 40,03 -52,23 I 31.0 ! 0.0221 Q.535 I o. 776 
0.24 I ·l. 054 I 0. CO 37 5 i - O, 4 H I 0. l 289 I 38,72 -53,64 I :n.o 1 0,0235 0.547 I 0,797 
0.22 I l. 044 I 0.00935 I -0.503 I 0.1340 I 37.19 -55,05 I 34.5 I 0.0246 0.527 I 0,818 
0.20 I l,034 j 0,00856 I -0~561 I 0,1444 ! 35, 42 -56.47 I :Hi,4 ; C.0261 0, li52 I 0.339 

I O.lS I l .022 I 0.01191 I -0,624 I 0.1592 I 33. 41 -57.88 I 38.l I 0,0273 0. 349 I 0.859 
I 0.16 I 1,009 I 0.01541 I -0.699 l 0.1756 I 31. ll -59.29 I :s9.3 I 0.0281 o. 251 I 0.879 
I 0.14 I 0. 9'] !1 l 0,01884 I -0.788 I 0.1825 I 28.49 I -60.70 I 3 9. 8 I 0. 02 3 5. 0. 230 I 0.898 
I 0. 12 I 0.9i8 I 0.02265 ! -0.958 I D.1847 I 25.53 I -62.21 I 37.1 I 0.0266 0.240 l 0.917 
I 0.10 ! 0.959 I 0.02654 I -l.182 I 0.1969 I 22.25 I -63.52 I 33.9 I 0.0242 0. 186 I 0.934 
I 0.08 I o. 931 I 0.03004 I -1.474 I 0,2091 I 18.61 I -64.94 I 30.11 I .0.0218 0.138 I 0.952 
I 0.06 I 0,899 I 0.03484 I -l.893 ! 0.2175 I 14.60 ! -66.35 l 2G.3 I 0.0188 O. ll2 I 0.968 
I 0.04 1 0,afiO I 0.03941 I -2.039 I 0.2460 : lD.Zl I -67.76 I ':2G.S I 0.0190 -0.000 I 0.983 
I 0.02 I 0.805 I C.D43CD 1 -6.963 I D.28-07 I s.36 I -69,17 I 8.2 ! 0.0058 -J.112 I o.996 
I 0.00 I 0 0 000 I 0.05061 I*-***** I 0,2575 I -0.00 I -70.58 I ·0.6 !-0,0004 -.0.028 I l.000 
---~--~-------~------~---~~--~~-----~·---~~~-~--~-~-~~-~~--~--~---------~~---~~--~~---·~---~-----~----



TABLE D. I CConti.nued) 
. . -

EDDY D!FFUSIVITIES OF HEAT AND MOMENTUM. 
----------------------------------------

(BASED ON RUN NO. 3} 

REYNOLDS NUMBER 55923. RAYLEIGH NUMBER 380 9 
FRICTION FACTOR 0.00508 PRANDTL NUMBER 0. 02 31 

UMEAN(AVERAGED) 0.405 r-T/SEC 
PHYS!CAL PROPERTIES WERE EVALUATED AT 87.8 DEG.F. 

--·-----~---------------------------------------~------------------------------------------------------
I I IB IPr~ .s.~ I I I i 

' yj'H ,, u I •p I <1'U/dli I dv/d.l1 ! UOYE!OOY ' : ,,;.C; "~on! e;y/Y I G\lRu"' ' ~/a. : • q/q" l I I Term I Te:t"lli i I ; 
--------------------·----------------------------------------~-----------------------------------------

1. iJO ! D.945 ! -Q.03352 I o.ooo 1 o.oooa 1 0 "01 l 0 .07 I o.o I O.OCOO I 1.l.000 I '. 0.000 I 
0. 95 I o.946 1 -o.u35q1 ! 0.045 I 0.0017 l 5 Q} 7 ~ -3.54 l 61.3 I 0.0435 I 5.864 I . 0.047 I 
a.so I D.YSO I -0.03330 ! 0.087 I 0.0041 I 12 .. 73 I -7.10 ! 63.8 I 0.045;, I 4.791 I 0.095 I 
0.85 I 0.955 ! -0.03309 l 0.131 l 0.0077 i 19.03 i -10,r,5 I 52.8 I 0.0446 I 3. 5 !J8 I 0. 14; I 
o .. so I 0.9G2 f -0.03265 I 0.173 I 0.0138 I 25.23 I -14.20 I 62.5 I 0.0444 I 2. 462 I 0 .191 I 
0.75 l 0,913 I -0.03179 l 0.209 I 0.0198 I :H.2~ l -17.75 I 63.4 I u.01150 I 2. 02 6 l 0. 240 i 

'j 0.70 ! 0.984 I -O.U3050 I 0 • 2 31 I 0 • U.2 8 0 I 36.93 l -21.31 I 66.5 I 0.01112 l 1.586 • 0.2a9 I 0 I 0.65 I 0.99G i -0,02921 l .0.211;; I 0.0355 I 42.21 I -24.86 I 7 0. 3 I C. 04 9 8 I 1. ~94 l 0.3~0 I 
l 0.60 I 1.008 I -0;02595 I 0.253 I 0.0455 I ~:.6.97 I -23.U l 72.4 1 o.osl,'• 1 1.H9 I 0.391 I 
I o.ss ! i.nn s -0.02459 I 0.260 ! lLG5ll4 ! $1.06 l -3L9G I 72.~ I o.OS13 I 0. 901 I 0.444 I \() 

0.50 I l.035 I -0.~2137 I 0.248 I 0.0731 I 54.27 i -35.52 I 74.5 I 0,052'.l ! 0.700 I 0.497 I 
0.43 I l.DbO I -0.01977 I 0.246 l G.0746 i '.i 5 • 2i I - 3 6 • 9 4 I 73.5 I O.C52l l il. 74 0 i 0.519 I 
0.46 ! 1.044 i -0,01827 I 0.222 l 0.0181 I SG.01 I -38.36 I 78.7 I 0.0558 I 0.729 I 0.541 I 
0, f.;i.; l 1.049 ! -0.01fi77 I 0.190 i O.CS03 I 56.69 i -39.71! ! 87.8 I 0.0623 I o.751 l 0.5b2 I 
c. t;2 I· ·l.052 I -0.01506 I C.208 I O.Q855 ! 57.12 I -41.20 I 75.6 I 0.0536 I 0.70G I 0.584 I 
0.40 I 1.057 I -0.01334 I 0.195 I 0 .0910 I 57035 ! -42 .. 52 ; 74.5 i 0.0529 I 0.66G I 0.606 I 
0.38 I 1.050 I -0.01142 I 0.169 I 0.09G4 I 5 7 • 3 5 i -l; 4 . 0 4 77.1 I 0.0552 I 0.630 I . 0.628 I 
0.3S I 1.062 I -O.OC949 I 0.150 I 0.1033 l Si'.B I -•~S.47 76.9 ! 0.05'•6 I 0.566 I 0,651 I 
o. 34 I l.05G l -0.00735 i 0.129 I 0.1031 I 56.66 i -46.89 74.5 I 0.0529 I 0.555 i o. 673 I 
0.32 I l.OG8 I· -0.00499 I 0.121 I 0.110?. I ~;s.n 1 -4s.n 61.7 l 0.0438 I 0.576 ; 0.695 I 
0.30 a 1.070 I -0.00285 I -0.143 I 0.1113 I 54.92 I -49.B -36,9 l-U.0262 I O. 611 I 0.717 I 
0.23 I 1.072 I -0.00071 I -0.027 ! 0.1124 I 53.66 I -51.15 -90.6 1-0.0642 I G. 64 5 I 0. 740 I 
0.2G I 1.0G9 I 0,00163 I -O,Ofi3 I 0.1199 I 52.15 I -52.57 5.S I 0.0041 I O.SS9 I 0. 7G 2 I 
0.24 I 1.066 ! 0.00399 I -0,241 I 0.1242 I 50,3;; I -53.99 14.1 l 0.0100 I 0, 573 I 0.784 
0.22 I 1. 060 I. O.OOG77 I -0.344 I 0.1285 I 43.25 I -55.41 lS.8 I 0,0140 I 0.562 i O.ll06 
0.20 I 1.052 I 0.00913 I -0.451 I 0.1349 l 45.85 I -5G.33 23.3 I 0.0165 I 0. 5311 I 0.823 
0.13 I 1. 042 0.01191 I -0.512 I 0.1424 ! 43.14 I -5S.26 28.5 I 0.0202 I 0. li90 I 0.849 
O.lG I l. 030 0.01491 I -0.655 I 0.1531 I 40.10 I -59.fi!l 28.9 I 0.0205 I o. 420 I 0.869 
0.14 i 1. (;2:0 0.01812 I -0.787 I 0.1627 I 36.59 I -61.10 ;;o.o 1 0.0213 1 0.367 I 0.890 
0. :.2 r 0.997 0.02133 ! -0.937 I 0.1734 I 32,::lS I -62.52 30.6 i 0.0217 I 0.311 I 0.909 
0.10 I 0.979 D.02497 l -1.110 l 0.1831 l 28.GG I -63,g4 30.8 I O. 0218 I o. 263 I 0.928 
o.os I 0.956 0.02SS3 ! -1.302 l 0.1970 I 23.99 I -65,36 30.ll i 0.0218 I G, 20 l I 0.946 
o.os I 0.929 0.03263 I -l.?15 l 0.2131 I 18,85 I -55.78 26.9 I 0.0191 I 0.131 I 0. 964 
0. qt~ I 0.892 0.,0371;3 I -1.935 l 0.2~5B J 13.lS 1 ~ss.20 27,4 I o. 0194 I 0. 03!1 I 0.980 
0.02 j 0.8B 0,0!;210 I -6.571 l C.2727 I G.93 I -69.62 S.5 I 0,0061 i ,-Q,087 I 0,995 
0.00 I 0.000. 0,04810 i*"*""** I 0.2559 I -0.00 I -71.05 -0,E 1-0.0004 I -0,022 I 1.000 

--~~~-~--~·~--.-~-----------··~-~--~------------~~~-~---------~--------------~-~~------~--~-~-~~-~----~--



J~ABLE 'D:L (Cbritir\ued)_ 

EDDY DIFFUSIV!TIES OF HEAT AND MOMENTUM. 

(BASED ON RUN NO. 4) 

. .REYNOLDS NUMB ER 37228. RAYLEIGH NUMBER 82 54 
FRI CT I ON FACTOR 0.00557 PRANDTL NUMBER 0. 0210 

UMEAN(AVERAGED) 0.257 FT/SEC 
PHYSICAL PROPERTIES WERE EVALUATED AT 115.2 DEG.F. 

- -- -- ---- -- ---- .... ----- .... --- -- ---- - -- - -- - ... - - - .... -- - ·- ---- -·----- -- --- --- ---- ----- --- --- ---- ....... - ... -- -- - ,_ -------- -- -- ... - .. ,-. .... 

! l • I I lBuoyancy:Friction 1 I i I 

i y/H ! u l <p I dU/dri I d<p/d·q eM/v I eM/Ru* I ,,. lo. I q/q" 
. I I I l I 1 

•rerm 
1 

Term 
I i 

"H' 

----------------------------------------------------------------- ------------------------------------
1. 00 I 0.820 I -0.02233 ! 0.000 i 0.0000 I 0. 0 l ! 0.01 O.O I O.uUOO I 0.000 I o.ooo 
0.95 I 0.82i I -0.02225 l 0.025 ! 0.0027 I 9. :LO I -2.58 2GO.l I 0,2(il~9 i 2. 73'J I 0.011~. I 0 

·0.90 ! D.823 I -0.02202 I O.lJEil I 0.0059 I 13.32 I -5.17 215.~ I 0.2l<J2 I z..1155 I O.D87 
0.85 I· 0.~26 I -0.02172 l 0.105 i 0.0088 I 27.25 i -7.7() 184.8 I 0.1881 I 2.492 I j). 12 :i, 
o.co i 0.833 I -0.02111 I 0.151• ! 0.0110 I 35.89 I -10.35 165.0 i 0.1680 I 2.763 0.165 I 0 

0.75 ! .O. 8 !1.2 I -0.02050 I 0.20G ! 0.0134 I 44.21 I -12.95 150.S I 0.1535 I 2.868 ,0.zo1 
G.70 I D.853 I ~o.01939 I 0.260 I 0.0152 I 52.11 I -15.54 139.5 I 0.1420 i 3.111 0. 251 I 

0.65 I D.B67 I -o.ou:n 1 0.316 i 0.0180 I 59.56 -18 .13 130.2 I 0.1326 I 3.097 0. 2 '.J 5 
O.GO I 0.8~5 ! -0.01&06 0.368 I O.U23G I 6 6. 50 -20.72 123.3 I 0.1255 I 2.598 0. 3110 
0 •. 5 5 ' 0.905 l -0.01502 0. 412 I 0.0305 I 72.72 -23.31 119.0 I 0.1211 l 2. 17 2 0.387 ' 0.50 I 0.926 I -0.01501 o .1166 I O.U37<.l t 77.% -25.90 110.8 I 0.1128 I 1.866 0.435 

l 0.45 I 0.950 I -0.01288. 0.527 I 0.0457 ~ 81. 93 -28 .119 100.4 I 0.1023 I 1. fi52 ().1+85 
I 0.40 I G.97D I ... 0.01059 0.575 I 0.0530 I 81;. 40 -31.08 91.6 I 0,0933 I l. 5 32 0. 5 37 
I . 0. 35 1.010 I -0.00770 0.609 I 0.0619 I 8 s. 16 -33.68 83.5 I 0.0850 I 1. 389 0.591 I 
I 0.30 1.0140 I -0.00434 0.621 I 0.0741 I 83.% -3G.27 75.7 I 0.0771 I 1. 18 7 0. Gl18 I 
I U.25 1.071 I -0.00053 0.614 I o .. osn ! 30.29 -38.86 6 6. 5 I 0 • 06 77 I l.Oll1 O. 707 I 
I 0.20 l. 10 4 I 0.00433 0.623 I 0.1077 l 7 3. 76 -41. 45 S0.8 I 0.0517 I 0.783 0,7G8 I 
I 0.18 l.113 I 0.00645 O.G32 I 0.1113 l 70.20 -42.49 4 2 .• 8 I 0 • 0 4 3 6 I O. 781 I o.793 I 
I 0. lG l.128 I 0.00898 0.602 I 0.1218 I GG.U3 -43.52 36.4 I 0.0371 I 0.579 I 0.818 I 
I 0.14 1.140 l O.Ollll} I o.553 I 0.1381 I 61. 22 ~44.56 29.l I 0.0296 I 0.529 I 0. 8114 I 
! 0. 12 1.150 l 0.01418 I 0 • 2 9 2 I 0 • 11~ 2 !1 I 55:: fi3 -1~5.59 3 3 • !1 I 0 • 0 3 4 0 I 0. 528 I 0.810 I 
I 0.10 l.157 ! . 0.01767 I -0 .• 249 I 0 .. 1732 l 119. 33 -45.63 -11.7 i-0.0119 I 0.295 I 0.897 ! 
I 0. o.s 1.148 f 0.01995 I -1.070 I 0.2013 l 42.07 -47.67 4.2 I 0.001'3 l 0. 14 6 I 0.923 I 
I 0.06 1.115 i 0.02557 l ~2.414 I 0.2297 I 33.67 -li8.70 5.2 I 0.0053 I 0.032 I 0. 9118 I 
I 0.04 1.063 I 0.03035 I -3~349 t 0.2619 ! z 3. 95 -49.7L1 6.7 I 0.006S I -0.072 I 0. ~}2 I 
I 0.02 0.955 I 0.03544 1-16.~84 I 0.2666 I 12.78 I ~so.1a 2.6 I 0.0026 J -0~068 I 0 .. -$92 'I 
I O.UO 0.000 I 0.04121 1•>¥***,i,-i!-,J 0.2601 I -G .• 00 I -51.81 -0.7 l-0.000:7 ;I -0.03U I l. 0000 J 
-~~--~--~-~--~--·-------~--~----~-~~--~~~~-----~~--~~~---~-~~-------~~-~-----~-~~~~~~~~~~--P--~~~--~--



TABLE D. I (Continued) 

EDDY DIFFUSIVITIES OF HEAT AND MOMENTUM. 
----------------------------------------

(BASED ON RUN NO. 5) 

REYNOLDS NUMBER 357440 RAYLEIGH NUMBER 8705 
FR I CT I ON FACTOR 0.00562 PRAND TL NUMB ER 0.0212 

UMEANCAVERAGED) 0.2\8 FT/SEC 
PHYSICAL PROPERTIES WERE EVALUATED AT 112.6 DEG.F. 

