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"Heat transfer to liquid metals, with observations on the effect of 

superimposed free convection in turbulent flow" by H. 0. Buhr. 

Q.tJJiNARY /~TNL'EJ4:SNT OF NJ~.JOR CONTRIBUTIQli 

Evaluation of the different theories of heat transfer to liquid 

metnls requires values of the ratio of eddy diffusivities of heat and 

momentum, Vlhich may be obtained from temperature and velocity profiles 

i measured in the flowing liquid metal. Temperature profiles have been 

. f 

I 

reported by a number of ~orkers, but these results are in poor agreement 

and this investigation was undertaken to measure further profiles and thus 

obtain reliable eddy diffusivities. 

Chapter 1 introduces the background to liquid metal heat transfer 

theoFy, and Chapter 2 contains a discussion of the experimental apparatus 

that was constructed for the purposes of this investigation. A description 

of this equipment he-s been published (Ref. 64::·) and the material is included 

here with the permission of the candidate's supervisor. Chapter 3 

discusses the unsuccessful attempts to measure velocity profiles, and then 

goes on to consider appropriate values of the eddy diffusivity of momentum, 

based on the universal velocity profile.. The data of Nikuradse''' are 

recommended after a careful study of all the available data and the author 

believes that this is a conclusion which will be useful to other vvorkers in 

the field, vc•ho usually make an essentially random choice of eddy diffusivities • 

Twenty-three temperature profiles are reported in Chapter 4, and 

represent a contribution to the body of available data. These profiles 

also show inconsistencies ~:.rhen compared on the classical basis of the same 

Reynolds number, but the author suggests that the discrepancies observed 

are due to a superimposed free convection effect, and proposes a criterion. 

as well as a method of correlation (Fig. 25) whereby such an effect is 

* References are given in the text. 
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CHAPTER 1 

INTRODUCTION 

1 o 1 THE ANALOGY BETWEEN HEAT AND MOW.tENTmJ TR.A.NSFER 

The rates at which heat and momentum are transported across 

the radius for a fluid flowing in a circular tube are given by the 

following well-known forms of the energy and momentum equationsg 

q I P c . p 

r/p 

= - ( a + E'H) dT/dy 

= ( v + ~M) du/dy 

( 1.1) 

( 1. 2) 

The quantities a and v represent molecular transport of heat and 

momentum respectively~ and are the only significant factors in 

laminar flow 1 while the 11 eddy diffusivities" of heat and momentum, 

eH and eM represent the additional transport occurring by eddy 

motion for the case of turbulent flow. 

In 1874 Osborne Reynolds (1) recognised that heat is transported 

away from a hot surface primarily by turbulent eddies, and since 

these eddies are also mainly responsible for the pressure loss due 

to friction, the concept of an analogy between heat and momentum 

transfer has arisen. In its simplest form, the analogy states that 

the molecular diffusivities of heat and momentum are negligible, or 

equal, the eddy diffusivities of heat and momentum are equal, and 

turbulence extends right up to the wall. These assumptions lead to 

the relation 
St = f/2 ( 1 • .3) 

which has become known as the Reynolds analogy. ( St = ~oG and f 

is the friction factor)o 

The concept of similarity between heat and momentum transfer 

was extended by Prandtl (2) and Taylor (3) who postulated the 

existence of a laminar layer next to the wall, and by von Karman (4) 

·who introduced an intermediate or buffer region .between the 

laminar and turbulent layers, following on the suggestion of Eagle 

and Fel'guson (5). The equation given by von Karman is 

- f/2 
St - 1 + §if/2{Pr- 1 + ln[1 + (5/6)~Pr- 1)]} ( 1. 4) 
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and is based on the velocity distribution 

0 + < 5, + + ( 1. 5a) < y u =y 

5 + < 30, + -3. 05 + 5 ln y + (1.5b) <Y u = 
+ 30, + = 5.5 + 2.5 ln y + ( 1. 5c) y > u 

The von Karr:1an equation was further extended by Boel ter 9 Martinelli 

and Jonassen (6) to include the effect of variation of fluid 

properties with temperature. 

All tha_analyses referred to above contained the assumption . ~~, 

of complete identity of the mechanisms of heat and momentum 

transfer in the turbulent cc~o, which in effect meant equality of 

the eddy diffusivities of heat and momentum and negligible 

molecular transport. In 1947 Martinelli (?),however, in a refine­

ment of the work of Boelter et al. (6)~ recognised 

(a) that the eddy diffusivities may not always be equal 9 and 

oarriod tho ratio 

E' = E'H I E'M 
through his analysis 9 although he subsequently equated E' to 

l•O to get numerical results, 

(b) that the molecular diffusivity of heat will not be negligible 

in the turbulent core in some cases 9 such as fluids with very 

high thermal conductivities 9 for example liquid metals. 

Martinelli accordingly defined a factor F which is.the ratio of the 

thermal resistance due to the total (molecular plus eddy) diffusion 

to the resistance due to eddy diffusion alone, in the turbulent 

co~e. The resulting relation is 
E' ffl{ (T!'[_Tc)/(Tvr-Tav) 

St = 5 [ R E'Pr + ln(1 + 5E'Pr) + 0.5F ln -fa~] 
( 1. 6) 

1.2 HEAT TRANSFER TO LIQUID :METALS. 

Applications for liquid metals as heat transfer media in 

nuclear reactors have arisen in recent yeRrs 9 due to their thermal 

stability, high boiling points, and low neutron capture oross-

coction. 
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The Martinelli equation? (1.6) above? was the first heat transfer 

theory to take account of the special properties of liquid metals, 

and in 1951 Lyon (8) also produced an analysis for heat transfer 

to liquid metals, for the case of constant heat flux through the 

tube wall. Lyon evaluated his integral equation for the Nusselt 

number in the Prandtl number range 0 to o·1? using the velocity 

data of Nikuradse (9), and found that his results 9 as well as those 

of Martinelli, could be reasonably described by ~he simple approximate 

equation 

Nu = 7 + 0.025(c Pe)
0

· 8 
( 1. 7) 

This relation~with e=l 9 has become known as the Martinelli-Lyon 

equation and has been widely accepted for the prediction of heat 

transfer coefficients in liquid metals. 

An alysis for the case of constant wall temperature by Seban 

and Shimazaki (10) resulted in a similar equation vvith the constant 

equal to 5 instead of 7. 

Styrikovich and Semenovker (11) were the first to present 

experimental data for forced convection heat transfer to liquid metals 

and further data have followed from many other investigators (12-17). 

t~ 1956 Lubarsky and Kaufman (18) reviewed all the experimental 

results available at that time, and presented them on a consistent 

basis. They distinguished between data based on overall measurements, 

·for which a higher Nu is usually obtained 9 and data based on a fully 

developed temperature profile 9 as well as between cases of uniform 

wall temperature and uniform heat input. The shaded aroa in Fig. 1 

represent the bulk of the data correlated by Lubarsky and Kaufman, 

on a plot of NussGlt vs. Peclet numbers 9 for the case of fully 

developed heat transfer at uniform heat flux. Further measurements 

have been presented by Brown et al. (19) and a number of Russian 

investigators (20-26). The data of Subbotin et al (22) are also shovvn 

in Fig. 1. These latt~r data aro typical of Nussolt numbers obtained 

for tho alkali metals, which in gonoral agree with tho Martinolli-Lyon 



I l 

- -

HEAT . ". TRANSF.EE DATA FOR . . . ·.· LIQ_UID METALS, 

1 • Martinelli L - yon equation Nu = . . 
2. Bulk of . 7 + o. 025(Pe) o. 8 

experimental · . · at . . data for full uniform heat flux a:f' Y developed :flo 
( 18) • . ' ter. Lubarsky and Kaufman w 

3 Alk • . . · ah.-metal da . · ta o:f Subbotin et al. (22). 
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equation given by the solid curve in Figo 1. In contrast to the 

alkali metals, data for the heavy metals (mercury, lead-bismuth), 

which form the bulk of the cases investigated by Lubarsky and 

Kaufman, are seen to fall about 30% below this curve. Better 

agreement is obtained at higher Peclet numbers, while wide 

discrepancies are observed between predicted and experimental Nusselt 

numbers at low Pe. The latter range is represented mainly by the 

data of Johnson et al. (15) 
Attempts to reconcile the Martinelli-Lyon theory wi'h -the 

experimental results have centred mainly on the two concepts of 

(a) a thermal contact resistance between the wall and the fluid, 

which could result in calculated heat transfer coefficients which 

are unrealistically low, and 

(b) the possibility that the ratio of eddy diffusivities might be less 

than unity, which would lower the Martinelli-Lyon curve (see 

equn. 1. 7) o 

The agreement obtained between alkali metal data, determined in 

carefully _cleaned test sections, and the Martinelli-Lyon equation, 

has been taken to indicate the existence of a thermal contact 

resistance with the heavy metals, due to oxide or gas films, or 

non-wetting of the surface of the test section by the liquid metal. 

~~ile the effect of a contact resistance should be absent in heat 

transfer coefficients calculated from temperature profile measurements, 

such measurements do not, in general, support the Martinelli-Lyon 

theory. Furthermore, MacDonald and Quittenton (27), in a critical 

analysis of the available data, concluded that, while non-wetting 

of the tube wall may result in an appreciable electrical resistance, 

the thermal resistance is negligible. However, until an explanation 

of the discrepancies is found, the possibility of a thermal contact 

resistance can obviously not be discounted. 

A number of theories have been put forward to evaluate the ratio 

of the eddy diffusivities of heat and momentum. These theories are 
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discussed in the next section. It has also been suggested~ both by 

Jakob (28) and by Lyon (29) 9 that low values of the Nusselt number 

may be caused by a free connection affect 9 particularly at low 

Peclet numbers. This aspect has _not ao f~r received any attention. 

1.3 THE RATIO OF EDDY DIFFUSIVITIES 

A number of theoretical analyses have been made to predict the 

value of the ratio of eddy diffusivities in liquid metals. Jenkins (30) 

in 1951 considered the heat loss from an eddy9 or "lump" of fluid, 

during its flight from one layer of fluid to another at a lower 

temperature 9 and by means of asswnptions regarding the size of the eddy 

and the nature of the momentum eddy diffusivity 9 derived an expression 

for the ratio of eddy diffusivitiess eH/eM. The same line of reasoning 

has been followed by other investigators9 who considered the heat 

loss from an eddy 9 and made various assumptions about the transfer 

of momentum. Correlations for eH/eM havo 9 for example 9 been 

presented by Deissler (31) 9 Lykoudis and Touloukian (32), Azer and 

Chao (33) 9 Dvvyer (34) and Sesonske et al. (35-37). These theories 

all predict values of e less than unity 9 so that 9 when values of e 

(radial average) are substituted into equn. lo7 9 better agreement 

with experimental data is obtained. 

In order to test predicted values of e, a nwnber of experimental 

investigations have been made. The eddy diffusivities eH and E'M may 

be determined from the energy and momentun1 equations 1.1 and 1.29 

by evaluating the slopes of experimental temperature and velocity 

profiles. Such profiles were first measured by Isakoff (17) in 1952 
and by Brown et al (19) in 1957, with mercury as the test fluid. 

Since 1961 an appreciable nwnber of temperature profiles have been 

reported 9 in both mercury and liquid metals. A list of investigators 

is given in Table 1.1. In a recent paper Carr and Balzhiser (38) 
have reviewed temperature profile data currently available and have 

presented values of the eddy diffusivity ratio on a common basis. 

Fig. 2 9 which is taken from Ref. (38) shows values of E' at Re ~ 105 
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~ 1.1 

LIQUID METAL TEMPF..RATURE PROFILE ME.ASU:REHENTS 

Investigator L . . .:l Fl Number of' 3 Y J.qUJ.u OW f' •1 R 1 0-
ear Metal birection P~~. J.teds e x 

Isakof'f' (17) 

Brown et al. ( 19) 

1952 

1957 

Hg 

Hg 

Kirillov et al.(20) 1959 NaK(7~K) 

Subbotin et al.(21) 1961 Hg 

Subbotin et al.(22) 1961 Hg 

. NaK(78%K) 

Buyco (36) 1961 Hg 

Kokorev and 
Ryaposov (23) 1962 Hg 

Subbotin et al.(25) 1963 Hg 

Borishanskii 
et al. (26) 1963 Na 

Schrock (37) 1964 NaK( 56%K) 

t 

t 

t 

t 

t 

t 

re~-~or e 
12 

5 

6 

2 

2 

2 

5 

28 

1 

23*':: 

37.6- 373 

244 - 731 

4. 5 - 36.4 

26.9 & 228 

24.2 & 204 

16.2 & 24.7 

55.5 - 111 

110 - 160 

22.1 - 427 

50.7 

2.1 - 76.8 

·i· The tests of' Brown et al. ( 19) were conducted on mercury that 
was being cooled. In.the cases of' the other investigators, 
the liquid metal was heated. 

t"; These investigators do not report individual profiles. An 
"averaged" profile is given for three values of' Re. 

•:'* These profiles include vertical, horizontal and 45° traverses. 
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together with tho theoretical values of Doissler (3l),Azer and Chao 

(33) and Dvzyer (34)~ and provides a good example of typical 

experimental results and their relatiOnship to the various theories. 

It is clear that the experimental data available so far arc not 

consistent or accurate enough to provide a check on eddy diffusivity 

theories~ but it does appear that e often exceeds unity~ in contrast 

to the theoretical predictions which all call for e to be loss than 

1.0. 

1.4 SCOPE OF EXPERIIv.IENTAL VJORK. 

In a recent review on liquid metal heat transfer~ Dvzyer (39) 

expresses the belief that future progress in establishing the 

Nusselt-Peclet relationship 7 particularly at low Poclet numbers, 

will depend more on reliable experimental results than on theoretical 

analysis. The present investigation was undertaken in an attempt 

to elucidate some of the discrepancies in liquid-metal heat transfer 

theory pointed out in the previous section, and specifically to determine 

reliable values of eH/eM. To this end it was proposed to measure 

temperature and velocity profiles in mercury~ with particular 

attention to the low-Pe rangeo 

At the time that this project was initiated~ the detailed report 

of Isakoff (17) formed a convenient starting point and the experiment­

al equipment vvas thus desiged following Isakoff' s principles, with 

changes incorporated where the experience of that investigator had 

indicated them to be necessary. 
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· FIG. 2 RATIO OF EDDY DIFFUSIVITIES FOR MERCURY AT Re - 1 o5 •. 
FROM CARR AND BAJ..ZHISER (.38.2.:. 