------------------------------------------------------------------------------------------------------
l I I I I 

:Buoya.ncy :Friction 1 I I • 
I y/R I p I <p I a. 'l'.l/ dTJ I dip/d.11 eM/v I eM/Ru'°' eH/a. I q/q" 

,) 

I ! I I I . Term I Term I I . 
----------------------------------------------------------------- ----------------- ------------------

1.00 I 0.795 I -0.02293 I 0~000 l 0.0000 I 0.02 I 0.02 0.0 I 0.0000 0.000 I o.ooo . 0 

0. 95 I 0.797 I -0.02285 I 0.057 ! 0.0013 I 9.9G I -2.50 110.5 I 0.1166 6.558 I 0.040 a. ~rn I 0.802 I -0.02277 I 0.126 i 0.0038 ! 19. 90 I -5.01 117.0 I 0.1235 4.275 I o.oso 
o.ss·· r .o,,.s.10 1 -0.02260 1 0.184 I 0.0076 I 29.73 I -7.52 119.7 I 0.1263 2. 976 I 0.120 o.so·.1· · .. 0:·'~20 1 -0,02211 0.235 I 0.0132 I 39.33 I -10.03 123.6 I 0.1304 2. 06 9 I 0.162 i 
0.75 i d.B34 I -0.02129 0.283 I 0.0184 I 48.45 I -12.55 125.8 I 0.1328 1. 763 I 0. 20 4 l 
0.70 ! Oo849 I -0.02013 0.329 I 0.0224 I 56.92 I -15.06 126.2 ! 0.1332 1. 7 58 I 0. 24 7 I 
o.cs I 0_.;?6.Z, I -0.0189:3 0.368 I 0.0257 I 64.63 I -17.57 126.7 I 0.1337 I 1.837 I 0.291 I 
O.GO ! o;sgc; I -O.Ol76G 0.406 I 0.0238 I 71.49 I -20.08 125 .. 7 t 0.1327 1. 926 I 0.337 I 

I 0.55 I oUfo 7 1 - o • o IG 1 o 0.!;35 ! 0.0336 I 77.45 I -22.59 125.0 I 0.1320 1. 86 2 I 0,384 I 
I 0. !,";Q i 0~930 I -0.01437 0.459 i 0.0393 ~ 82.32 I -25.10 123.7 I 0.1306 1. 7 53 I 0,433 I 
I 0.45 I 0.953 I -0.01223 0.1!68 I O.OliS!i l 85.89 - 2 7. 61 123.4 I 0.1303 l. 662 I 0,481i I 
I o.40 I 0.978 I -0.00976 0 • 4 77 I 0 • 05 18 i 87.93 -30.12 120.3 I 0.1269 l. 5 8l1 I 0.536 I 
I 0.35 I l.001 I -0.00705 0,503 I 0.0583 I 83.23 -32.63 109.4 I 0.1155 1.531 I O.S!JO i 
I o. :rn I l,026 I -O.DQ400 0.584 I 0.0670 I SG,Cil ~35.15 I 87.1 I 0.0919 l.408 I O.li45 I 
I 0. 25' I l.055 I -0,00055 I 0.705 l 0.0795 I 82.75 <37.66 I 62.9 I O.Ofi64 1.209 I 0.703 I 
I 0.20 I l.096 I 0.00372 I 0.754 ! 0.0995 l 76.21 -40.17 I 4G.8 l o.0494 O. 9l8 I 0.763 I 
I 0. 18 I l.lU I 0,0051.)6 I 0.539 I 0.1119 I 72.69 -1•1.17 I 57,5 I O.OG07 0.761 I 0.788 I I 

I u. 16 I 1.123 I O.OOBlG I 0.373 I 0.1275 I 68.56 -1•2,18 I 69.7 I 0.0736 0.594 I O. ii 13 I 
I 0 .14 I l.l2G I 0.01080 I 0.129 ! 0,1444 I 63.69 -43.13 I 157.7 I 0.1654 I 0.452 I 0,839 I 
I 0.12 I · J..126 I 0.01401 I -0.045 I 0.1646 ! 57.99 -44.18 I -299.5 1-0.3163 I 0.313 I 0.865 l 
I 0.10 I 1.124 I 0.01738 I -0.180 i 0,1766 l 5L29 -45.19 I - 3 '• • 5 I - 0 • 0 3 G 4 I G.260 I o.sgo 1 
I 0.08 I 1.119 I 0.02133 I -0.443 I 0.1917 I 43,54 I -46.19 I 5.0 I 0.0053 I 0 .19;) I 0.915 I 
I 0.06 I 1.111 I 0.02480 I -1.047 I 0.2116 i 34.68 I -47.20 I 11.0 I 0.0116 I 0 .110 I 0.940 I 
I 0.04 I 1.088 I 0.02947 I -1.49g ! 0.2318 I 24.59 I -48.20 I 14.8 I 0.0156 I 0.039 I 0,964 I 
I 0.02 I l. 033 I 0.03447 I -5.377 ! Q.2656 I u •. o;· 1 -49.21 1 5.7 I 0.0060 I -0,071 I 0.986 I 
I O.OQ I o.ooo I O. 04002 I *"*-i<*h I 0. 25_34 I -o.oo I -50.21 I -0.8 1-0.0008 I -0.012 I 1. 000 I 
---~-------~----------------------~-----~---·--------~~--------------------~-------------------~------



TABLED~ l (Continued) 

EDDY DIFFUSIVHiES OF HEAT AND MOMENTUM, 

-------------f--------------------------
(BASED ON RUN NO. 7) 

REYNOLDS NUMBER 32452. RAYLE! GH NUM!l ER 3734 
FRICTION FACTOR ·o.oos76 PRANDTL NUMBrn C,023G 

UMEAN~AVE8AGfDl 0~238 'FT/SEC 
PHYS! C:Ai..· Pf<OP!:P.Ti ES WERE EV/1LUATED AT 32,0 DEG.F. 

------------------·-----··--~------------------------------------------------------·----------------------
I 

·d'P/CiTJ :Buoyi;.ricy :Friction: I I 
y/R I u I <p I ,(iW:i<1 .; '\JI" I l\s /Ru* I li};/a. I q/qw I 

! I •ra:rm I Term I I •. I I 
-··-----~-~------··------------------·---··--------------·--------------------------------------------------

1 .• OU I .".u .. T 913 ! ·~o. 03~!33 1 O.OJO ! 0. 1~tl00 I IJ .19 i "'"'~*"'"'"' I o.o I 0,0000 I 0,000 I o.o.oo 
O.S5 I 0.913 i -C,0320~ I · D.02~ ! 0,0045 ! Ii .oo I -2. 33 I 125.9 I 0.144G I 1. 518 I 0.046 
0. 90 i U.915 J .. 0 .OHG4 ! O.OGG ~ :j .. g47~_ i lLH; -11. 66 I 119.2 I 0.136~ I 1. S'78 I (). 091 
0. &5 i 0.9i~ l -0.03125 I O.J.12 I O.OOS!l I l?. 71; l - 7. 00 ! :15.o 1 o.1on 1 2,372 I 0, 137 o.ec I 0.925 I -0.03076 I 0.135 ! C.DlOJ I . 2~.4~ ! -9.33 I 103,2 I O.llBG I 3.433 I 0 .184 
0 .., < ••J i 0,935 I -0.03025 I U.lGl i ii.l!lilG l -29;iJ2 1 -11.c;1 1 106.9 I 0.1228 I 2.9~5 I o. 231 
0.70 ! 0. 0.40,. ! -0 .02::157 I 0 199 ! .~ ()'l]Y I _34.~2 ~ -14.GO l 101.7 I 0.11G9 I 2. 29& I 0.278 1 0 

i O.G~ ;,co.s:;;J..! -0.02819 i 0~21:5 i o:ofo3: ·3·:L.52 I -lG.34 I 93.G I 0.1075 I l, G92 I 0.32G 
I O~Gu I " 0; ? G 7. I · - 0. 0 2 5 5 2 I o;::;oo 1 o;o39!; ' 4.Ll8 I -18,t;S I 84.0 I O.O'lli5 I l. 379 o.:>1s 
't 0.58 I o. 'J?2 ! -0.02~53• ! 0 • 2 9 7. i 0 • () lfJ:i l 1;$.S!l I -19.Gl ! 87.5 I 0.1005 I l. 270 o. HS I N 
t U~JG . i u .. ~!e 1 -0.02475 1 0.301~ I 0.04Ge I 41.td i -20.54 I 87.5 I O,lOOS t 1. 220 0.41G 
I Q CI. 

• J .. I U.Y£5 i -O.U237G i Q,307 I 0,0502 I 48. 95 I -21. 4S I e:J.5 I 0.1016 I l.169 0, 43G 
I U.52 ! U.~91 I -0.02278 I 0.323 I CJ.05112 ! S0.32 I -22.41 I !:5.3 I 0.0979 I l.106 0.45G 
I (!. 50 I D.597 I -0,02159 l o.33~· 1 o.o:;n ; 51.56 I -23.35 I 83.ll I o.U96i! I 1. OlS O.li77 
I 0.48 I 1~·003 i -O.U20'il ·1 0,33G I O,Oti40 t 52,GS ~ -24.28 I 83.5 I 0,0959 I 0. !)~ f1 0. 498 I 

I 0.4G I 1-010 I -0.01903 ! U.327 I O.U570 I 53.59 I -Z5.22 i 8S.8 I 0.0985 I 0. !)) 7 0,519 
I -0-.M j l.011 I -0.01765 l 0,307 I 0 •. 0,709.1 54,)8 I -26.15 I 90,8 I 0.10!13 l 0.905 o. !j4Q 
I 0. 42 I i:c23 I -O.Olfi27 l 0.337 l 0:0758 i :i4.99 I -27.0S I SLS ! 0.093'.:l I 0. 852 o. 562 
I 0.40 I 1.030 I -0,01470 I 0.348 ! 0.0327 j 55.43 I -2a.02 ; 77.s 1 o.or.94 1 0' i'63 0.533 
I 0. 3ll . : l.03ti I -O.ul2~~ l 0.317 l 0,0911 l 55.G3 l -28.95 I 83.3 I 0,0957 I O.liGl C.605 
I 0. 36 ! l: LJ4.3 I -0.01105 j o.~2s ! o.on5 i 55. 70 I -29,89 I 77.8 I 0.0893 ~ o.~s2 0. 62i' 

0. 3:1. ' ·r.o:;u .1 -o.ooa99 1 0,338 l 0.1069 I 55.49 I. -30.82 I 72,0 I 0.0327 I 0.519 0.650 
0. 32 I >l, (i'.,6 ·1 :'..o. Ll06U2 l 0 •. 352 l 0,1138 I SS. 02 I -31. 7G I .65,l I 0;0748 I 0,47G o. 672 
0. 3U I ·1·.os~ 1 ~o.001~3G ; 0.208 I 0.1207 ! 51!. 28 -32.69 I 102.5 I 0.1178 I o. 4>9 O.G9S 
0.28 I l.U~6 ! -0,00199 I 0.2'i0 I O,l27G I 53.24 -33.G2 I 71.7 I 0.082!1 I 0. 111)6 o. 717 
a. 2u I ., r . .,. •• I O.OOU6G I 0.239 ! 0.134.5 I 51. 90 -34.5G I 66 •. 0 I 0,0758 I 0. 3 j5 0.740 ;,..VIL 

o. 24 I l. 077 I 0 ,U0342 I 0.203 l U.1453 I 5(). 24 -35. i; 9 I &S.& I 0,0Sil2 I 0. 308 0.763 
0 .. 12 I l.Or~2 i O.UOG37 I d.1~2 I 0.1517 !_ 4H.22 -36 .113 I 8 2. l I 0. 0 9-4 3 I 0. 295 U. i' 85 I 
0.20 I l. 0 e:~ I 0. 00 9 7 2 I 0.025 I 0.14;>6 I 4 !j. 82 -37.":IG I 331.4 I 0,3806 i 0,408 0,809 I 
0.18 l .. 00 3 i O.Ul268 I -0,179 l 0.1404 I I; 3.0S -38,30 I •V.4 1-0.0315 I o. ri.8?. 0. 832 I 
0.16 I l. 077 I 0.01463 I -0.399 l O.ltl31 I 40.03 -·39.23 I -2.9 i-0.0033 I 0.494 0. 85::; I 
0.14 ! !. OGG I 0.01796 I -0.586 l D.1582 I 3o. GB -40.16 I 5.0 I 0.0057 I 0,387 0.878 I 
(J .12 I l. 052 l o .• o;n.39 ! -(J,7G2 l t'.lSlS I 32. 9f, -41.10 l 9.7 I 0.0111 I o.23r 0,900 I 
(I .10 I 1. ()3 7 : G,02511 I -0.969 ; O.lS5D I 2&.79 I -42.03 I 12.7 I 0.0145 i 9', 1s 1 0.92l·I 
u.n I 1.015 ( 0.02923 I -1.315 I 0.2126 1 £li.l5 I -42.97 I 13.3 I 0,0153 I 'Q,l07 P. 942 I 
0. OG I 0. 987 I o.o33S4 1 -2.269 1 o.2.:s22 1 19.00 I -43.90 I 10.0 I 0,0115 I d),035 l 0.961 I 
O.Oh I O. '345 I C.03844 I -LS57 I 0,21156 ! 1j,2e I -44,84 J 9,7 I 0.0111 f -0.002 I o·. 980 I 
(). 02 l 0. S45 I 0.~4373 ·1 -9.352 I 0.2586 I 6,95 I -45.77 l 3.i I 0.0036 I ~0.036 I 0. 99 G I 
ti 11 uu I 0 II oou I U.04875 I••~••"'* I D~25t6 I -0,UO I -46.70 I -o.7 1-0.ooos 1 -0.017 1 1. 000 

----------------··-----~---------~~···--------------------~---------------------~----~-------------------



TABLE O. ! (Continued) . . 