1. Subbotin et al. (21), revalued 2. Kokorev and RYaposov (23) 

3. Buyco (36) 4. Isakof.:f' (17) 5. Brown et al. (19) 

A. Dwyer (34) theoretical B. Azcr and Chao (33) theoretical 

C. Deissler (31) theoretical 
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CHAPTER 2 

EXY'RIMENTAL EQUI Pl\EENT 

2.1 THE TEST LOOP 

The test loop is c::hown schematically in Fig. 3. Mercury 

f::'.G'::.'ed vertically upwards through an electrically heated test 

section i6.3 ft. long, and vertically dovmwards through a second 

test section, which was water-jacketed over a length of 14.7 Zt. 

The test sections were constructed of l. 62'4 in. I .D. seamless stainless 

steel tubing? 0.138 in. thick 9 and each incorporated a probing 

station which consisted of a temperature and a velocity probe, 

installed at right angles to each other. These probing stations 

were situated at 105 and 98 diameters from the start of tho heated 

and cooled test sections, respectively. 

A centrifugal pump and orifice meter were situated at the top 

of the loop to minimise static pressure on the pump gland and meter 

connections. The pump was operated at low speeds and was bolted to 

a platform 20 ft. above the laboratory floor. Because of the large 

weight of mercury 9 special consideration had to be given to supports 

for the loop. These supports consisted of a coil spring on a 

hydraulic jack9 enclose·d in a steel pipe 9 underneath each vertical 

leg. The hydraulic jack supported the weight of the apparatus 

while the coil spring allowed for therraal expansion during operation·. 

Fig. 4. is a photograph of the top part of the loop and shows 

the·pump drive system 9 as well as the orifice meter and overhead 

expansion chamber. Fig. 5 shows the lower portion of the experimental 

apparatus 9 and includes tho two vertical test sections 9 the variable 

transformer for the heating coils and tho general instrumont~tion 

a~d recording equipment. The assembled probing station in the 

water-jacketed section can be seen in the photograph 9 as well as the 

two supports for the loop. The horizontal section connecting the 
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FIG. 4 UPP.r~ PART OF TEST LOOP. 

A. Motor B. Variable speed drive c. Reduction gearbox 

D. Expansion chamber with perspex observation port, mercury filling 

valve and nitrogen supply E. Centrifugal pump, discharge port 

facing downwards F. Upper crosslink of loop (insulation removed) 

showing or:ii'i ce meter. 
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A. Variable transformer B. Heated vertical test section c. Cooled 

vez~ical test section vdth cooling jacket, and probing station showing 

velocity and temperature probes D. Meter panel £or upper and lower 

heating circuits, including variable resistors in lower circuit 

E. Panel for auxiliary heater F. Thermocouple switching panel 

G. Thermocouple leads H. Multipoint temperature recorder and milli-

volt recorder J. Potentiometer ~ Double-walled container for 

ice reference point L. Millj.vol t reference source M. Supports 

N. Cooling water supply 
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heating and cooling test sections is obscured by the control panel. 

2. 2 TEl'1IPERATURE AND VELOCITY PROBES 

Each of the t wo probing stati ons consi s t ed of t wo nozzles 

we lded onto t ho tube a t ri ght angl es to each other? one nozzle 

carri ed tho t emper a ture probe and the other tho tota l-head probe 

for measuring t ho v elocity profile . A sta tic tap was situa t ed 

at 135° away from each nozzl e , as s hown in Fig . 6. The tap 

cons i sted of a single l/16 in " D. bol o ~ carefully deburred~ in 

a pl ane a short distance upstream from tho centre line of the 

nozzles. 

An assembled t emperature probe is shown in Fig. 7. The 

thermocouple was made from 36-guage l acquer ed iron and constantan 

wires by di scharging a 30- [J.f condenser a cross the ends. \'lith 

sor:~e experiment a tion, a junction could be obtai ned which was 

r easonabl y strong ~ but no l a r ge r in s i ze t han t he combined 

diameters of the wires . This ther mocouple \Vas t hen threaded 

through a 22-guage (0.028 in OD) hypodennic needle which was he ld 

by a f:;._t r·e s l eeve and cement ed into a l/8 in. strut with an epoxy 

r esin . The needle was bent down for 7/16 in. t o nearly a ri ght 

angle with the s trut and the thermocouple wire itself was bent 

sligh t ly for•uar d s o that , on advancing tho pro be t o the wall , the 

ther mocouple would contact the wall fir s t. The wall position 

could therefore be accurat e ly deter mined by e l ec t rica l contact. 

The ti p of t he noodle was a l so seal ed ,-,i th epoxy resin. 

The probe carriage was he ld onto t he nozzle by six bo lts and 

traversing of the probe was achi eved by a b1urled whee l which 

acted on a threaded spindle l ocked to tho strut. The position of 

t he probe was indica t ed by a dial guage r eading to 0.0002 in. The 

pro be ent ered the test s ection through a slit filed in tho tube 

wal l . The slit was made just l arge enough to allow the probe to 

pass through ? so a s to minimis e di s turbance to the flow. Mercury 
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leakage was prevented by tho t vvo neoprene washers shown. 

The t ot a l-prossur o ve locity probe was cons tructed in the 

s ame way as tho t emperature pro be. The hypodermic needle~ which 

carri ed a ther mocouple in tho t emper a ture pro be , vvas l eft open 

in t his cas e~ and the end was flatt ened into a semi-rectangular 

shape. Tho hypodermic w~ll thickness in the region of the probe 

tip was carefully reduce d by using a 8iniaturo grinding tool 

under a microscope, and the ti p was thon polished with fine 

emery paper. Out s ide di mensi ons of the tip were approximately 

0.030 in x 0 . 017 in 9 tho smallest dimension be ing i n the radial 

direction. Details are shown in Fig . 8. Whi l e t ho end of the 

hypodermic noedlo oxtonded slightly outwards tovvards the wall, 

the tip was flattened off normal to the flow direction . 

A thin wire was at t ached to the hypodermic needle of tho 

velocity probe and the wall position was det er mined by e l ectrical 

contact and simultaneous visua l observation, as a l so in the ca se 

of the temperature probe . 

2.3 HEATING SECTION 

Two modes of heat input, constant heat flux and constant wall 

temperature , have been t r eated theoretica lly (7 9 10). Constant 

heat f l ux has boon most widely used in experimental investigations 

and this method of heating was empl oyed here, so as to obtain 

comparabl e r esult s. A nichrome heating ribbon, i in. wide, was 

evenly wound round the t est section, with adjacent windings 

spaced as closely as possi bl e . Tho wi ndings we r e then held in 

place by l~ i.pe clamps, applied ovor woven asbestos tape, at 

frequent intervalso 

The heating ribbon was separat ed from the pipe by a layer 

of woven gl ass fibre tape , It was found that two l ay ers of 

0.007 in. asbestos paper held to the pi pe with sodium silicate, 
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0 2 

inch~s 

FIG. 6 PROBThTG- STATION NOZZLES AND STATIC TAP. 

FIG. 7 DETAILS OF TEMPERATURE PROBE. 
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-· 

(a) The velocity probe, and part of inser t , 

removed from apparatus. 

(b) Detail of probe tip. 

FRONT END 

(c) Appr oximate dimensions of tip, inches x 1000. 

lli-~ 8 .:. f.T ._r .s OF VELOCITY fTillilli.. 
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as recommended by Isakoff (17) 1 did not give suffici ent e l ectrical 

insulat ion and short-c i rcui t ing be t ween tho hea t ing coil and tho 

pipe occurred. It i s suspected th~t this may have been duo to 

tho moisture content of t he asbes to s paper and sodium silica te. 

Tho gl assfi br o insulat i on gave a heat i ng ri bl>on- t o-tubo r esis t anc e 

of about 105 ohr.1s and will wi ths tand t cmpor ::ttur os up to 700° F. 

A connection on t he heat i ng coil ha lfway along t he test 

section nllowod tho hea ting ourront to be appli ed in t wo par allel 

s ections from a variabl e transformer capabl e of supplying a 

maximum of 100 ruups at 160 vo l ts . Tho r es istanc e of each half 

circuit was approxi r.1atel y 3.3 ohms which a llowed operation a t 

a maximun1 current of 50 amps t hrough each section. Details of 

t he r es i s t ances and a r eas covere d by the heating coil a re given 

i n a ppendix F.l. I n order to a llow balancing of t he r ates of 

heat input through t ho u pper and lowe r coils an additional 

variabl e r esistance was inserted into the lowe r circuit. Each 

circui t contained an amme ter? voltmete r and an induction-type 

kilowatt-hour me ter, connect ed as shown in appendi x F.l. Heat 

input was dete rmined by timing a nur.1 bcr of r evolutions of the 

disc of t he KWH neter. 

The main he a ting coil had to be br oken i n order to pass 

over the probing s tation? and was r e connected with a l ength of 

thick copper br a id. The a r ea l eft uncovered was t hen filled in 

with an auxili a ry winding which consisted of 24- gauge nichrome 

wire threaded through wov en asbestos t ape . The a r ea covered by 

this auxili ar y heater was only about one- half of the area left 

uncover ed? the r es t being t aken up by the pro be no zzles. It 

seems r easonabl e to assume, however, that t he small extent of 

t his area , and the r e l atively thick pipe wally would smooth out 

any irregulariti es in t he heat flux introduced a t this point. 

The heating section was insula t ed with asbestos rope and 

sections of preformed g l assfibre pipe insulation. Thermocouples 
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inserted on t he inner and out er surf3c es of t ho l att er insulation , 

just inside the clot h c ove ring~ allowed the r a t e of heat l oss t o 

be asti me>. t ed . 

2.4 COOLING SECTION 

A j acke t of 2.5 in. I.D. PVC pi pe was f i tt od ov er t ho c ooling 

t est s ection, as well 3 S ov er t he bottom cross-link. The j acke t 

was ho l d onto t ho pi pe by annular rubber stoppers a t either and, 

and was connec t ed across the probing st2tion by f l anging tho PVC 

pi pe on either s ide and fitting a split gaske t of thick rubber, 

shaped t o fit ov er the pr obe nozzles. Three s t uds, halfway a long 

t he t est s ection, centra lised tho stainless steel pi pe i n the 

j acke t. Coo l ing wat er was r outed t hr ough the j acke t counter­

currently t o t ho me r cury f l ow . By r egul a ting the wat er flow 

t o be t her mally equivalent t o th8 f l ow of mercury, constant hea t 

flux conditions could t hus be obt a inedo The srume pr oc edure was 

used by Br own e t al. (19). Copper-constantan t he r mocoupl es in 

t he wat er j ackot a llowe d t ho t emper a ture gr adi ent t o be det er mined . 

2 . 5 Tlli"'JJPERATURE MEASUREIVIENT 

2 . 51 Ther~ocouplo s 

TKi xing cup t emper a tures a t t he i nl e t and out l e t of 

bo t h t ho heat ed and coo l od t est s ections wer e obtained from 

iron-constantan t ho n 1ocoupl es l oca t ed at tho bonds of the 

t est l oop . Tho cou pl es wer e pl aced in l engt hs of 1/8 in. 

stainl ess stool tubing we l ded t hr ough ca ps on t ho cor ner 

t ees and s eal ed with epoxy r os in. Mixing wns obt ained by 

means of orifice pl ates , with t he orifice just slight ly 

smaller t hem tho pi pe ID, we l ded into t ho pipes just 

ahoad of tho bends. In t ho c ~so of tho inlot to t he 

cooling s ection, mi xing was ensured by the pump , and the 

ther mo coupl e cons i sted of an iron wiro fixed to a 
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constantan wire strung acro ss the flow path ? t ho wires 

pas s ing out through the va lve gasket. 

Each t es t s ec tion was ringe d with a tota l of t en 

ther mocou pl es in t he vic inity of the pro be ? cement ed 

into ho l e s drill ed 1/16 ino into the pipe wall. Since 

the exact distance of these t he r mocoupl es i nto t he wall 

could not be detor Qi ned? r eadi ngs fron t hose cou pl e s 

could be approximate only 9 as dis cuss ed in appendix 

B. Furthe r t hermocouples indic~tod the t emperatures 

of the heating coil and ~uxi liary heat er 9 as well as 

t ho insula tion and water t emper atures already 

mentioned. 

All thermocouples wer e connected to l eads of 

tho s ame ma t eri a l and t aken to a switching pane l on 

t he gr ound floor l evel. Furthe r de t ails a r e given in 

appendix F.2. 

2.52 Temperature r eadings 

Cert ain ther mo coupl e s we r e connected to a 

Honeywell multipoint r ecorde r ? a s an indica tion of the 

appr oach to equi l i brium? and a s a check on oper a tion. 

Thern1o coupl e r eadings in gener a l could be measured on a 

Pye preci s i on potentioceter, r eading to 1~V ? with 

r e f erenc e t o either the test section inle t 9 or t o ice . 

The ice point r e f e r ence was obt a ined from a thermocouple 

placed in a doubl e- walled per spex conta ine r fi lled with 

crus hed ice . 

Initia l r eadings for the t emper a ture profile in 

the hea t ed t est sect ion wer e t ~ken on the potentiometer, 

using the inle t t he r mocoupl G as a r eferenc e point. 

Unsymnetrica l pr of i l es we r e obtained . Thi s di screpancy 

was corrected by u s ing ice ~s a r eferenc e and it is 
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presumed tha t contact be t ween the t wo couples through 

t he mercury was a cause of the observed a symmetry. 

Tos t s on t he cooled t es t s ection a l s o showed an 

asymme tr~ which could not be corrected by using an 

exter nal r ef er enc e point. Extens ive t es ts l ed t o the 

conclus ion tha t a short-circuit exis ted within t he 

pro be as s embly i tself. Thi s de f ect could not be 

conveni ently corrected and t emper a t u r e profil e measure­

ments on the coo ling s i de we r e consequently abandoned. 