EDDY DIFFUSIVITIES OF HEAT AND MOMENTUM. 
-··---- ------·---------- ------------------

(BASED ON RUN NO. 8) 

REYNO LOS NUMB ER 33760. RAYLEIGH NUMBER 3611 
FRICTION FACTOR 0.00570 PRANOTL NUMBER O. 02H 

UMEAN(AVERAGED) 0.245 FT/SEC 
PHYSICAL PROPERTIES WERE EVALUATED AT 86. 2 DEG. F. 

------------------------------------------------------------------------------------------------------I I ' I I 
-:l/R I u I cp I d'l:!/d~l I d'i>/d11 

,Buoyancy ~riction 1 ~/v I e: /Ru* ,.. la. ' q/q. ' I ' I I Term I Term I I M tI, 
I ----------------------------------------------------------------------------------- ------·------------

1. 00 I 0.398 I -0.03229 I o.ooo l 0.0000 I D.03 i 0,03 I O.O I 0.0000 0. 000 I o.ooo 
0.95 i 0.899 i -0.03189 I 0.012 I 0.0078 I 5.7S I -2.40 I 274.8 I 0.3048 O. 433 I 0.04S 
0. '.JO I 0.900 I -0.03138 ! 0.031 I 0.0150 l 11. 4 7 I -4.31 I 21G.5 I 0,21;02 0, l;97 I 0.090 
0.35 I 0,001 I -0.03038 l 0.055 I G.0202 1 lG. 94 i -7.21 I 176.1 I 0.1953 0. 669 I 0.135 
0.30 I 0.905 I -O.U2D28 I 0.098 I 0.0210 I 22 .11 I -9.62 I 12G.6 I 0.1404 1.144 I 0.180 i 
0.75 I 0.911 1 -0.02768 I 0.147 I 0.0142 I 26.96 I -12.03 I 100,5 I 0.1115 2.983 I 0.226 I 0 

0.70 I 0,920 I -0.02738 I 0.193 I 0.0213 l 3 l. 7 7 I ·- 14 • 411 I 88.6 l 0.0982 2.195 I C.272 I 
O.G5 I 0.931 I -0.02779 0,237 I 0.0302 I 36.35 I -16.84 I 81.3 I 0.0902 l. 641 0.319 I + O.GO ' 0,9113 I -0.02400 0.278 l 0.0410 [ 40.51 I -19.25 I 75.6 I 0.0838 1. 21;() 0.367 I VI I 

0.55 ! 0,')5!) i ··0.02201 :0.325 I 0.048G I 44,02 I -21.GG I 67.S C.0752 l.141 0.416 I 
0.50 l o.976 1 -o.u2002 0,375 I 0.044'3 i 46.77 i -24.07 I ~i 9. 5 0,0660 I l. 6111 0. 46 6 I 
Q. 1;5 I 0.9% I -O.Ol?C3 0. I; 2 8 I 0.~487 I 49.00 I -26.47 I 51. 6 0.0573 I L!JS:.l 0.518 I 
()' 40 I 1.018 I -0.01504 0. ii 70 (). 0 54 5 t SD.59 I -28.88 I 45.2 0.0501 I , ,,... ., -;> 

.... u '· .1' 0.571 I 
0. 3:; I 1.028 I -D.01405 0.463 O.OG39 I 51.02 -29.34 I 44.7 0,049C I 1.32} 0,593 I 
0.35 1.037 I -0.01275 0, 1171 0.0727 l s l. 32 -30.Bl I 42.6 0. 04 72 I l, lU' 0. 615 I 
0.34 1,047 I -0.UllOG 0 .. 477 0,0871 l Sl.46 -31.'/'7 I 4 ll. 3 0.0447 i 0. 830 O.fi38 I 
0.32 1.055 I -O.DU927 0.501 0.1006 I SL 40 -32.73 I 3G.2 0,0402 i 0. 64 :: O.G61 I 
0.30 l.067 I -0,00708 0.492 0. !..125 l 51.10 .., 33. 70 I 34.3 I 0.0381 I o. sis 0. 684 I 
0 .28 1.072 I -0.00469 0. 452 0.:.245 i 50.52 -34.fi6 I 34,0 I 0.0)78 I 0.420 0.707 I 
0.2G 1.085 I -0.00210 0.383 O. l3lil1 i lj. 9. (:i4 -35. G2 I 35.6 I 0.0395 I 0. 338 0. 730 I 
0.24 1. 092 I 0.00068 0. 231 0.1454 I 48.43 -36,58 I 41.2 I 0.0457 l (). 29 7 O. 754 I 
0.22 l,097 I 0,00387 0.157 0.1543 I 46.B7 -37,55 SU.4 I 0,0648 I 0.2fi0 I o.778 I 
0.20 1. 099 t 0.00585 -0.022 0.1633 I 41f. '.l4 -38.51 -279.9 1-0.3105 I 0.228 I 0.302 I 
0.18 1.097 I 0.01024 -0.207 I 0,1723 ! 42,62 I -39.47 -16. 0 I -0, 0177 I 0,198 I C.826 I 
0. 1 (j LOSO I 0.01383 -0,400 I 0,1882 I 39.89 I -40,114 0,4 I 0.0004 I 0. 14 o I 0.849 I 
0.14 1.081 I 0.01761 -0.593 I 0, l 9n I 36.72 i -41.40 G. 9 I 0. 00 76 I 0.095 I 0.873 I 
0.12 L 067 I 0.02179 -0.763 I O. 20Gl I 33.ut l -42,3G 11.2 I 0.0124 I 0,086 I o.895 I 
0.10 I 1.049 I 0.02517 -0.985 I 0.2131 ! 23.92 l -43.33 13.6 I 0.0151 I 0.076 I 0.917 I 
o.os I 1.029 I 0.03015 -1.275 I 0,2270 l 24.23 I -44.29 14,7 I O.OlG3 I 0.033 I O.<J3S I 
0. 0 fi I l. 00 l. I 0.03474 -2.141 I 0.2494 I 19,ll I -45.25 ll.Z I 0.0124 I -0.03S I o.959 I 
0.04 I 0.963 I O.U4021 -2.785 I 0.25}7 l 13.33 I -46.21 lO.S I 0.0120 I -o.o~~ I 0,978 I 
0.02 f 0.868 I 0,04609 I -3.958 ! 0.24G2 I · G.96 ; -47.18 3.5 I 0,0039 I o.oio 1 O .. !195 I 
o.oo I 0. ooo I 0.04937 l~****** I 0.2564 t -0.01 i -48.14 -0.7 1-0.0008 I -0.024 I l. 000 I 

------------------------------------------------------------------------------------------------------



· TABLE D. I {Con~finued) 
!•""'I' 

EDDY DIFFUSIVITIES OF HEAT ANO MOMENTUM. 
-----------------·-----------------------

(BASED OM RUN N0.11) 

REYNOLDS NUM~ER 32125. RAYLEIGH NUMBER 1595 
FRICTION FACTOR 0.00578 PRANDTL NUMBER 0.0235 

UMEANCAVERAGED) 0.235 FT/SEC 
PHYSICAL PROPERTIES WERE EVALUATED AT 83.4 OEG.F. 

-----------------------------------~--------·---------------------------------------------------------
! i I I I I I, . I I I I 
I y/R I U I cp I dU/dTJ I d<:>/d?J !Buoyancy !Frie t;!.on I f) /v I c /Ru* I ~/a. I q/q 
I i I I I I Te1•m I Term I ! I M I I " 
------------------------------------·----------- -----------------------------------------------------

1.00 I 0.958 I -0.05082 I 0.000 I 0.0000 0.05 I 0~05 0.0 I 0.0000 I 0.000 ! 0.000 
0.95 l 0.961 I -0.05074 ! 0.060 I 0.0099 4.05 I -2.31 27.9 I 0.0323 I 0.216 I 0.048 
D.90 I D.9G6 I -0.04974 I 0.112 ! 0.017~ 8.03 I -4.63 29.3 I 0.0339 I 0.331 0.096 
a.as ! D.972 ! -0.04881 I 0.150 I 0.0247 11.91 I -6.95 31.9 I 0.0370 I D.469 i 0.145 
D.80 I G.980 I -0.04743 i 0.189 I 0.0327 iS.55 I -9.27 32.7 I 0.0379 I 0.435 I 0.194 I 0 
0.75 I 0.991 I -0.04573 i 0.237 I 0.0438 19.21 I -11.59 31.l ~ 0.0361 I 0.3J4 I 0.244 
0.70 ! 1.003 I -D.04311 I D.275 I 0.0579 22.51 l -13.91 30.2 O.Q350 I 0.272 I 0.295 
0.65 I 1.020 I -D.04003 I 0.302 I 0.0713 25.45 I -16.23 29.5 0.0342 I 0.214 I 0.347 I -

0.60 I 1.035 I -0.03579 0-.314 I O.OZ23 27.94 I -18.55 28.9 o.o:ns I 0.214 I o.•.oo . ·.~ 
0.55 I 1.051 I -0.03155 0.321 I 0.0921 29.92 I -20.87 27.l 0.0314 I 0.232 I o.~54 
a.so I 1.066 I -0.02678 0.351 I 0.0987 31.34 I -23.19 . 22.2 0.0257 I 0.289 I 0.509 
0.48 I 1.074 I -0.02462 0.379 I 0.1006 i 31.74 I -24.12 19.1 0.0221 0.3~1 I 0~532 
0.46 I l.082 i -D.02277 0.398 ! 0.1032 ! 32.05 I -25.05 16.6 0.0192 0.342 I 0.554 
0.44 I 1.090 I -0.02061 0.366 I D.1079 t 32.27 l -25.97 16.2 0.0187 0.338 I 0.577 
0.42 1.098 I -0.01846 0.331 l 0.118G I 32.38 I -26.90 15.5 0.0180 0.265 I 0.600 
0.40 1.103 I -0.01599 D.235 I 0.1248 l 32.38 I -27.83 18.3 0.0212 0.249 I 0.623 
0.38 1.107 i -0.01322 0.116 I D.1325 I 32.26 I -28.76 29.l U.0338 0.220 I 0.647 
o.36 i.108 1 -0.01075 0.004 1 0.1333 1 32.00 1 -29.68 637.6 o.7386 0.257 1 o.670 
O.l~ 1.107 I -0.00782 -0,129 I 0.1364 I 31.62 I -30.61 -8.6 -0.0099 D.272 l 0.694 
0.32 1.103 I -0.00536 I -0.301 i D.1187 I 31.09 I -31.54 0.5 0.0006 0.509 I 0.717 
0.30 1.096 I -0.00228 I -0.368 I 0.1155 I 30.46 I -32.47 4.5 0.0052 0,601 I 0.740 
0.28 1.087 I -0.00165 I -0.472 I 0.1268 ! 29.74 I -33.40 6.8 0.0078 0.503 i 0.762 
0.26 1.077 I 0,00186 I -0.529 I 0.1465 I 28.91 I -34.32 9.2 0.0107 0.338 I 0.784 
0.24 1.065 ! 0,00524 l -0.588 I 0.1763 I 27.94 I -35.25 11.4 0.0132 0.143 I 0,806 
0.22 1.054 ·1 D.00891 I -0.632 l 0.1832 I 26.78 I -36.18 13.9 0.0161 0.129 I 0.827 
0.20 1.040 I 0.01244 I -0.680 ! 0.1901 I 25.43 I -37.11 16.2 0.0187 0.115 I 0.848 

I 0.18 1.027 I 0.01658 I -0.834 r 0.2008 I 23.90 I -38.04 15.9 0.0185 0.081 I 0.868 
I 0.16 1.011 I D.02041 I -0.823 I 0.2138 I 22.17 I -38.96 19.4 0.0225 0.038 I 0.888 
I 0.14 0.985 I 0,02501 I -0.845 I 0.2223 I 20.22 I -39.89 22.2 D.0258 D.019 I 0.906 
I 0.12 I 0.978 I 0.02961 I -0.907 i C.2315 I 18.04 I -40.82 24.l 0.0279 -0.000 I 0.925 
I 0.10 I 0.958 I 0,03421 l -l.104 I D.2338 l 15.62 I -41.75 22.7 O.D2G2 0.008 I 0.942 
I 0.08 I 0,933 l 0.03896 I -1.716 I 0.2361 I 12.97 I -42.68 16.3 0.0189 0.016 I 0.959 
I 0.05 I 0,897 I 0.04371 I -2.881 I 0.?.345 I 10.09 ! ~43.60 10.6 D.0123 0.040 I 0.975 
I 0.04 I 0,837 I 0.04846 I -3.827 I D.2491 I G.98 I -44.53 8.8 I 0.0102 -0.006 I 0,990 
I 0.02 I 0.713 ! D.05291 l-10~969 I 0.2768 I 3.62 I -45.46 2.S I 0.0033 -0.095 I 1.001 
I 0.00 I 0.000 I O.Q59~D 1••~~••• I 0.2590 I -0.00 I -46.39 -0.5 l-U.QOC6 -0.034 I 1.000 
------~---·---~-~·----~-----------------~----------~---~~---------- -----~------~------~----~------~----



TABLE D. I CC6nt in ued) 

EDDY DiFFUSIV!TlES OF HEAt AND MOMENTUM. 
----------------------------------------

(BASED ·ON RUN NO .12 l 

REYNOLDS NUMBER 31385. RAYLEIGH NUMBER 1670 
FRICTION FACTOR 0.00581 PRANDTL NUN.BEi~ 0.0238 

UMEANCAVERAGED) 0.231 FT/SEC 
PHYSICAL PROPERTIES WERE EVALUATED AT 79,2 DEG.F. 