Difficulty was experienceiin de t ermining an 

accura t e av er age re adi~g from t he fluctua tions in 

t emperature obs erved on the potentiome t er 1 and the 

pr obe t he r mocoupl e emf was accordingly recorded on a 

Ki pp millivolt r ecorder. Thi s enabl ed t he av er age 

temper a t ure to be accura t e ly es timat ed . A further 

i mpr ovement was effec t ed by opposing the t he rmocouple 

emf with a knovm standa r d? nearly equal to it self 1 

t he r eby enabling t he us e of a more sensi t i ve r ecorde r 

sca l e f actor . The r efe r enc e used in the first ins tanoe 

was boiling ca rbon di sulphi de 1 which was subs equ ently 

r eplac ed by t he sys t em shovm in Fig;. 9. A typica l 

t emper a ture profile r ecor ding i s shown in Fig. 20, in 

Chapter 4. 

2. 6 PUMPING x'I.ND FLOW MEASUREi!tfENT 

Di fficulty in pumping me rcury ha s boon r eported (17) 

when using rot ary gear puE1ps. In a preliminary t es t~ it was 

found t ha t an ordina r y centrifugal pump gave exc ellent r esults 

when run a t low sp eeds. A 12 in. centrifugal pump was 

accordingly us ed in t he t est loop? and was belt driven by 

a 3-h.p. motor through a sliding-pulley vari able speed 
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drive and a 10-to-1 r eductio n gear box . This arrangement 

gav e a speed r ange of 70 to 300 r. p . n . The graphitod 

packing in tho pump gl and was r epl a ced with Teflon rings 

to avoid contruni n.-:~. tion of the mercu r y and to r oduc o friction. 

Lit t l e or no n e rcury l eakage occurred . 

Flow control vvas achi eved by varying tho pump speed 

and us i ng a diaphragm- typo outlet val v o . Tho flow r ate was 

measured with an orifice me te r~ equipped with an invert ed 

mercury-air manometer. The flow no t e r had boon pr evious ly 

calibra t ed with wa t er (s oc appendi x F .3) and was mainly us ed 

initi ally to set tho flow r ate f or t est runs . Accura t e flow 

r LJ. t es cou l d be obt <J. inod by ho.l. t b::t l ::mcos over t he t es t 

section . 

2. 7 DIFFERENTI AL Pit~SSUHE llliASUREJIJ.Li;NT 

Me G.suromonts of differ onti o. l pr e s sure wore r equired for 

the t wo v e locity probes and f or t ho stntic pressure t aps 

which wer e i nst LJ. lled i n tho ho::t t ed t e s t section . The l a tt er 

t aps were the st :1ti c t ap nt t he probe and another~ 149 in. 

upstre ~m~ for me asur ement of the friction pr essure loss. 

Pressur e t a ps wor e connected t o a switching system on t he 

upper pla tform through l/8 in. nylon tubing . 

Det o rmin~tion of t he velocity profile r equired tho 

measurement of r elativ e l y low differ enti a l pr essures . This 

pr esents considerabl e problems~ and a vari e ty of manome t ers~ 

inclined manomet ers ::md pr essur e t r g,nsducor s wor e eDployed . 

Initia lly t ho a ppar atus was equipped with a gas pressurising 

system as u sed by I sakoff (17) , whi ch wu.s subsequ ently r eplaced 

by a form of inclined "Prancitl go.uge " and v G.ri ::tions thereof. 

· The gas pressuri s ing sys tem is illustr~ted in Fig . 10, 

and cons ists of t wo pr essure pots , each equi pped with inlet 
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nnd outle t solenoid valves~ whi ch permit o.. s low l eak of 

ni~rogen into or ou t of t ho pots. Nit r ogen was supplied 

from a high-pressure c;y linder c:md needle v nl v os nllowe d the 

inlet nnd outl et r a t es of le~kage t o be adju s t ed. Ench of 

the t wo r el ev ant mercury l ogs we r e connected to a contact 

cell whi ch was in tur n connected to the pressure pot~ and 

the nitrogen pressure in t hi s vessel was intended t o counter­

ba l ance the mercury pre ssure. Conto.ct be t ween t he mercury 

l eve l and a tungsten e l ectro de actua ted tho solenoid v a lves 

to control t he nitrogen pressur e . Suitable capaci t ors 

over the contact ~oint pr event ed exc es s ive spar king and 

"cha t t er". The gns pressure was then measured on an 

inclined wnter mnnome t er • . This sys t em eff ected an approx­

i mately 100-to-l a1:1plifica tion comp::..r ed wi th a v ertica l 

mercury manome t er. 

Another type of mercury manome t er us ed i s shown in 

Fig. 11 9 and utili ses tho we ll known pr incipl e of one l a r ge 

and one sm~ll l eg 9 wher e the movement is essentia lly 

confined to t he small i nc lined ca libr a t ed l eg shown in tho 

figure. The l ar ge gl :1ss v essel shown w::~.s support ed on the 

stand of a trave lling t e l esco pe ::..nd could thus be moved so 

as to obtain a convenient zoro pos ition 9 and r oo.dings t aken 

on t he inclined manomet er , or alternativ e ly the system 

could be oper CJ. t od on the null princi pl e 9 whereby t he l a r go 

vess e l i s ooved t o return the l eve l in t he inclined leg to 

the null position and the pressure diff er ence is r ead on the 

verni er s ca l e of the trav elling t el escope. The spnce above 

the mercury was filled with de- aera t ed wat er. 

2. 8 TESTING AND FILLI NG 

In order to a llow the r eady escape of gas on filling 

the appar a tus, the crosslinks connecting the two vertica l 
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FIG, 1 0 GAS PRESSURING MANOMETER SYSTEM. 

(Disconnected from apparatus). 

A. Adjustable inclined manometer B. Relay switching box. (Elec­

tric wiring runs behind. panel C. Nitrogen inlet (Supply discon­

nected) D. Contact cell (mercuxy pressure leads discotmected) 

E. Pressure pot F. Solenoid valve (on outlet) G. Needle 

valve (on inlet) H. Leads to manometer. 
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FIG. 11 NULL-TYPE DIFFERENTIAL MANOl.lE'TER. 

A. Reservoir carriage with vernier slide B. 3-in. D. reservoir 

( mercury level obscured) C. Inclinea tube D. PrP.ssure leads 

from equipment. 
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test sections were given an upward slope. Air vents were 

installed just upstream of the orifice meter and on the 

highest point of the pump to allov1 residual gas to be bled 

off. 

An expansion chnmber 9 to allow for expansion of mercury 

during heating,was provided at the top of the loop. This 

vessel was off-set from the main flow path so as to obviate 

the gas entrainment problems encountered by other workers 

(17~27)~ and incorporated the mercury filling valve~ a 

nitrogen supply and a bleed valve. 

Before charging 9 the loop was pressurised to 20 psi and 

all leaks 9 as indicated by a soap bubble test 9 were 

eliminated. Connections in this loop were either flanged 

or union-type fittings with cork gaskets on the faces., 

After testing 9 the loop was filled with carbon tetrachloride 

which was then puinped around the system to remove any oily 

·contamination. The loop wa.s then drained 9 dried out with 

nitrogen 9 and filled with mercury until the level 9 observed 

through the perspox top of tho expansion chamber? was well 

into that vessel. Filling tho apparatus required 680 lb. 

of mercuryo 

A drain point was provided at tho lowes·t point of the· 

loop. The drain valve was connected by me.ans of a hose to 

a steel box which served as an oQergency dump tank. 
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CHAPTER 3 

VELOCITY PROFILES AND THE EDDY DIFFUSIVITY 

OF MONIENTmil 

3.1 EXPERIMENTAL WORK 

In order to measure velocity profiles, the centrifugal 

pump was switched on and the variable speed drive advanced 

until the desired flow rate, indicated·on the orifice meter, 

was reachedo Cooling water was run through the jacket in 

order to prevent temperature changes in the mercury. The 

total-pressure probe was then advanced to the desired radial 

position and the differential pressure between the probe and 

the static tap measured. 

About 40 experimental runs were carried out, under 

isothermal conditions, both with mercury and with air as 

the test fluid 9 and using a number of pressure measuring 

deviceso In general, the results can not be considered to 

be reliable, due to cert~in deficiencies in the experimental 

equipment which became apparent during tho course of the 

experimental work. The extent of the experimental attempts 

to measure velocity profiles is briefly outlined below. In 

a further section the available literature is reviewed and 

values of the eddy diffusivity of momentum are recommended. 

3.11 Profiles in oarcury 

Initial tests showed that an inverted mercury 

manometer was not sensitive enough to measure the 

differential pressures obtained. A gas pressurising 

system as used by Isakoff (17) and described in 

Chapter 2 was therefore built. Ey this means the 
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mercury pressure was transduced into a gas pressure 

which could be measured on an inclined water manometer. 

On an 8gl inclination~ this produced an increase in 

sensitivity of about llOe Fluctuations in the readings 

were observed 9 but by careful ndjustmont of the inlet 

and outlet needle valves on the pressure pots~ 

fluctuation of the mercury level in the contact cells 

were reduced to a minimum and insertion of lengths of 

capillary tubing in tho manometer leads removed any 

residual fluctuations on the manometer. 

Results for a number.of runs are compared on a 

u+ vs. y+ basis with the universal relationship of 

von Karman (4)~equn. 1.5~ in Fig. 12. Typical 

calculations are shown in appendix A. Good agreement 

is obtained over the centre,l portion of the tube 9 but in 

the vicinity of the wall~ results fall above the von 

Karman curve. It was considered 9 however 9 that tho 

readings near the wall might be in error 9 since the 

pulsing of the mercury in the contact cells would create 

conditions of alternate suction and blowing at the probe 

tip 9 and this would interfere with the pressure reading 9 

particularly at low velocities. 

Since it was thus concluded that the gas pressuris­

ing method would not give accurate results 9 a null-type 

Prandtl gauge~ as described in Chapter 2 9 was constructed. 

It was possible to read this instrument more accurately 

than a manometer 9 although the advantage of a lighter 

nancootar fluid was lost. (An attempt was made to 

construct a type of inverted Cha.ttock manometer 9 which 

measures the movement of an air bubble in water along 

a capillary tube 9 caused by the displacement of water 
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by mercury in a wider vessel. This apparatus proved 

very awkward in operRtion and the method was discarded). 

Results of runs with the Prandtl g~uge are also shovn1 

in Fig. 12. Data points near the wall are closer to~ 

but definitely above 9 tho von Karrnan curve. 

3.12 Profiles in air 

Since it is known that air follows the universal 

velocity profile, the apparatus was drained of mercury 

in order to measure the velocity profile in air~ and 

thus to obtain a check on the correct functioning of 

the probe and static tap system. At the sa~e time the 

probe was removed and inspected for defects but found 

to be in good condition. A vertical hexane manometer 

was connected and a number of'velocity profiles 

measured by blowing air through the test section. 

No appreciable improvement was obtained in the 

velocity profile plotted on a dimensionless basis. 

However~ a degree of asymmetry in the differential 

pressure measurements taken on either side of tho tube 

centre, was noticed. The static pressure reading was 

then observed while traversing the total-pressure probe 

over the tube cross-section. A definite increase in 

the pressure at the static tap was recorded as the probe 

approached the wall, as shown in Fig. 13. As a check~ 

the observed difference in the static pressure reading 

was subtracted from the differential pressure readings 

taken in the normal way under the sM1e conditions, and 

good agreement with the von Kannan relations was found. 

It thus appears that the presonce of the total-pressurG 

probe interfered with the reading of the static tap. 
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It must therefore be concluded that~ in general~ the use 

of a single static hole for di,fferential-pressure 

measurement can lead to erroneous results~ and the use 

of a piezometer ring is strongly recommended. 

In order to eliminate the effect of interference on 

the static t,g,p~ a number of runs were carried out by 

taking total-pressure re~dings only. The static reading 

was taken at the beginning and end of a run 9 with the 

probe retracted as far as possible. This procedure is 

admittedly open to error~ but was used to determine 

whether or not the test loop would give profiles in 

agreement with the universal velocity distribution. 

Results are shown in Fig. 14 ., Fair a.greer.lent ia 

obtained and it may be concluded that the test section 

is hydrodynamically sound. 

3.13 Further work in mercury 

The test loop was cle~ned and refilled with mercury, 

and a new pressure measuring device constructed, for 

measuring probe and static tap pressures separately. This 

consisted of a 3-in D glass vessel, connected at the bottom 

to the pressure tap and at the top to an ittclined capillary 

tube. Mercury filled half of the vessel and the rest of 

the space was occupied by water, which extended into the 

capillary. A very small movement of the mercury level 

thus caused a large water level change so that the 

apparatus essentially acted as a transducer from a mercury 

pressure to a water pressure. With a 10:1 inclination on 

the capillary tube, a sensitivity of well over 100 was 

obtained. The apparatus was calibrated and the zero could 

be set by adjusting the 3-in. vessel. Runs were carried 
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out by reading the pressure at the total-pressure probe 

only~ with static pressure readings at the beginning 

and end of a run~ as before. ifJhen the resulting voloci ty 

profiles were integrated for average velocity~ and 

compared with the reading of the orifice meter~ no 

consistent agreement could be obtained 9 and it was thus 

concluded that the above method of measurement could at 

best give approximate results. 

In the light of the foregoing conclusions~ further 

attempts to determine the velocity profile in mercury, 

in the present apparatus, wore abandoned at this stage, 

and the second phase of the work 9 measurement of 

temperature profiles 9 started. It is still necessary, 

howover 9 to obtain values of E'M for mercury 9 if the ratio 

of eddy diffusivities is to be calculated. From the 

approximate velocity results of Fig. 12 it seems reasonable 

to assume that mercury behaves in the s~~e way as other 

Newtonian fluids and will follow the universal velocity 

distribution. In other respects a similarity in the 

behaviour of mercury and other fluids has been 

demonstrated. Grigull and Tratz (40) 9 for example, have 

shown that the friction pressure drop in mercury follows 

the Hagen-Poiseuille and the Blasius equations. 

The universal velocity distribution and the eddy 

diffusivity of momentum for the common fluids, notably 

water and air 9 are examined in the following sections, 

and it will be assumed that these relations apply to 

mercury as well. 