------------------------------------------------------------------------------------------------------
I I :Buoyancy ~1·iction 1 I I I y/R I u I cp I d•U/dTJ I dcp/ QT) ! : I &il/v I e /Rul{l 1 '11 /a. I q/q,. 
I I I Term I Term I I M I I -----------------------·------------------------------------------------------------ ----------•w------~ 1.UO I 0,955 ! -0.04G26 I o.ooo I O.OCOO D .1·9 I******* I 0,0 I 0.0000 0. 000 I 0.000 I 

0,95 I U.957 ! -0.0452G I 0.058 I O.U082 3. 8 7 .1 -2.27 I 26,4 I 0.0312 0. l;GG I 0,048 
0.90 I G.SG2 i -(J,045GO I 0.107 I U.0171 7. 63 I ·· 4. 5 5 I 28.3 I 0.0335 0. 110 l I 0.09G 
0.85 I 0.968 I -0,04455 ! 0 .. 146 ( 0.026fi 11.39 I -6 ,8 3 I 30.3 I 0.0358 0. 358 I 0. 144 
0 .. SU I 0. g i'li ! -O.D41S4 l 0.181 ! 0.0339 14. 93 I -9 .10 I 31.2 I 0.03li9 (). L124 I 0. 19 3 
0,75 I U.986 I -0.04100 I 0.219 I 0.0395 18.25 I -11.38 ! 30.3 I 0.0359 0.539 0.243 I 0 0.70 I O.YSS i -0.03889 I 0.248 I 0.0450 21.32 I -13.66 ! 29.i: I 0.0352 0. G31 0. 293 
0.65 1.012 I -O.U3GG6 I 0.275 ! 0,0502 24.l.3 I -15.94 I 2S.7 I 0.0340 0. 71 s 0. 34 5 
0, GO l.V2G i -0,03376 I 0.304 I 0.0587 26.63 I -18.22 I 26.6 I 0.0315 0. G'l3 0,397 
0. 5 5 1.041 i -0.03100 I 0.335 I 0,0685 28.78 I -20.50 I 23.7 I 0,0230 O.G44 Q,451 I Vl 

0,50 l.OSJ l -0.02705 I 0.3E5 I 0.0828 30.50 I -22.78 I 19,0 I 0,0225 0.526 0.505 
0. i~S l.OGG I -0.02548 I 0,391 I 0.08G5 31.05 I -23.69 I 17.S I 0.0210 0.526 0.528 
0.46 1.075 I -0.02363 I 0.406 l 0.0894 31.51 I -24.GO I lli. 0 I 0. 0 18 '.l 0.538 0,550 
0.44 1.()83 i -0.02179 I 0.377 I 0.1000 31.88 ! -25.51 I 15.9 l 0.0188 I 0. 433 0. 5 73 
0.42 1.091 I -0.0l:JSS 0.330 I 0.1052 32.15 I -26.42 I lG.> I 0.0193 I O .11 lG 0,5% 
0.40 1.097 I -0.01732 0.279 I 0.1138 32.30 I ··27.33 I lG.8 I O.Ol!J9 I 0. 3li l 0. c 1!1 
0.38 1.102 I -0.01535 0.177 I 0.1230 32.34 i -28.25 I 22.l I 0.0262 I 0. 30 (j 0. G4 3 
0.3G 1.105 I -0.01272 0.090 I 0.129G 32.24 I -29.lG I 33.l I 0.03'.l2 I 0. 28 5 0. GGG 
0.34 1. 10 5 I -0.00995 0,015 I 0.1401 32.02 l -30.07 I 124.7 I 0.1474 I O. 230 I O.G89 
0.32 1.104 I -0.0070G -D.DGJ I 0.1486 ! 31.64 ! -30.98 I -10.4 1-0.0123 I 0.198 I 0.713 
0. 30 l.103 ! -0.00417 -0.105 I 0.1552 I 31.10 L -31.89 I 6.G ! 0.0077 ! O.HS I 0.73G 
0.28 1.099 I -0.00075 -0.233 I 0.1592 I 30.40 I -32.80 I 9.3 i 0,0110 I 0.192 I 0. 7 ~'.) 
0. 2ti l. IJ 93 ~· 0.002110 -0.347 I 0.1631 l 29.53 ! -33.71 I' 11.0 I 0.0131 I O. l '.18 I o. 781 
0.24 l. USS t 0.00556 -0.466 I 0.1G44 I 28.49 I -34.63 I 12 • 2 i 0 • 0l1, 4 I 0.222 I 0.804 
0.22 l.075 I 0.00398 l -0.594 I 0.1723 I. 27.23 I -35.54 12.9 I CJ.0153 I (). 198 l 0. ~J 2 G 
o. 20 1. 062 I 0.01240 I -0.733 I 0,1335 ! 25.:>9 I -36.45 13.4 I 0.0153 I 0.155 I O.S47 
0. 18 1. 045 I 0.01G21 I -0.395 O.l'.J73 I 2i1.32 I -37.36 13.6 I O.OlGl I O. loo I 0.8G& 
0. 16 l.U27 I 0,02029 I -1.097 O. 2 o 5'.l I 22.53 I -38.27 13.3 I 0,0158 I 0.079 I 0. s 8') 
0 .14 1. UO 2 I 0.02476 I -1.301 0.2105 I 20.52 I -39.13 13.3 I O.OlSC I u. 07') I 0. 90!l 
0.12 U. 973 I 0.02871 I -l.522 0.212.5 I 18.29 I -40.10 13.3 I 0.0153 I O. 0'.JO I o. 927 
0.10 0,942 I 0.03305 I -1.717 0,2197 I 15.84 I -41.01 13.6 I O.Ollil I U. 074 I 0. '.:1114 
0.08 0. !:JO 5 l 0,U3739 I -2.018 0,2282 I 13.17 I -41.92 13.2 1 o.og7 1 O. 051 I 0.9GO 
0. Q(i U, SGS ! 0,0423~ I -2.435 0.23G8 l 10.26 I -42.83 12.4 i 0,0146 I Cl. 029 I 0,975 
0,04 0. 8 l(J I O,Ql16ll6 I -2.690 0.2482 I 7.10 I -43.74 12.6 I 0.0149 I ·D.003 I o. 988 
0.02 I 0.746 l 0.05199 I -ll.437 0. :i.GOl I 3 • 6 $ ! - 4 I• • 6 5 3,9 I 0.0046 j •0.038 I l. 000 
o.oo I 0,000 I 0,05745 !**"""** C .• 251G I -0,00 I -45.56 -0,G L-0.0007 ! -U.005 I 1.000 

---------~~-~---~-~---~------~-----------------------~---~--~--------~-~---------------~--~-·------~--



- D - 16 -

TABLE D.2 

RATIO OF EDDY DIFFUSIVITIES 

: 
Run I Re = 53 906 Ra = 34 800 Pr = .0241 LID = 83.6 

' y/R e:H/cx e:M/v C1 

0.9 3.5 0.35 4.16 
0.8 7.0 0.70 4. 16 
0.7 14.0 I . 15 3.41 
0.6 42.0 1.25 I .24 
0.5 58.0 1.20 0.86 
0.4 60.0 I • 13 0.78 
0.3 52.0 1.0 0.78 
0.2 43.5 0.77 0.74 
o. r 36.0 0.47 0.54 

Run 2 Re = 54 053 Ra = 44 900 Pr = 0.0236 L/D = 83.6 

y/R e:~/v i::H/a C1 

o.~9 I • I 60.0 0.78 
0.8 ··1 ~05 52.5 0.85 
0. 7 o .. 8 42.0 0.81 
0.6 0.72 33.0 0.93 
0.5 0.72 29.0 I .05 
0.4 0.72 29.0 I .05 
0.3 0.65 31 .o 0.89 
0.2 0.45 36.0 0.53 
O. I 0.20 34.0 0.25 

Run 3 Re = 55 062 Ra = 60 900 Pr = 0~0231 L/D = 83.6 

y/R e:M/v E:H/a (j 

0.9 63.0 3.6 2.47 
0.8 63.5 2.5 I .7 
o. 7 66.0 I .5 0.98 
0.6 72.0 1.05 0.63 
0.5 75.5 0.82 0.47 
0.4 76.0 0.68 0.39 
0.3 70.0 0.63 0.39 

- . 0.2 .• 54.0 0.505 0.40 
O. I 30.0 0.25 0.36 



- D - 17 -

TABLE D.2 (Continued) 

RATIO OF EDDY DIFFUSIVITIES 

Run 4 Re=36 592 Pr=0.0210 Run 5 Re=35 836 Pr=0.0212 

Ra=l32 000 L/0=83.6 Ra=l39 500 L/0~60.6 

y/R e:M/\I e:H/a a e:f'/v e:H/a (j Mean 
< (j 

0.9 190 2.65 0.66 117 3.2 i .29 0.975 
0.8 "162 2.9 0.85 122 2.75 1.07 0.96 
0.7 140 3. 15 1.07 125 2.4 0.9i 0.99 
0.6 122 2.7 1.05 125 2. 12 0.80 0.925 
0.5 110 I .95 0.844 123 I .85 0.71 0.78 
0.4 92 1.50 0.78 116 I .55 0.63 0.71 
0.3 75 I . 15 0.73 98 I .23 0.59 0.66 
0 • .2 52 0.75 0.69 47 0.80 0.81 o. 75 
O. l 28 0.37 0.63 13 0.30 I .09 0.86 

Run 7 Re=32 IOI Pr=0.0236 Run 8 Re=33 721 Pr=0.0233 

Ra=59 800 L;o=83.6 Ra=57 800 L/0=60 .6 

y/R e:M/v e:H/a er e:r-/v e:H/ ct (j Mean 
(j 

0.9 98 2.2 0.95 - - - -
0.8 104 2.51 1.02 125 2.48 0.85 0.94 
0.7 IOI 2.2 0.92 90 2. 12 l.01 0.97 
0.6 92 I .5 0.69 72 I .55 0.93 0.81 
0.5 80 I .15 0.61 59 I .12 0.82 0.72 
0.4 68 0.77 0.48 46 0.80 0.75 0.62 
0.3 53 0.52 0.42 35 0.55 0.68 0.55 
0.2 37 0.35 0.40 24 0.35 0.63 0.52 
0.1 12 0.17 0.60 13 o. 15 o.~o 0.55 

Run 11 Re=31 525 Pr=0.0235 Run 12 Re=30 719 Pr=0.0238 

Ra=25 100 L/0=83.6 Ra=26 200 L/0=60.6 

y/R e:r/v e:H/ et cr e:f'.-/v £ !ct (j Mean 
H (j 

0.9 30 0.32 0.45 27 0.30 0.47 0.46 
0.8 32 0.46 0.60 30 0.42 0.59 0.60 
0.7 31 0.37 0.50 29 0.62 0.88 0.69 
0.6 28 0.27 0.40 26 0.67 1.08 0.74 
0.5 23 0.22 0.40 18 0.52 I . 21 0.8! 
0.4 12 0.20 0.70 12 0.33 I • 15 0.93 
0.3 7 0.17 1.02 II 0.18 0.69 0.86 
0.2 16 0.15 0.39 14 0.12 0.36 0.46 
O. I 22 0 .12 0123 13 0.06 0.19 0.39 



- 0 .;.. i8 -

TABLE D. 3 

ISOTHERMAL EDDY DIFFUSIVITIES OF MOMENTUM 

RUN I -I 

Reynolds number = 52 240 
Frlctlon factor'= 0,00518 
Mean veiocity = 0.402 ft/sec. 
u* = 0.0205 ft/set. 

y/R u dU/dn 
·-

0.90 r .216 -0.047 
0.80 1.208 -0. '148 
0.70 I. 186 •0·.219 
0.60 I. I 53 -0. 301 
0.50 I . 115 -0.373 
0.40 1.073 -0. 439 
0.30 I .025 -0.580 
0.20 0.968 -0.687 
0.18 0.954 -0.768 
0.'16 0.936 -0.874 
0.14 0.9119 -0.985 
o. 12 0.898 -I .076 
0.10 0.874 -1.241 
0.08 0.851 -1.466 

' .25 f Re n 

6. 77 
13.5 
20.3 
27. I 
33.8. 
40.6 
47.4 
54. I 
55.5 
56.8 
58.2 
59.5 
60.9 
62.23 

RUN I -2 

Reynolds number = 31 320 
Friction factor = .00582 
Mean velocity = 0.240 ft/sec. 
u* = 0.0129 ft/sec. 

y/R u dU/dn 
.. ~·. 

0.90 I .288 -0.074 
0.80 1.214 -0.200 
0.70 I. 187 -0.271 
0.60 I .160 -0. 325 
0.50 I. 123 -0.419 
0.40 1.076 -0.489 
0.30 1.024 -0.550 
0.20 0.968 -0.751 
0.'18 0.947 •0.837 
0.:16 0.930 -0.924 
o.·14 0.9_12 -0. 936 
o. 12 0.893 -1·.042 
0. 10 0.871 -1. 183 

.. 25 f Re fl 

4.56 
9. II 

13.7 
18.2 
22.8 
27.3 
31 .9 
36 .5 

' ',' 37.5 
38.3 
39.2 
40.1 
41.0 

'-

e:M/\I 

143 
90.2 
9 I. 7 
90.0 
90.5 
91. 5 
81. 7 
77.7 
71.3 
64 .. 0 
58. I. 

54.3 
48. I 
4'! .4 

' 

·e:M/v 

60.6 
44.6 
49.7 
55.0 
53.4 
54.8 
57.0 
47~6 

43.8 
40.5 
40.9 
37.5 
33.-7 

e: /Ru* M -

0.107 
0.0677 
0.0688 
0.0675 
0.0679 
0.0687 
0.0613 
0.0583 
0.0537 
0.0480 
0.0438 
0.0408 
0.0361 
0.031 I 

- " 

e:M/Ru* 

0~072 
0.053 
0.059 
0.065 
0.063 
0.065 
0.068 
0.056 
0.052 
0.048 
0.049 
0.044 
0.040 
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APPENDIX E 

EXPER IMENTA.L .. BE$ULTS 

The Raleigh num~er reported In table E.1 ts 

= _p2 S g C A0 4 

p '. 
16 µK 

Al I the other dimens:lonless parameters and variables are defined In the 

nomenclature. 

.• 



TABLE E. I 

VELOCITY AND TEMPERATURE PROFILE MEASUREMENTS. 
----------------------------------------------

RUN NUMBER l 

DIMENSION LESS PARAMETERS 

REYNO LOS NUMBER 
RALE! GH NUMBER 
PECLET NUMBER 
PRANDTL NUMBER 
NUSS EL T NUMBER 
FRICTION FACTOR 
YANTOVSKI I CRiTER!ON 
Z CRITERION 
L/D 

VELOCITIES (FT/SEC.) 

UMEAN (BY INTEGRATION) 
FROM ORIFICE METER 
FROM HEAT BALANCE 

53906 
2171 
1297. 
0.02406 

10.9 
0.00510 
9.7 
0.00749 

83.59 

0.399 
0.400 
0.421 

TEMPERATURES (DEG.F.) 

TEST SECTION INLET 
TEST SECTION OUTLET 
INSIDE INSULATION 
OUTSIDE INSULATIO~ 
CENTRE LINE 
WALL (EXTRAPOLATED) 
TMEAN (BY INTEGRATION) 
ARITHMETIC MEAN TEMPERATURE 
TMEAN CBY INTERPOLATION) 

HEAT INPUT 

KWH 
PERCENTAGE HEAT LOSS 
NETT WALL HEAT FLUXCBTU/HR.SQ.FT) 

64.21 
77.53 

132.51 
99.80 
73.H 
81.11 
76.59 
76.81 
76.73 

3.55 
l.22 
1591 

-------------------------------------------------------------------------------------------
+ + I I i I I i 

y/R I v I y I u J u/uc I u I T-T
0 

I ~ I T+ i T/Tm 
I I I l i I 

--------------------------- -------------------------- ------------------------------------
l. 00 I 0.4348 I 1395.6 21. 6 1.000 i 1.091 o.oo 1. 00 I 10. 23 I 0.957 
o.9o I 0.4371 I 1256.7 21. 7 1. 00 5 I 1. 097 0 .11 0.98 I 10. 08 I (). 9 59 
0.80 I 0.4412 I 1117.9 21.9 1. 015 I 1.107 0.36 0.95 I 9.75 I 0.962 
0.70 I 0.4418 I 979.0 21. 9 1.016 I 1.109 0.69 0.91 I 9.32 0.966 
0.60 I 0.4t104 I 840.l 2 l. 9 l.013 I 1.105 0. 92 0.88 I 9.02 0.969 
a.so I 0.4371 I 701. 3 21. 7 1. 005 I 1. 097 l. 78 0.77 I 7.29 0.981 
0.40 I 0.4322 I S62.4 21. 5 0.994 I l. 084 2.39 0.69 I 7.08 0.989 
0.30 I 0.4161 I 423.5 20.7 0.957 I l.01l4 3.40 0.56 I 5.75 l. 00 2 
0. ?.O I 0.3981i ! 284.7 19.8 0. 916 I 1.000 4.36 0.43 I 4.49 1.014 
0.18 I 0.3893 I 256.9 19.3 0.895 I 0.977 4.65 0.40 I 4. ll l.018 
0. Hi I 0,3823 ! 229.l 19.0 0.879 t 0.959 4.84 o. 37 I 3.86 l. 021 
0.14 I 0.3752 I 201. 4 18.6 0.863 ! 0.941 5.03 0.35 I 3.. 61 l. 023 
0.12 I 0.3679 I 173.6 18.3 I 0.846 I 0. 923 5. 37 0.30 I 3.16 1. 028 
0.10 I 0.3GOS l 145.8 17.9 I 0.829 I 0.905 5.70 0.26 I 2.73 l.032 
l). J8 I 0.3504 I 118.0 I 17.4 I 0.806 I 0.379 5.93 0.23 I 2.43 l. 035 
0.06 I 0~3399 I 90.3 ! 16. 9 I 0.782 I 0.853 I 6. 22 I c.20 I 2.05 l. 039 
0.04 I 0.3605 i 62.5 I 17.9 I 0..829 l 0.905 I 6.56 I 0.15 I l •. 60 1. 043 
0.02 I 0.3065 j 34.7 I 15.2 l 0.705 I 0. 769 I 7.13 I 0.08 I 0 ~- 85 l. 051 

--------~----------------------------------------·-------------------~----------------------

rn 

N 



TABLE E. I CContinued) 

VELOCITY AND TEMPERATURE PHOF l LE MEASUREMENTS, 

----------------------------------------------
RUN NUMBER 2 

DIMENSIONLESS PARAMETERS TEMPERATURES (DEG, F.} 

REYNOLDS NUMBER 
RALEIGH NUMBER 
PECLET NUMBER 
PRANDTL NUMB ER 
NUSSELT NUMBER 
FRICTION Ft1CTOR 
YANTOVSKI ! CRITERION 
Z CRITERIOM 
L/D 

VELOCITIES (FT/SEC.) 

54053 
280S 
1274. 
O.U2358 
9. G 
0.00508 

14.1 
0.00958 

83.59 

TEST SECTION INLET 
TEST SECTION OUTLET 
~NSIDE INSULATION 
OUTSIDE INSULATION 
CENTRE LINE 
WALL (EXTRAPOLATED) 
TMEAN (SY INTEGRAllON) 
.AR! THMET IC MEJl.N TEMPEHJITURE 
TMEAN (BY INTERPOLATION) 

HEAT INPUT 

Kl'Jli 
PERCENTAGE HEAT LOSS 

66.30 
83. 52 

154.96 
111. 66 

77. 60 
88.80 
82. 22 
82. 41 
82.48 

UMEAN CBY INTEGRATION) 
FROM ORIFICE METER 
FROM HEAT BALANCE 

0.395 
0.393 
o. 423 NEH WALL HEAT FlvXCBTU/HR.SQ.FT) 

4.61 
1.27 
2064 

-------------------------------------------------------------------------------------------.. + I I I I I I 
y/R I I l I u,/u I ~ •· I T/T v y u u I T-T

0 
I i "' .I. 

I c I I I I I I Iii 

--------------------------------------------------------------- ----------------- --------1.00 I 0.3365 ! 1405.4 I l 9. 4 I l.000 I O. 97 7 I 0 0 (:Q l.iJO i 11.32 0.944 
0,90 I 0.3379 I 1265.G I 19.4 I 1.004 I 0,981 I 0.10 0,99 I 11. 2? 0.945 
o.su I 0,3909 I 1125.7 i 19.6 I l. u 12 i 0. 98 9 I 0. :?9 0. 'J7 1 u.o~, 0.947 
0,70 I 0.3'J84 I sr.5.9 ~ 20.0 I 1. 031 I 1. 008 I 0. 611 o.94 I lii. 6 I< 0.952 
0,60 1 o.i.on 1 S46,! 20.s i l. 05!1 I l. 035 I 1. 35 o.in I 9.95 0.960 
0. SU 0, 11l!l3 I 706. :! 2 lsQ I 1.032 ! 1.053 I 2.07 o.:n I 9. 23 0.969 
U" 4G 0.42uS I 566.4 21.4 I 1. 105 I 1.079 I .L09 0.72 i 8. 19 0,981 
0"30 0.42ti7 I 426.5 21. 3 I 1.099 i 1.074 I 4.35 0.61 I lj. 92 0.997 
0. 2() 0.4075 I 286 .7. 20.4 I l.054 l !.031 i 6.0& 0. 1;5 i !i. 17 l.OlS 
0 .18 0.4030 I 25S,7 20.2 I l.043 I 1.019 I 6 .116 0 .112 i 4,73 1. 022 
0 .14 0.3931 j 202.& 19. 7 I 1.017 I 0.994 ! 7.14 0.36 I 4.10 1. 031 
0. 12 O. 3ll62 I l "7' " I ::.J • V 19.3 I O.!in9 I 0. 977 I 7.91 0.29 I >.33 1.040 
u.10 0.3789 I 146.8 19,0 I o. no 1 0. 95 S I 8. 1,5 0.24 I 2.78 l. 047 
o.us 0,3705 ' 118 .·9 18, c: I O.:i59 I 0. 93i I 8. 77 0.21 ! 2.45 I l.051 
0.06 o.~53l I g (;. 9 17.7 l 0.914 I Q,893 I 8.97 0.19 I . 2. 26 I l.053 
0.04 0.3374 I 62.9 16. 9 l 0,873 I 0.353 I 9. 61; 0 .13 I l. 58 I l. 061 
0.02 0.3182 ! 35.0 15.9 l 0,823 I 0,805 I 10.31 0.07 I 0.89 I 1. 069 

--------- -------------~--~-------~------------------------------~-------------------------

fT1 

VI 



TABLE E. l (Confl nued} 

VELOC1TY AND TEMPERATURE PROFILE MEASURENENTS. 

RUN NUMBER 3 / 

DIMENSIONLESS PARAMETERS 

REYNOLDS NUMDER 
RALEIGH NUMBER 
PECLET NUMBER 
PRANDTL NUMBER 
NUSSELT NUMBER 
FRiCTION FACTOR 
YANTOVSKll CRITERION 
Z CP.ITERICN 
L/0 

VELOCITIES (FT/SEC.) 

UMEAN (BY INTEGRATION) 
FROM ORIFICE METER 
FRON HEAT BALANCE 

55062 
3809 
1273. 
0.02312 

10.2 
0.00507 

17.5 
0.01293 

83.59 

0.399 
0.399 
o. 418 

TEMPERATURES (OEG.F.) 

TEST SECTION INLET 
TEST SECTION OUTLET 
INSIDE INSULATION 
OUTSIDE INSULATIO~ 
CEN1RE LI NE 
WALL (EXTRAPOLATED) 
TMEAN (BY INTEGRATION) 
ARITHMETIC MEAN TEMPERATURE 
TMEAN (BY INTERPOLATION) 

HEAT INPUT 

~H 
PERCENTAGE HEAT LOSS 
NETT WALL HEAT FLUXCBTU/HR.SQ.FT) 

66,06 
89.41 

185.02 
127.53 

82.25 
96,08 
87,79 
87,93 
88.0l 

6.17 
l. 30 
2762 

-----------------------------------------------------------------------------------------~-
I I I + I + I 

u/u 
I I 

~ 
I T+ I 

T/'l'm I y/R I v i y I u I u I T-T
0 I I I c 

I I 
--------------------------------~------------ -------- --------------------------------·---
I l. 00 I 0.3769 I 1416.6 i 18.7 l l. 000 0.945 o.oo I LOO I 10.38 I 0. 937 
I 0.90 I 0.37Bl I 1275.G i 18.S I l.003 0.948 0,07 I 0,99 I 10.33 I 0.938 
l 0.80 I 0,3347 I 1134.7 I lg .1 I l.021 0.965 0.15 I 0.98 I 10,27 I 0,939 
! O.iO I 0.3940 I 993.7 I 19.6 I l. 045 0. 988 0.47 I 0,96 . I 10.02 i 0.942 
I 0.60 1 o.1ioos 1 852.8 I 19.9 l. 063 l. 005 1.13 I 0,91 I 9.53 I 0. 9 50 
I 0.50 I 0.4128 I 711. 8 I 20.5 l.095 1.035 l. 79 I 0.87 I 9.04 I· 0,957 
I 0.40 I 0.4206 I 570.9 I 20.9 l. llG l. 054 3.42 I 0.75 I 7.82 I 0,976 
I 0.30 I 0.4266 I 429.9 I 21. 2 1.132 l. 070 5.23 I 0. 62 I 6.45 I 0.996 
I 0.25 I 0.4252 I 359.4 I 21. 2 1.131 l. 068 5.96 I 0,56 I 5.91 I l. 005 
I 0.20 I 0.4202 I 289.0 I 20,9 l.115 1.054 7.23 I 0,47 I 4.9G I 1.019 
I D.16 I 0.4098 I 232.6 I 20.4 l. 08 7 1. 028 8.17 I 0,40 I 4.25 I l. 030 
I 0.14 I 0.4043 I 204.4 I 20.l 1.073 l.014 8.86 I 0,35 I 3. 73 I l. 038 
I 0.10 I 0.3895 I i:~-s~c 1 19.4 1. 034 0. 977 9.95 I 0. 28 I 2.91 I l. 050 
I cf. os l 0.3814 I 119.8 I 19.0 1.012 0. 956 10.5:> I 0.23 I 2.48 I. ·l.057 
I 0.05 I 0.3706 I 91.6 I 18.4 0.983 0. 929 11. 22 I 0.18 I 1.96 I l. 065 
I Ci. Ol> I 0~3506 I 63.4 I 17.4 0.930 0.879 12 .13 I 0.12 I 1.23 I l. 075 
I 0.02 I 0~3349 J 35.2 l 16.7 0.889 0.840 12.86 I 0.07 I 0.74 I l. 083 
--- -- ---- -- -.- _________ , ___ -- ---~----- ._ _____________ "!'" _______________ ----~----!----------------
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]"ABLE E. I (Continued).· 

VELO Cl TY AND TEMPERATURE PROF I LE MEASUREMENTS. 

RUN NUMBER 4 

DIMENSIONLESS PARM'1ETERS 

REYNOLDS NUMBER 
RALEIGH NUMBER 
PECLET NUMBEH 
FRANDTL NUMBER 
NUSSELT NUMBER 
FRICTION FACTOR 
YANTOVSKll CRITERION 
Z CRITERION 
L/D 

VELOCITIES CFT/SEC.) 

UMEAN CBY INTEGRATION) 
FROM ORIFICE METER 
FROM HEAT BALANCE 

36592 
8254 
768. 
0.02100 

12.5 
0.00556 

40.5 
0.04207 

83.59 

0.252 
0.249 
0.2(i9 

TEMPERATURES (DEG.F.) 

TEST SECTION INLET 
TEST SECTION OUTLET 
INSIDE INSULATION 
OUTSIDE INSULATION 
CENTRE LINE 
WALL (EXTRAPOLATED) 
TMEAN (BY INTEGRATION) 
ARITHMETIC MEAN TEMPERATURE 
TMEAN (BY INTERPOLATION) 

HEAT INPUT 

~H 
PERCENTAGE HEAT LOSS 
NETT WALL HEAT FLUXCBTU/HR.SQ.FT) 

69.53 
119.94 
243.53 
163.8Ci 
109.98 
124.04 
115.16 
114. 92 
116.92 

8.55 
1.39 
3824 

----------------------------·---------------------------------------------------------------
+ I I I I 

Y/R I v I Y I u• I il/u I U I T-T I ~ I T+ I T/T 
c I c I I I m 

------------------ -------- -------------------------·--------------------------------------
1. 00 I 0.2068 987.1 15.5 I 1.000 I 0.820 I 0.00 I 1.00 I 5.02 I 0.955 
0.80 I 0.2100 790.Ci 15.B I 1.01~ l 0.833 I 0.27 I 0.98 I 4.93 I 0.957 
0.70 I 0.2170 692.4 16.3 I 1.050 0.861 I 0.61 I 0.95 I 4.81 I 0.960 
0.60 I 0.2212 594.2 lCi.G ·I l.070 0.877 I 0.94 I 0.93 I 4.69 I 0.963 
a.so I 0.2344 496.0 17.6 I 1.133 0.930 I 1.G2 I 0.88 I 4.45 I 0.969 
0.4D I 0.2469 397.H 18.6 I 1.194 0.979 I 2.63 I 0.81 I 4.09 I 0.978 
0,25 I 0.2724 250.5 20.5 I 1.317 1.080 I 4.82 I 0.65 I 3.30 I 0.997 
0.20 I 0.2763 201.3 20.8 I 1.339 1.093 I 6.00 I 0.57 I 2.88 I 1.007 
G.lG I 0.2832 162.l 21.3 I 1.370 1.124 I 5.93 I a.so I 2.55 I 1.015 
-0.14 I 0.2875 142.4 21.6 I 1.390 1.140 I 7.41 I 0.47 I 2.38 I 1.019 
0.12 I 0.2902. 122.S 21.8 l 1.1103 1.151 I 8.38 I-, 0.40 1 I 2.03 I 1.028 
0.10 I 0.2917 103.1 l 21.9 I 1.410 1.157 I 8.72 I 0.38 I 1.91 I 1.031 
0.08 I 0.2869 83.5 I 21.6 l 1.387 1.138 I 9.66 I 0.31 I l.57 I 1.039 
0.06 1 0.2760 . 63.8 I 2C.7 t 1.335 I 1.095 I 10.40 I 0.26 I 1.31 I 1.045 
0.04 I 0.2669 ! 44.2 1 20.1 1 1.291 I 1,-059 I 11.7~ I 0.16 I 0.~3 I 1.057 
0~02 I D.24Zl I 24.G I 18~2 1 1.171-1 0~960 I 12.72 I 0.-09 I 0.48 I 1.065 

~--~----------~---·-~-------M~--·---~---~---------p----~-~----~,------------~--------------

rn 
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TA8LE E. I (Continued) 

VELOCITY AND TEMPERATURE PROFILE MEASUREMENTS. 