3.2 THE UNIVERSAL VELOCITY PROFILE 

'rhe division of the boundary layer next to a solid 
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surface into lw1inar~ buffer and fully turbulent layers~ 

following the concepts of Prandtl (41) and von Karman (4~42)~ 

is well knovm. The velocity distribution in the first two 

layers may be described by 

+ + + 0 < y < 5, u = y (laminar layer) ( 1. 5a) 

+ + + ( 5 < Y · < 30, u = -3.05 + 5 ln y buffer layer) (1.5b) 

These simple equations are only approximate and more 

· complex relations have been proposed (43, 44) to givo a 

smoother transition between the three layers and to account 

for the presence of turbulent fluctuations in the 11 lar:1inar 11 

layer. In the study of velocity profiles? however? these 

layers usually form only a small part of the total profile and 

the approximate relations given above will be satisfactory. 

3.21 The turbulent boundary layer 

For the turbulent boundary layer? v is usually 

negligible in comparison with E and equn. 1.2 may be 
'hi 

written as 

(r.jp) ¢(y/R) = E111 (du/dy) (3.1) 

where 1/J(y/R) represents the variation of the shear 

stress across the width of the boundary layer. For 

flow in circular pipes ¢(y/R)may be shovm to be linear 

with radius on the assumption of constant radial static 

pressure. This has been experimentally confirmed by 

Laufer (45) and equn. 3.1 thus becomes 

u':'2 
( 1 - y/R) = €,,, ( du/dy) 

111 
(3. 2) 

where u::: is defined as ,r:;.-:rp·· and is knovm as the friction 
w 

velocity •. 

. .... 
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Prandtl (41) proposed~ as a simplification~ that~ 

in the region close to the wall, the shear stress may 

be taken as constant at the wall value and the size of 

the eddies are dependent only on the distance from the 

wall, i.eo 
~ = K y (3. 3) 

where ~ is the Prandtl "mixing length" or eddy size. 

It is easily shown that the eddy diffusivity of 

momentum is the product of ~ and the friction velocity 9 

so that 
(3.4) 

Substituting the Prandtl proposals into equno 3.2 gives 

u'~2 = K y u':' ( du/dy) (3. 5) 

which 9 on integration, becomes 

u/u::• = ( 1 /K) ln y + C • 

In order to render the right-hand side of this equation 

dimensionless~ Prandtl introduced the length parameter 

v/u':'. This was used in preference to the radius R in 

accordance with the postulate that the distance from the 

wall is the only significant dimension in the conditions 

considered here. Thus by letting 

C =A - (1/K) ln (v/u=::) 

equn. 3.6 becomes 

+ + u =A + B ln y 

+ I + where u = u u':' 1 y = yu':'/v and B = 1 /K. 

(3. 7) 

(3. 8) 

On applying this relationship to the velocity 

distribution data obtained in pipes, it was found to 

represent the data quite well right up to the pipe centre, 

and not only in the region close to the wall. Values for 

the constants A and B have been proposed by various workers, 
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the best known equation being that given by Nikuradse (9)~ 

u+ = 5.5 + 2.5 ln y+ (3.9) 
This simple relation gives a good fit to the bulk of 

the experimental data? but some discrepancies emerge when 

single traverses are plotted 9 as shovm in Fig. 15. Ross (46) 

pointed out that the logarithmic line is a good fit only for 

y/R up to 0.15 and that this line has a slope of 2.43. Beyond 

y/R = 0.15 it therefore appears that u+ depends also on the 

radius and that a correlation of the dimensionless velocity 

against y/R would be more appropriate than a correlation 
. t + 

aga~ns y o 

An approach which recognises that the u+ vs. y+ form of 

correlation is not applicable to the central portion of the 

tube is known '3.S the 11 defect profile"~ vvhere the velocity 

defect~ (u +- u+) is plotted against the radial position 
c 

y/R. Such '3. plot appears to be universal (47) arid Hinze (48) 
has suggested a relation? partly based on the logarithmic 

profile~ but incorporating a correction dependent on radial 

position~ 

u +- u+ = -2.1~ ln (y/R) + 0.8 + h(y/R) c (3.10) 

where h(y/R) is the radial correction,eya.luo.ted from Lauf~_•s 

(44) data. 

The eddy diffusi vi ty of momentum dOj)ends on the slope of 

the velocity profile and is thus very sensitive to the shape 

of the profile. Vfuile the velocity relationshiiBdiscussed 

above give a good representation of the velocity profile 

itself~ they are not necessarily accurate enough for the 

evaluation of 'E,., and it is thus advisable to investigate 
i'!l 

actual values of ~- obtained by experiment. 
J\'l 
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FIG, 15 COMPARISON OF SINGLE VELOCITY TRAVERSES· WITH EQUN, 3. 2 
+ + 

- Equn. 3.9, u = 5.5 + 2.5 ln y 

- -o- Nikuradse ( 9), Re = 1 05 x 1 rJl 

- ....,._ .-ao- . Re = 396 x 103 
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A comprehensive seriGs of velocity profile 

measurements in water was carried. out by Nikuradse (9)~ who 

calculated values of e
1

r. and presented the data in the form 
il 

€ /Ru* ~ plotted vs radial position. This appeared. to be a 
M 

universal curve for Reynolds numbers above 105 9 with values 

increasing slightly at lower Re. Values of this dimensionless 

group may be calculated from a velocity profile by the relation 

€ /Ru::; = ( 1 - y/R) ( 3. 11 ) 
M du+/d(y/R) 

which is obtained by rearranging equn. 3.2. 
Values of eM/Ru':' calculated from equn. 3.11 are shown in 

Fig. 16 for the data of Lauter (45)~ Stanton (49)~ Sleicher (50) 
and Rein (51) in air~ Sesonske et al. (35) in mercury~ Bec~vith 

and Fahien (52) in water 9 and Page et al. (53) for air in 

channels. Slopes of the velocity profiles were determined as 

derivatives of a least-squares second-order polyno~al passed 

through five points in the immediate vicinity of the point 

under consideration. By plotting the straight lines resulting 

from the differentiation, a very good impression of direction 

changes in the slope curve could be obtained. The procedure 

is illustrated and typical calculations for e
1
v/Ru':' are shown 

in appendix E. 

From the data plotted in Fig. 16~ the concept of a 

universal curve for € /Ru:!• appears to be a reasonable one. 
M 

Bearing in mind that a very small difference in the velocity 

profile can caus.e an appreciable change in eM' the agreement 

obtained for the flow of air 9 water and mercury in pipes over 

a wide range of Reynolds numbers is goode The spread of the 

data can probably be attributed to experimental error and · 
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FIC.. 16 VALUES OF \y/Ru•:<. FROM VARIOUS SOtmCES 

--<>-Laufer (45) 1 Re=428, 000 xAir 

_,_Laufer (45), Rc=40,300 Air 

.....,+-Rein (51), Re=36, 700 . Air 

-G-Sleicher (50) ,Re=40,000 Air 

_.,Stanton (49), Re=40,900 Air 

--x-Page et al. (53), Re=53,200 
Air 1 · in channels. 

~Beckwith and Fahien(52),Re=18770 
V!ater 

-o-Sesonske et al. (35) ,Re=99,000 Hg 

__..., Sesonske et al. (35) ,Re=62,000 Hg 

-o-This work, Re=89, 200 Hg 

-G-This work, Re=89, 700 Hg 

-Nilrura.dse (9), Re > 105 Water 
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differences in\experimental techniq_ue. The eddy diffusivity 

data for channels are in good agreement with those for pipes. 