RUN NUMBER 5 

DIMENSIONLESS PARAMETERS 

REYNOLDS NUMBER 
RALEIGH NUMB EH 
PECLET NUMBEH 
PRANOTL NUMBER 
NUSS EL T NUMBER 
FR!CHO!i FACTOR 
YANTOVSKll CRITERION 
'Z CRITERION 
l/D 

VELOCITlES (FT/SEC.) 

35836 
8705 
759. 
0.02119 

13. l 
0.00562 

43.6 
0.06438 

60.59 

TEMPERATURES (OEG.F.) 

TEST SECTION INLET 
TEST SECTION OUTLET 
INSIDE INSULATION 
OUTSIDE INSULATION 
CEN.TRE LI NE 
WALL (EXTRAPOLATED) 
TMEAN (BY INTEGRATION) 
ARITHMETIC MEAN TEMPERATURE 
TMEAN (BY INTERPOLATION) 

HEAT IWPIJT 

KWH 
PERCENTAGE HEAT LOSS 

76.72 
116.15 
244.00 
1 B.12 
106.98 
121. H 
112.56 
112.17 
112. 96 

UMEAN (BY INTEGRATION) 
FROM ORIFICE METER 
FROM HEAT, BALANCE 

0.248 
o. ?39 
0.256 HETT WALL HEAT FLUX(BTU/tm.sQ.FT) 

6.35 
l.24 
38}6 

Y/R v y" • u 
B 
I u,luc 
l 

u 
I 
I T-'T' 
I ·c 

~ T" 
I 
I "'/1' I ~ - . :a 

i i~oo I D.1974 I 952.1 I 15.0 8 I.DUO 0.79G I o.uo 1.00 I 4.3& I 0.950 
i 0.80 I 0.2023 I 7G2.7 I 15.4 I 1.025 0.815 I 0.19 0.9s. -4 4.81 I 0.952 
I 0.70 I 0.2107 I GG7.3 I lG.O I l.UG8 0.849 I O.f.7 0.95 i 4.65 I 0.95G 
I 0.50 I 0.2~03 I 478.4 I 17.5 I l.170 0.930 I l,92 O.BG I 4.22 I 0.9li7 
I 0.30 I 0.2S42 I 2C9.0 I 19.3 I l.28H 1.025 I 4.2H O.G9 I 3.41 1· 0,988 

. l 0.20 I 0.2720·1 194.2 I 20.7 I 1.379 l.09G I 5.~6 0.58 I 2.84 I 1.003 
I 0.18 I 0.2774 I 175.3 I 21.l I 1.406 l.113 I 6.33 O.SS I 2.71 I l,007 
1 0.16 I 0.2789 I lSG,3 I 2I.2 I 1.413 1.124 I 7.26 0.49 I 2.39 I 1.015 
I 0.14 I 0,2712 I 137.4 I 21.2 I 1.415 1.125 I 7.74 0.45 I 2.23 I 1.019 
I 0.12 I 0.279·4 I lle.4 I 21.2 I l.4lli 1.126 I 8,19 0.42 I 2.07. I 1.023 
I 0.10 I 0.2764 I 99.5 I 21.2 I 1.411 1.122 1 8.94 0.37 I 1.82 I 1.030 
I 0.08 I D.2715 I 80.5 I 21.l I 1.406 I 1.113 I 9.93 0,29 I l.~G I 1.039 
I o.bG I 0.2739 I 61.6 I 20.s I l.388 I 1.104 I 10.8, 0.23 I l.17 I l.047 
I 0.04 I 0.2703 I 42.G I 20,6 I l,370 I l~-089 I 11.~6 1 O.lG I O.J2 I l.OSG 
I (;\.02 I 0.2562 I 23.7 I . 19.5 ! 1.29Q I 1.033 I 13.14. I 0.07 I 0 .• ;38 I 1.067 
-----~~--~------·---·-----~----------~-------------------·---------------------------------
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TABLE E. i. ('Cont.inued) 

VELCC.1 TY AND TEMPERATURE PROF I LE MEASUREMENTS. 
---~--------~---------------------------------RUN NUMBER 6 

DIMENSIONLESS PARAMETERS 

REYNOLDS NUMBER 
RALEIGH NUMBER 
PECLET NUMBER 
PRANOTL NUMBER 
NUSSELT NUMBER 
F~ICTION fACTOR 
YANTOVSKll CRITERION 
Z CRITERION 
L/D 

VELOCITIES (FT/SEC.) 

UMEAN (BY !NTEGRATION) 
FROM ORIFICE METER 
FROM HEAT BALANCE 

35157 
8758 
788. 
0.02241 

13.4 
o .'oo 561 

42.l 
0.11453 

35.57 

0.251 
0. 237 
0.253 

TEMPERATURES CDEG.F.) 

TEST SECTION INLET 
. TEST SECT:ON OUTLET 

INSIDE INSULATION 
OUTSIDE :NSULATiON 
CENTRE LINE 
WALL (EXTRAPOLATED) 
TMEAN (~Y INTEGRATlON) 
ARITHMETIC MEAN TEMPERATURE 
TMEAN (BY INTERPOLATION) 

HEAT INPUT 

KWH 
PERCENTAGE HEAT LOSS 
NETT WALL HEAT FLUX(BTU/HR.SQ.FT) 

75.83 
100.50 
21E.56 
161. 92 
91. 73 

105.51 
9 G .77 
96.42 
97.29 

3.94 
0.97 
3842 

------------------------------~------------------------------------------------------------
i I I + I + I I I I I + I 
I y/R I v I Y I u I u/u0 I U I T-T

0 
I Ill I T I T/T 

I I I I I I I I I I m 

--------- ----------------------------------- ----------------------------------- ---------
1 1.00 0.1958 I 926.3 I 14.7 I 1,000 0.781 I 0.00 I 1.00 4.71 0.948 
I 0.90 0.197U 834.2 I 14.8 I l.Oll 0.790 I 0.04 I 0.99 4.70 0.94f; 
I o.80 0.2066 742.0 I 15.5 I 1.056 0.825 I 0.18 I 0.98 4.65 0.950 
I 0~70 0.2139 649.8 I 16.0 I 1.093 0.854 I 0.36 I 0.97 4.59 0.952 
I 0.50 0.2343 465.5 I 17.6 I 1.197 0.935 I 1.45 I 0.89 4.21 0.963 
I D.30 0.2571 281.1 I 19.3 I 1.314 1.026 3.63 i 0.73 3.47 0.985 
I 0,20 0.2706 189.0 I 20.3 I 1.383 1.080 5.74 I 0.58 2.75 1.007 
I 0.18 0.2762 170.5 ! 20.7 I 1.411 1.102 6.21 I 0.54 2.59 1.012 
I 0.16 0.2826 152.1 I 21.2 I 1.444 1.128 6.54 I 0.52 2.48 l.OlG 
I 0.14 0.2844 133.7 I 21.3 i 1.453 1.135 7.15 I 0.48 2.26 1.022 
I 0.12 0.2849 115.2 I 21.4 I 1.456 1.137 7.63 I 0.44 2.lp 1.027 
I 0.10 0.2852 9~.8 I 21.4 I 1.457 1.138 8.50 I 0.38 1.81 1.036 I 
I 0.08 0.2842 "18 •. 3 I 21.3 I l.452 I l.134 9.20 I 0.33 I 1.56 1.043"1" 
I 0.06 0.2814 59.9 I 21.l I 1.~38 I 1.123 10.02 · I 0.27 I 1.2~ 1.051 I 
I 0.04 0.2735 ! 41.S I 20.5 I l.~97 I 1.~91 11.28 I 0.18 I . 0~8~ l.065 I 
I 0.02 D.2562 I 2,.0 I 19.2 1 1.309 I l.023 12.44 I 0.09 I -0.40 l.077 I 
------------~-------------------~---~---~-~~-------~-- --------------------~-~9----~-------
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TABLE E. I . (Continued) 

VELOCITY ANO TEMPERATURE PROFILE MEASUREMENTS. 

RUN NUMBER 7, 

D !MENS I O~ILESS PARAMETERS 

REYNOLDS NUMBER 
RAl.E I GH NUMB En 
PECLET NUMBER 
PRANDTI. NUMBER 
NUSS EL T lWMBER 
FRI CTI ON FACTOR 
YANTOVSKll CRITERION 
Z CRITERION 
l/U 

VELOCiTIES (FT/SEC.) 
-----~--------------

UMEAN CBY INTEGRATION) 
FROM ORIFICE METER 
FROM HEAT BALANCE 

32101 
3734 
757. 
0.023GU 

10. 2 
0.00575 

25.9 
0.02190 

83.59 

0.235 
0.232 
0.24G 

TEMPERATURES (OEG.F.) 

TEST SECTION INLET 
TEST SECTION OUTLET 
INSIDE INSULATION 
OUTSIDE INSULATION 
CENTRE LINE 
WALL (EXTRAPOLATED) 
TMEAN (BY INTEGRATION) 
ARITHMETIC MEAN TEMPERATURE 
TMEAN (BY INTERPOLATION) 

HEAT I N?UT 

KWH 
PERCENTAGE HEAT LOSS 
NETT WALL HEAT FLUXCBTU/HR.SQ.FT) 

60.75 
83.G5 

135.02 
l0l.li2 
78.83 
86.82 
82.00 
82.02 
82.28 

3.56 
1.24 
1595 

-------------------------------------------------------------------------------------------
+ ! + ! 

u/UC 
I I 

~ 
I T+ I 

T/Tli y/R I v I y I u I I u I T-Tc I I 
I I I 

-------------------------------------------------------------- --------------------------
1.00 0.2144 I 875.0 ! 17.0 I 1.000 I 0.913 I o.uo 1.00 I 6.47 I 0.961 
0.90 0.2155 I 78 7. 9 17.1 I 1. 005 I 0.917 I o.03 0.99 I 6.44 I 0. 96.2 
0.30 0.2177 I 700.9 17.3 I 1.015 I 0,927 I 0.09 o.9e I 5.40 0.962 
0. 70 0.22U9 G 13. 3 17.5 I 1.031 I 0. 9110 I 0.26 0.95 I 6. 2 5 0.965 
0.60 0.22.72 526.7 18.U I l.OGO I 0.967 I 0.51 0.93 I 6.05 0.96S 
0.4b 0.2432 352.6 19.3 I 1.135 I 1.035 I 1. 74 0.78 I 5.06 0.983 
0.30 0.2490 265.5 19.8 I 1. lG 2 I 1. 060 I 2.78 0.65 I 4.21 .• 0. 995 
0.25 0.2527 222.0 20.1 I 1.179 I 1. U7G I 3.42 Q,57 I 3.69 1. 00 3 
0.20 0.254G 173.S 20.2 I L 188 I 1. 084 I 4.14 I 0.48 I 3 .11 1. Oi2 
0.18 0.2546 161. l 20.2 I 1.182 I 1. 084 I 4.49 I 0.43 I 2.83 l. 016 

I 0. Hi 0.2528 1113. 7 20.1 I 1. 179 l 1.07G I 4. li5 I 0.41 I 2.10 l.018 
I 0. 14 0.2499 12li. 2 19.8 I 1. lGG I 1. 064 I 4.92 I 0,38 I 2.43 1.021 
I 0. 12 1 o. n11 108.S 19.6 I 1.153 I 1.052 I 5.37 I 0.32 I 2.12 1. 027 
I o.os j 0.2374 74.0 13.8 I 1.103 I 1. 011 j 6, 18 I 0.22 I 1.46 1. on 
I 0.06 I 0.2314 I. 56.6 18.4 ! 1.079 l I 0.985 I 6.37 J 0.20 I 1. 3.1 I l. 039 
I O • U 4 I 0 • 2216 I 3 9 • 2 1 7 • G I 1.. 03 4 I 0 • 9 4 3 I G • 9 5 I 0 • l3 I 0 • 8 4 I 1. 0 4 6 
I 0.02 I 0~19!10 .I 21.8 15.S. I o.ns I. 0.847 I 7.55. I 0.05 I 0~35 I 1.053 
-·-------~---~-------------------------------------------------------~~--------------------
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TABLE E. i. {Cor1ti m1ed) 
~·· 

VELOC !TY AND TEMPERATURE -PROF I LE MEASUREMENTS, 
' . 

----------~-----------------------------------
RUN NUMBER 8 

DIMENSIONLESS PARAMETERS 

REYNO LOS NUM8ER 
RALEIGH NUMl3 EK 
PECLET NUMBER 
PHANOTL NUMBER 
NUSS EL T NUMBER 
FRICflON FACTOR 
YANTOVSKll CRITERION 
Z CRITEfUON 
L/D 

VELOCITlES (FT/SEC.} 

UMEAN (BY INTEGRATION) 
FROM-ORIFICE METER 
FROM HEAT BALANCE 

33721 
3611 
784. 
0.02326 

10 .1 
0.00570 

24.G 
0.02823 

60.59 

0.245 
0.237 
0.254 

TEMPERATURES COEG.F.) 
----~----------------TEST SECTION INLET 

TEST SECTION OUTLET 
INSIDE INSULATION 
OUTSIDE INSULATION 
CENTRE Li NE 
WALL (EXTRAPOLATED) 
TMEAN (BY ifiTEGRATION) 
ARITHMETIC MEAN TEMPERATURE 
TMEAN (BY INTERPOLATION) 

HEAT INPUT 

KWH 
PERCENTAGE HEAT LOSS 
NETT WALL HEAT FLUXCBTU/HR.SQ.FT) 

71. 30 
8 7. 7l 

14 0. 6 5 
llO. 08 
82.99 
91. 01 
86.16 
86 .14 
86,39 

2.63 
1.15 
1590 

--------------------------------------------------~-------------------------·---------------

Y/R 
I I + I + l 

u/uc 
I u I 

T-T
0 

I 
~ 

I T+ I 
T/Tm I v ' y I u I i I I I I I 

I 
---------------------------------------------------·--------------------- -------- ---------
I l. 00 I 0.2201 I 906.l I 16.8 I 1. 000 I 0.899 o.oo I l. 00 6.66 0.963 
I 0.90 I 0.2205 I 815.9 I 16.9 I 1. 002 I 0.900 0.09 I 0.98 6.59 0.964 
I 0.80 I 0.2212 I· 725.8 I 16.9 I 1. 005 I 0.903 0. 33 I 0,95 6.39 C.967 
I 0.60 I 0.2311 I 545.4 I 17.7 I 1.050 I C.944 0.81 I 0.89 5.99 o. 973 
I 0.40 I 0. 2 4 93 I 365.1 I 19.1 I 1.133 I l. 018 1.66 I 0.79 5. 2S 0. 983 
I 0.30 I 0.2613 I 275.0 I 20.0 I 1. 18 7 I 1. 067 2.36 I 0.70 4.70 0,991 
I U.25 I 0.2G58 I 229.9 I 20.3 I 1.208 I l. 085 3~08 I 0.61 4 .10 0,999 
I 0.20 I 0.2!394 l 184.8 I 20.6 i 1. 224 I 1.100 3.82 I 0.52 3.49 l. 008 
I 0.18 I 0.2637 I 166.8 I 20.5 I l. 221 I 1. 097 4. 21 · I 0,47 3. lG 1.012 
I 0,16 l 0.2557 I 148.8 l 20.4 I 1. 214 I l. 089 4.60 I 0.42 2.84 l.017 
I 0.12 I 0.2623 I 112. 7 I 20.0 I 1.192 I 1.071 5.28 I 0.34 2.28 1. 025 
I 0.10 I 0.2568 I 94.7 I 19.G I l.167 I 1.048 5.76 I 0,28 l.&7 1. 030 
I a.us I 0.2522 I 76. G I 19.3 I 1.145 I 1.030 6.09 I 0.24 1. 60 l. 034 
I 0.06 I 0.2435 I 58.6 I 1.8. 6 I 1.107 I 0.995 6.44 I 0.19 1.31 l. 038 
! 0.04 I 0.2255 I 40.6 I 17. 2 I 1.025 ! 0. 921 7.16 I 0.10 0.71 1. 0116 
I 0.02 I C.2148 I 2 2. 5' i 16.4 I '0.976 I 0.877 7.77 i 0.03 0.21 1. 053 --- -- -- ------- ----------~-- -----------•-;------- -- -~----------- ---------~'!!9'--·-------- ----------

rn 
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TABLE E.! (Continued) 

VELOCITY AND TEMPERATURE PROF I LE MEASUREMENTS. 

RUN NUMBER 9 

DIMENSIONLESS PARAMETERS 

I 

REYNOLDS NUM13ER 
RALEIGH NUMl3ER 
PE CLET NUMBE!~ 
PRANDTL NUM13ER 
NUSSELT NUMBER 
FRICTION FACTOR 
YANTOVSKll CRITERION 
Z CRITERION 
L/D 

VELOCITIES tFT/SEC.) 

UMEAN (BY INTEGRATION) 
FROM ORIFICE METER 
FROM HEAT BALANCE 

I Y/R 
I 

v + y 

33993 
3754 
8 0~). 
0.02331 

10.3 
0.00576 

26.1 
0.05198 

35.57 

0.250 
0.237 
0.240 

I 
u• I u/u

0 I 

TEMPERATURES (OEG.F.) 

TEST SECTION l~LET 
TEST SECTION OUTLET 
INSIDE INSULATION 
OUTSIDE INSULATIOU 
CENTRE LINE 
WALL (EXTRAPOLATED) 
TMEAN (BY INTEGRATION) 
ARiTHMETIC MEAN TEMPERATURE 
TMEAN CSY INT~RPOLATION) 

HEAT INPUT 

KWH 
PERCENTAGE HEAT LOSS 
NETT WALL HEAT FLUXCBTU/HR.SQ.FT) 

I 
u T-T I 

c I 
~ T+ 

70.45 
81. 04 

134.&2 
104.99 
76.02 
84.36 
7'.l.45 
7'.l.39 
79.G6 

l.Cl 
1.13 
1569 

T/T
11 

1.00 I 0.2033 I 887.6 I 15.2 1.000 ! 0.314 0.00 1.00 6.83 0.957 
a.so I 0.2107 I 711.0 I 15.7 l.D37 ! 0.343 0.17 0.97 G.74 0.959 
0.70 I 0.2190 I 622.G I lG.4 1.077 I 0.87G 0.38 0.95 6.56 0.962 
0.50 I 0.2450 I 446.0 I 18.3 1.205 I 0.980 1.25 0.8S 5.E5 0.972 
0.40 I 0.2573 I 357.7 I 19.3 1.268 I 1.032 2.01 0.75 5.22 0.982 
0.30 I 0.2692 ! 269.4 I 20~1 1.324 I 1.077 2.78 O.G6 4.5Y 0.992 
0.25 I 0.273G I 225.2 I 20.4 1.346 I 1.095 3.45 0.58 4.04 1.000 
0.20 I 0.2752 I 181.l I 20.6 1.354 I 1.101 4.12 a.so 3.48 1.009 
0.13 I 0.2745 I 163.4 ! 20.5 1.351 I 1.099 4.41 0.47 3.24 1.012 
0.16 I 0.2728 I 145.7 I 20.4 1.342 l 1.092 4.83 0.42 2.90 1.018 
0.14 I 0.2703 I 128.1 1 20.2 1.330 I 1.082 4.99 0.40 2.77 1.020 
0.10 I 0.2640 I 92.7 I 19.7 1.299 I 1.056 5.95 0.23 l.S8 1.032 
a.as I 0.2576 I 75.1 I 19.3 I 1.267 I 1.031 6.43 0.23 1.59 1.038 
0.06 . I 0.2521 I 57.4 I 18.8 I 1.240 I 1.009 6.90 0.17 1.19 1.044 

I 0.04 I 0.1425 I 39.7 I 18.l I 1.19, I o.~71 7.25 U.13 o.g1 1.048 
I n.02 I 0.2275 I 22.1 I 17.0 I 1.119 I 0.910 7.66 u.o~ 0.57 1.053 
--------------------~--------------------~------~------~--------~-~-~~-----------------~--~ 

fTl 
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TABLE E. I (Coni·i nued) 

VELOCITY AND TEMPERATURE PRCF:LE MEASUREMENTS. 
---------------------~--~---------------------

RUN NUMB ER 10 

DIMENSIONLESS PARAMETERS 

REYNOLDS NUMBER 
RALEIGH NUMBEI< 
PECLET t.:UMBER 
P!\ANDTL NUMBER 
NUSSELT NUMBrn 
FRICTION FACTOR 
YANTOVSK! l CRITERION 
Z CRITERION 
L/D 

VELOCITIES (FT/SEC.) 

UMEAN (BY INTEGRATION) 
FROM ORIFICE METER 
FROM HEAT BALANCE 

32469 
3919 
790. 
0. 02433 

11. 8 
0.00575 

2. 3. 4 
0.11455 

1G. 77 

0. 241 
0. 237 
0.249 

TEMPERATURES CDEG.F.) 

TE$T SECTION INLET 
TEST SECTION OUTLET 
INSIDE INSULATION 
OUTSIDE INSULATION 
CENTRE LINE 
WALL (EXTRAPOLATED) 
TMEAN CBY INTEGRATION) 
ARITHMETIC MEAN TEMPERATURE 
TMEAN CBY INTERPOLATION) 

HEAT i NPUT 

KWH 
PERCENTAGE HEAT LOSS 
NETT WALL HEAT FLUXCBTU/HR.SQ,FT) 

69.09 
7 5. 08 

134.82 
1011.99 

70.58 
78.17 
73.64 
73.67 
73.64 

0.95 
1. 04 
170 3 

--------------4U----------------------------------------------------------------------------
+ .. I I l I I 

T+ 
I 

y/R I v I y I u I u/uc ! u I T-T I ~) I I m/•l' 
I I l 

c 
I I I 

~ Am 

-----------------------------------------------------------------------------------~~-------
1. 00 I 0.2274 I 878.2 I 17.6 I 1. 000 I 0.942 I o.co I 1. 00 I 5. 78 I 0. 960 
0. 8 (l I 0.2304 I 703.4 I 17.0 I 1. 014 I 0.955 I 0.04 I 0.99 I 5.75 I 0.%0 
O.GO I 0.23:65 I 528.6 I 1!l.3 I l. 040 I 0.980 I 0.59 I 0. 92 I 5.33 I 0.968 
0.50 I 0. 21134 I 441. 3 I 18.8 I l. u 71 I 1. 008 I 0.97 I 0,87 ., 5.03 I 0.973 
0.40 l 0.2491 I 353.9 ! 19.2 I 1. ()96 I l. 032 I 1.82 I 0.75 I 4.37 I 0.985 
0.30 I 0.254t I 26G.5 I 19.7 I 1. 121 ! 1.055 I 2. 7i I O.G2 I 3.64 I 0,997 
0.25 I 0.2575 I 222.8 I 19.9 I 1.133 l l.OG7 I 3.25 I 0.56 I 3.27 I l.004 
0.20 I 0.2583 I 179.1 I 19. 9 I 1.135 I 1.070 I 3.82 I 0.49 I :! • 8 3 I 1. 012 
0.18 I 0.2570 I 161. 6 I 19.9 I 1.lH I l. 065 I 4.10 I 0.45 I 2.51 I 1. 016 
0.16 I 0.2553 I 144.2 I 19.7 ! 1. 12 3 I 1.057 I 4.33 I 0.42 I 2.44 I l. 019 
0.14 I 0.2529 I 125.7 I 19.5 I 1.113 I 1.048 I 4.48 I 0,40 I 2.32 I l. 02 l 
0.10 i 0.2463 I 91. 7 I 19.0 I 1. 081~ I l. 020 I 5.15 I 0.31 I l. 81 l 1. 030 
0.08 I 0.2395 I 7 4. 3 I 18.5 ! 1. 054 ! 0.992 I 5.53 I 0.26 I 1. 5 l I 1. 035 
0,06 I 0.2305 I 56.8 I 17.8 I l.014 I 0.955 I 5. 81 I 0.22 I 1.f9 I 1. 039 
0.04 I 0.2232 I ::>9. 3 I 17.2 I 0.982 l 0.97.5 I 6,38 I 0.14 I 0. i) 5 I 1. 046. 
0.02 I 0.2091 I 21. 8 I 16.l ! 0,920 I 0.856 I 6.95 r O.Q7 I o.h I 1. 054 

-------·-----------------·---------------------~-------·----------------~-~-~-------------

rn 



TABLE E. I (Cont I nued) 

VELOCITY AND TEMPERATURE PROFILE MEASUREMENTS. 
----------------------------------------------

RUN NUMBER 11 

DIMENSIONLESS PARAMETERS 

REYNOLDS NUMBER 
RALEIGH NUMBER 
PECLET NUMBER 
PRANDTL '~JUMBER 
NUSSEl.T NUMBER 
FRI CTI ON FACTOR 
YANTOVSKll CRITERION 
Z CRITERION 
L/0 

VELOCITIES (FT/SEC.) 

UMEAN (BY INTEGRATION) 
FROM ORIFICE METER 
FROM HEAT BALANCE 

31525 
1595 
740. 
0.02348 
8.1 
0.00576 

15.2 
0.00!141 

83.59 

0.230 
0.232 
0. 24 l 

TEMPERATURES (OEG.F.) 

TEST SECTION INLET 
TEST SECTION OUTLET 
INSIDE INSULATION 
OUTSIDE INSULATION 
CENTRE LINE 
WALL (EXTRAPOLATED) 
TMEAN (BY INTEGRATION) 
ARITHMETIC MEAN TEMPERATURE 
TMEAN (BY INTERPOLATIO~) 

HEAT INPUT 

~H 
PERCENTAGE HEAT LOSS 
NETT WALL HEAT FLUX(BTU/HR.SQ.FT) 

74.25 
84.03 

103.45 
80.03 
81. 3 7 
85.94 
83.39 
a3.47 
33.45 

1.50 
1.98 
669 

-----------------------------------------------------------~-------------------------------
+ + I I I I I I 

y/R I v I y I u I u/u I u I T-'l'c I ~ I T+ I T/T
111 c 

I I I I I I 
--------------------------- ---------------------------------------------------------------

l.00 I 0.2205 867.6 17.8 I l. 000 I 0.958 I o.oo I 1.00 I 8.76 I 0.976 
a.so I 0.2254 G 95. 0 18.2 I 1. 022 I 0.980 I 0. lG I 0.9G I 8' 4 !) I 0.978 
0.70 I 0.2314 608.6 18.7 I 1. 050 I 1. 006 I 0.29 I 0.93 I 8. 7.0 I 0.979 
0.60 I 0.2382 522.3 19.3 l LOSO I 1. 035 I 0.64 I 0.86 I 7.53 I 0.983 
a.so I 0.2452 436.0 19.8 ' 1. 112 I 1.056'1 1. 05 I 0.77 I 6.74 I 0.988 
0.45 I 0.2501 392. s 20.2 I 1.134 I 1.087 I 1. 24 I 0.72 I 6., 37 I o. 991 
0. 110 I 0.2540 34 9. 6 20.5 I 1.152 I 1. 104 I 1. 40 I 0.69 I 6.06 I 0.993 
0.35 I 0.2540 306.5 2 0. 5 I 1.152 I 1.104 I l. 76 J O.Gl I 5.39 I 0.997 
0.30 I 0.2529 253.3 20.4 l l. 14 7 I l. 0!39 I 2.04 I 0. 5 5 I 4.84 I 1. 000 
0.25 I 0.2463 220.1 19.9 I 1.117 I 1.070 I 2.25 I a.so I 4. 411 I 1.003 
0.20 I 0.2334 177. 0 19.3 f 1.081 i 1. 036 I 2.GO I 0.43 I 3. 77 I 1. 007 
0.15 I 0.2303 •133.8 18.G I l. 04 4 I 1. 001 I 3.01 I 0. 34 I 2. 91:! I l. 012 
0.10 I 0.2193 90.5 17.7 I 0,995 I 0.953 I 3.62 I 0. 20 I 1. 82 I 1. 019 
0,05 I 0.2054 56.l '· i'B ;7 I 0. 93 6 I 0.897 I 3.91 I 0 •. 14 I l. 27 I 1.023 
0,05 I 0.1997 47.5 16 .1 I 0.906 ! 0. 868 i 3. 97 I 0.13 I 1.16 I l.023 
0.03 I 0.1822 30.2 H.7 I 0. 8 2 7 .. I 0.792 I t~.21 I 0.01 I ·0 .•. 68 I 1.026 
0.02 I 0.1652 21. (j 13. 4 1.i 0. 7 4 9 'I 0. 718 l . 4 •. 3.5 I 0.04 I 0.43 I 1.028 --·--- ---- --- ---- -- --- -----:...--~------- ---- ____ ,".'"'_.;.. ___ -- ~- -----·- --··· -·--,-·- ---·--- -·- ---:"·- -- -·--------
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TABLE E. i 
___;....,·;,..~ 

(Continued) 

VELOC ITV AND TEMPERATURE PROF I LE MEASUREMENTS. 
----------------------------------------------

RUN NUMBER 12 

DIMENSIONLESS PARAMETERS 

REYNOLDS NlJM!3ER 
RALEIGH NUMB ER 
PECLET NUMBER 
PRANDTL NUMBER 
NUSS EL T NUMB ER 
FR i CT I ON FACTOR 
YANTOVSK!I CRITERION 
Z CRITERION 
L/D . 

VELOCITIES (FT/SEC.) 

UMEAN C6Y INTEGRATION} 
FROM ORIFICE METER 
FROM HEAT BALANCE 

30719 
16 3 7 
732. 
0.02384 
8.3 
0.00578 

15.0 
0.01349 

G0.59 

0.226 
0.232 
0.239 

TEMPERATURES (DEG.F.) 

TEST SECTION INLET 
TEST SECT(ON OUTLET 
INSIDE INSULATION 
OUTSIDE INSULATION 
CENTRE LINE 
WALL (EXTRAPOLATED) 
TMEAN (BY INTEGRATIO~) 
ARITHMETIC MEAN TEMPERATURE 
TMEAN (BY INTERPOLATION) 

HEAT INPUT 

~H 

PERCENTAGE HEAT LOSS 
NETT WALL HEAT FLUXCBTU/HR.SQ.FT) 

72.92 
80.36 
99.93 
77. 92 
77. 25 
81. 7l 
79.15 
79. 24 
79.i6 

1.14 
1. 82 
682 

-------------------------------------------------------------------------------------------
/ 

... + I u/ + . 
Y R I V i Y I u I u0 I U I T-T I ~ I T I T/T 

I I I I c m 

--------------------------- ----------------------------------- ---------------------------
1.00 I 0.2159 I 855.l 17.7 I 1.000 I 0.955 I D.00 l.OD I 8,37 I 0.976 
O.BO I 0.2206 i 684,9 18.l I 1.022 I 0.977 I 0.14 0,96 I S.ll I 0,978 
0,60 I 0,2320 I 514.7 19.l I 1.075 I 1.027 I 0.54 O,SS I 7,36 I 0.983 
a.so I 0,2394 I 429.7 19.7 I 1.109 I 1.060 I O.S3 O.Sl I G.82 I 0.9E6 
0.45 I 0.2440 I 387.1 20.1 I l.130 I 1.080 I 0,96 0.78 I 6.~7 I 0.988 

I 0,40 I 0.2480 I 344,6 20.4 I 1.149 ! 1.097 I l.24 0,72 I 6.04 I Q,992 
I 0.35 I 0.2497 I 3C2,J 20.5 l 1.157 l 1.105 I 1.58 0,64 I 5.40 I 0,996 
I 0.30 ! 0.2492 I 259.5 20.5 I 1.155 ~ 1.103 I 1.92 0.56 I 4.76 I 1.000 
I 0.25 I 0.2464 I 217.U 20.3 I 1.142 I 1.091 I 2.21 a.so I 4.23 I 1.004 
I 0.20 I 0.2399 t 174.4 19.7 I 1.112 i 1.062 I 2,49 ~.~4 I 3.70 I l.007 
I 0.15 I 0.2292 I 131.9 18.S i 1.052 ! l.014 I 2.94 0.34 I 2.ss I 1.013 t 
I 0.10 ! 0.212~ I 89.3 17.5 I 0.985 I. 0.942 I 3.39 0,23 I 2,00 I 1.019 
I O.OS I 0.2(,)46 I 72.3 15.8 I 0,948 I 0.906 i 3,59 0.19 I l.63 I 1.021 
I o.u6 I 0.1949 I 55,3 16.0 I 0.903 I 0.862 I 3.85 I Q.13 I l.15 j 1.025 
I 0,04 I O.lS30 I 38.3 15.0 I 0.848 ~· 0.8iO I 3.96 I 0.11 I 0.94 I l.026 
I 0.02 I O.HSl; I 2l.3 13.8 i 0.780 I 0.745 I 4.21 I Q,{)S ,I ''i0.46 I l.029 
----------~--~---~~~----~-----~--------~~-----~----~-----------~-----~~--~~ .. ~~~------~~---

rn 

VI 



TABLE E.·l (ContJnued) 

VELOCITY AND TEMPERATURE PROF1LE MEASUREMENTS. 
--------~-------------------------------------.RUN NUMB ER 13 

DIMENSIONLESS PARAMETERS TEMPERATURES (DEG.F.) 

REYNOLDS NUMBER 
RALEIGH NUMBER 
PECLET NUMBER 
PRANDTL NUMBEH 
NUSS ELT NUMBER 
FRICT!OiJ FACTOR 
YANTOVSKll CRITERIO~ 
Z CRITERION 
LiD 

VELOCITIES (FT/SEC.) 

30629 
1644 
7 34. 
0.02396 
s.o 
0.00580 

16.0 
0.02344 

35.57 

TEST SECTION INLET 
TEST SECTION OUTLET 
INSIDE INSULATION 
OUTSIDE INSULATION 
CENTRE LINE 
WALL (EXTRAPOLATED) 
TMEAN (BY INTEGRATION) 
ARITHMETIC MEAN TEMPERATURE 
TMEAN (BY INTERPOLATION) 

HEAT INPUT 

KWH 
PERCENTAGE HEAT LOSS 

74.09 
78, 73 
99.68 
81. 03 
75.75 
80.42 
77.77 
77. 89 
78 .12 

UMEAN (BY INTEGRATION) 
FROM ORIFICE METER 
FROM HEAT BALANCE 

0.226 
0.230 
0.236 NETT WALL HEAT FLUXCBTU/HR.SQ.FT) 

0.70 
1. 57 
675 

-------------------------------------------------------------------------------------------
y/R v + y + u 

I 
I u/u.

0 I 
u 

I 
I T-T 
I c 

~ T+ 
I 
! T/Tm 
! 

------------------------------------------------------ --------------------------·~---------
1. 0D I 0.2258 I 846.5 I 18.5 I l.DUU l 0.999 0.00 I l.00 8,77 l 0.974 
a.so I 0.2291 I 678.1 I' 12.a I l.015 I 1.014 -0~22 I 0.95 8.35 I 0,977 
0.60 I 0,2385 I 509.6 I 19.6 l l.057 I l.OSG 0.62 I 0.86 7.62 : 0.982 
0.50 I 0.2419 I 425.4 I 13.9 i 1..072 I 1.071 0.95 I 0.79 5.98 I 0.986 
0.45 I 0.2451 I 383.2 I 20.l i l.08G L 1.085 1.15 I 0.75 6.G2 I 0.989 
0.40 I 0.2460 I 341~1 i 2D.2 I 1.090 I 1.089 1.29 0.72 6.35 I 0.991 
0.35 ! 0.2475 i 299.0 I 20.3 I l.097 I 1.0S6 1.63 0.54 5.62 I 0.996 

i 0.30 I 0,2453 I 256.9 I 20.l ! 1.-037 I 1.086 1.94 ti.58 5.14 I 0,999 
I 0.25 I 0.2403 l 214.8 I 19.:.l I :t.057 I L06G 2.41 0.48 4.25 I l.005 
I 0.20 i 0.2362 l 172.7 i 19.4 I 1.0117 l 1.04£ 2.M 0.42 3,72 I 1.009 
I 0.15 I 0,2256 i 130.6 i 12.5 I Q, • .999 I 0.99!i . 3.17 0.32 2.83 I 1.015 
I 0.10 I Q.2169 I 88,4 l 17.8 I o.~61 I 0.95-0 3.53 o.24 2.14 I l~-019 
I O.Dll l 0.2092 i 71.6 I 17.2 I 0,'927 I D~'i8:2;~) ... ,J .·3.1>."1 0.18 . .I L.::62. l" ·1.'+02.3 
I 0.05 I 0.19;i4 I 54.7 i 15 •. 9 I 0.857 I 0;3;55 l 4.09 0.12 I l.09 l l.027 
I. 0.04 i 0.1871 I 37.·~ ·1 15·~4 ! 0,829 I 0.828 I 4.41 O.lU I 0.88 I 1.028 
I 0.:02 I o.·1586 I 21.1 I 13.0 I 0.703 ! .' 0:~7'02 .I 4.til 0.05 I 'o.50 I 1.031 -- -~-·- ~~:;,_ ~-_..·:... ~ ~·,;;._-:·,;..; ______ --- --~-1-----~·--~·----·-·".'9-~-.-.'.--'-:..-.-:'°----·------------ WO- ..,.,;.....;. __ '!9_!91,.."".'""""------

' ' 
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TABLE E. I. (Continued) 

VELOCITY .ANO TEMPERATURE PROFILE MEASUREMENTS. 
----------------------------------------------

RUN NUMBER l4 

DIMENSIONLESS PARAMETERS 

REYNOLDS NUMBER 
RALEIGH NUMBER 
PECLET NUMB ER 
PRANDTL NUMBER 
NUSSELT NUMBER 
FnlCTION FACTOR 
YANTOVSKI I CRITERION 
Z Cl'? ITER I ON 
L/D 

VELOCITIES (FT/SEC.) 

UMEAN (BY INTEGRATION) 
FROM ORIFICE METER 
FROM HEAT BALANCE 

31128 
1747 
755. 
0.02424 
9.5 
0.00580 

12.0 
0.05269 

16.77 

0.231 
0.232 
0.237 

TEMPERATURES (DEG.F.) 

TEST SECTION INLET 
TEST SECTION OUTLET 
INSIDE INSULATION 
OUTSIDE INSULATION­
CENTRE LINE 
WALL (EXTRAPOLATED) 
TMEAN (BY INTEGRATION) 
ARITHMETIC MEAN TEMPERATURE 
TMEAN (BY INTERPOLATION) 

HEAT INPUT 

KWH 
PERCENTAGE HEAT LOSS 
NETT WALL HEAT FLUXCBTU/HR.SQ.FT) 

73. 49 
76 .16 
% .51 
77.99 
73.45 
77. 04 
74.64 
H.75 
75.51 

0.40 
1. 45 
72 3 

------------------------------------------------------------------------------------·-------
+ I + I I I I l T+ I 

y/R I v I y I u I u,/uc ! u ! T-T l ~ I i '1'/T c m 
I --------------------------- ---------------------------------------------------------------

I 1. uo I 0.2560 I 851. 9 20.6 J 1. 000 ! 1.108 I 0.00 I 1. 00 I 5. 3-5 I 0.984 I 
I 0. 90 I 0.2555 I 7G7.l 20.5 I 0.999 i 1. l OG I 0.04 I 0.98 I 6. 28 I 0.985 I 
I 0.80 I 0.251;9 I 682.3 20.5 I 0.99G I 1.104 I 0 .11 I 0.96 I 6.15 I 0.986 I 
I 0.70 l 0.2547 I 59 7. ti 20.5 I 0.995 I 1. 103 I 0.20 I 0. 911 I 6. 00 I 0.987 I 
I 0.60 I o.2s:;9 1 512.8 20.4 I 0.992 I 1. 099 I 0.33 I 0.90 I 5.77 I 0.989 ., 
I 0.50 I 0.2517 ! 423.0 20.2 I 0.983 I 1. 09 0 I 0.49 I 0.86 I 5. 118 I 0.991 I 
I 0. !;O I 0.2484 I 343.3 20.0 I 0.971 I l.075 I 0.77 I 0.78 I 4.99 I 0.994 I 
I 0.30 I 0.2429 I 258.5 19.5 I 0. 94 9 I 1.051 I l. 10 I 0. 6!) I 4.41 I 0.999 I 
I 0. 20 I 0.2325 I 173.8 18.7 I 0.908 ! 1. 00 7 I J. lf8 I o.ss I 3. 73 I 1.004 I I 

I D.15 I 0.2266 I 131. 4 i e. 2 ! 0.885 I 0. 98 l I i.81 I 0.49 I 3. 1.5 I 1. 00 8 I 
I 0.10 I 0.2154 I 89.U l 7. 3 I 0.842 i o. 93 3 i 2.20 I 0.38 I 2.47 I 1.014 I 
I 0.08 I 0.2100 I 72.0 16. 9 I 0.821 I 0.909 i 2.39 I 0.33 I 2. 13 I 1. 016 I 
I 0.06 I 0~2010 I 55.1 16.2 I 0.785 I 0.870 I 2. 64 I 0.26 I 1. 70 I 1. 019 I 
I 0.04 I 0.1398 i 38.l 15.3 I 0.742 ! O.S22 J 3.02 I O.lG I 1. 02 I 2.025 I 
I 0.02 I O.l~Sl1 I n.2 12.7 ~ 0.519 I 0. 68G l 3 .'35 I 0.06 I 0. 4.4 I 1. 029 I 
-------------------------------------------------------------------------------------------

rn 
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TABLE E.2 

ISOTHERMAL VELOCITY PROFILE i - I 

Reynolds number = 52 240 

Fric+t on factor '"' o.oosl8 

u* - 0.0205 ft/sec. 

Integrated mean velocity - 0.402 ft/sec. 

Orf flee meter tnean velocity - 0.402 ft/sec. 

Mercury temperature = 56.54°F 

,. ..... - - ·- -

y/R u/u. + + 
v u y u 

' c 

I .0 0.488 i. 21 I .0 1354 23.80 

0.9 0.487 l.21 0.998 1218 23.76 

0.8 0.484 i .20 0.992 1083 23.61 

0.7 0.476 1.18 0.975 948 23.22 

0.6 0.458 I .24 o.994 812 22.34 

o. 5 o.446 i . I I 0.914 677 2i .16 

0.4 0.429 1.07 0.879 541 20.93 

0.3 0.41 I 1.02 0.842 406 20.05 

0.2 0.388 0.965 0.795 271 18.93 

o. i8 0.380 0.945 0.779 244 18~54 

0.16 0.376 0.935 o. 770 217 18.34 

0. 14 (}~ 365 0.908 0. 748 190 t7.80 

o. 12 o. 360 0.896 0. 738 162 17.56 

0.10 o.·3si 0.873 o.719 135 17. 12 

0.08 0.341 0.848 0.699 108 i6.63 

0.06 0.329 0.818 0.674 81 .2 16.05 

o.04 0.3i I o.774 0.637 54.1 l 5. :17 

O.o02 0.286 o. 7 l 1 0.586 27. I l'.3.95 
.. -· 

· .... ';.. .. ,,_. 



- E - 17 -

TABLE E.2 (continued) 

ISOTHERMAL VELOCITY PROF I LE I - 2 

Reynolds number = 31 320 

Frl ct I on factor = 0.00582 

u* = 0.0129 ft/sec. 

Integrated mean veloclty = 0.240 ft/sec. 

Orifice meter mean velocity = 0.240 ft/sec. 

Mercury temperature = 59°F 

y/R u u/uc 
+ +· 

v y u 

1.0 0.295 1.23 1.00 857 22.87 

0.9 0.294 1.23 0.997 771 22.79 

0.8 0.290 I. 21 0.983 686 22.48 

0.7 0.285 1.19 0.966 600 22.09 

0.6 0.278 I. 16 0.942 514 21.55 

0.5 0.269 I. 12 0.912 428 20.85 

0.4 0.258 1.08 0.875 343 20.00 

0.3 0.245 1.02 0.831 257 18.99 

0.2 0.229 0.954 0.776 171 17.75 

o. 18 0.226 0.942 0.766 154 17.52 

0. 16 0.223 0.929 o. 756 137 17.29 

0.14 0.218 0.908 0.739 120 16.90 

o. 12 0.215 0.896 o. 729 103 16.67 

o. 10 0.209 0.871 0.708 85.7 16.20 

0.08 0.200 0.833 0.678 68.6 15.50 

0.06 0.192 0.800 0.651 51. 4 14.88 

0.04 0.185 0.771 0.627 34.3 14.34 

0.02 o. 173 0.721 0.586 17. I 13.41 