Some well known profile measurements have not been 

inoludad her&. The data of Reichardt (54) and Deissler (55) 

are often quoted? but the former has indicated that his 

experimental values for u*were incorrect and his data have 

therefore been omitted; Deissler's experimental eq_uipment 

had a single static pressure hole rather than a piezometer 

ring 9 and during measurements, the probe closely approached 

this static hole. This procedure, as discussed in Section 

3.12 can lead to erroneous results. 

While the measurements of Nikuradse indicated a slight 

increase in E'M/Ru':' for Re < 1 CP such a trend is not detectable 

in the data of the other investigators, and for the purposes 

of this work 9 the existence of a universal relationship of 

E'M/Ru':' vs y/R will be assumed. It novv remains to determine 

the correct form of this relationship. 

3. 31 The recommended form of E')·t/Ru':' vs y/R. 

Miller (56) has shown that Nikuradse apparently 

adjusted his values of y+ by a figure of 7 9 and Ross 

(46) has indicated that the low-Re profiles are not 

accurate, but apart from these criticisme, which do 

not affect the profiles away from the wall and &lt the 

higher Reynolds n~~bers 9 the data of Nikuradse have 

gained wide acceptance. In the sarae way the more recent 

data of· Laufer (45) who reported profiles at Reynolds 

numbers of 40,300 and 428 9 000':« measured in a 10-in. 

~'Tho values of 50,000 a~d 500,000 given by Lau£er 

are baaed on pipo-oentre velooitiea. 
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pipe, are generally considered to be accurate. This applies 

particularly to the data for Re = 428,000, which are more 

frequently quoted~ as, for example, by Rinse (48). 

It is therefore likely that the average curve of 

Nikuradse (Re > 105) and the curve of Laufer for Re = 428,000 

represent the most accurate values of EM/Ru'~ • These two 

curves are in good agreement up to y/R =0.50. They l\lso · 

agree with the relation 

(3: 12) 

up to y/R =0.10. This equation is obtained by differentiation 

of the relation of Ross (46) for the region close to the wall. 

The fact that a reasonable fit here exists only to y/R = 0.10 

instead of 0.15 as found by Ross, illustrates again the 

sensitivity of EM as a measure of the shape of the velocity 

profile. The above relation is not shown in Fig. 16, to 

preserve the clarity of the diagram, but values are easily 

calculated. 

Beyond y/R = 0.50 the wider disagreement between the 

curves reflects the difficulties experienced in determining 

accurate slopes in an area where the velocity profile is 

relatively flat. It must thus be accepted that relatively 

large errors are possible in this regiont but an attempt will 

be made to estimate the probably correct shape of Eii/Ru.:•. 
X:1 

A number of workers favour an approximately constant 

eddy diffusivity in the central portion of the tube. Hinze (57) 

presents a curve of EM/Ru':' , based on Laufer's data at Re = 

428,000, which rises to a maximum at y/~0.35 and then falls 

to a slightly lower, constant value. (This description does 

not quite agree with the curve of Laufer given in Fig. 16. The 

data presented here are believed to be correct). 
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Wasan et al. (58) suggest a value of 

\/v = 0. 082 (Re/2) vf"ff (3.13) 

for the central core. This is equivalent to a constant value 

of E /Ru':' = 0.082 9 which is only slightly higher than the 
M 

maximum of Nikuradse 1 s curve and the average value for Laufer's 

curve above y/R = 0.35. It has been suggested by Clauser (59) 

that, in the outer portion of the boundary layer eddy size 

should depend only on the boundary layer thickness. For flow 

in pipes? this would be equivalent to 

E11 = K R u':', or E /Ru•:: ·= K (3.14) 
m M 

IVhen such an assumption of a constant EN/Ru'~ is substituted 

into equn. 3.11, integration gives the velocity profile 
+ + 1 

u
0

-u = 2K(1-y/R) 2
• (3.15) 

Some support for this relation is found; Stanton (49) 

suggests an equation of the form 

u - u = A ( 1 - y/R)2 
c (3.16) 

to represent his data, where the constant A is stated to be 

proportional to u • Pai ( 60) derived the eeoi-empirioal _ 
0 

velocity distribution equation 

u/u
0 

= 1 - 0.204 (r/R) 2 
- 0. 796 (r/R) 32 (3.17) 

and if the last term on the right is neglected near the tube 

centre 9 where r/R is small, this relation may be written as 

u - u = 0.204 u (1 - y/R) 2 (3.18) c c 
This is of the same form as equn. 3.15 and therefore, in the 

same way as Stanton's relation, implies that E~/Ru':' is 

constant. 

While a constant value of EM/Ru':' in the central portion 

of the tube is an attractive concept, the corresponding velocity 

distribution, equn. 3.15, does not agree with the experimental 

data near the tube centre. This is clearly sho·wn in Fig. 17, 

where equn .. 3.15 9 with K= 0.08 and 0.06 is compared with the 
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experimental data of various investigators. From the figure 

it appears that this equation does not have the right shape 

to fit the data. A much lower value of K will be required 

to give a good fit at y/R = 0.90 than is required at y/R = 0.70. 

A better representation of the data is obtained by the 

equatio:o of vo:o Karoan as givon by Nikuradae (61) 

uc+_ u+ = - i [ln (1 - -fr7iD + vr7'R] (3.19) 

which is also shown in Fig. 17 ~ with the value of K = 0. 30 

reco~nended by Ross (46). This velocity distribution 

equation corresponds to an eddy diffusivity of momentum which 

is not constant, but decreases as the tube centre is approached, 

and is in good agreement with Nikuradse's curve. 

It is obvious from the above considerations that the shape 

of the c:M/Ru::' curve near the pipe centre is critically affected 

by the precise form of th'3 velocity distribution. The 

appreciable differences in values of E"}/Ru~~ exist largely 

because the velocity profile is very flat in the central 

portion of the pipe and slopes are therefore very difficult to 

determine accurately. Nikuradse was aware of this problem (62) 

and made a special effort to take measurements close to the 

pipe centre. The resulting curves of slope of the velocity 

profile, shown in Fig. 18, have an unexpeci;ed shape in 

comparison with the straight line connecting y/R= 0.50 and 

the centre. This straight line corresponds to a constant 

value of E:rv/Ru::' • Closer investigation of the slopes of other 

workers, calculated by the curve fitting procedure already 

mentioned, and given in Fig. 18 9 also show a tendency for 

the curve to flatten off ncar the oontre, rather than to 

approach a zero slope gradually, as might be expected. Lynn 

(63) has suggested that Nikuradse's data should be flattened off 

to give a more obviously flat profile near the centre, but this 
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seems to be a rather arbitrary procedure. Other arguments for 

dismissing the indicated trend as not significant are usue.lly 

based on velocity measurements which~ in th·3 vicinity of the 

centre 9 are at intervals no closer than 101~ of the radius 

together. 

It is not possible to discard the con,-lusions of Nik.uradse 

on any basis such as the above. The slope curve shown in 

Fig. 18 was established after careful investign.tion 9 involving 

measurements vvi thin 2% and 4% of the tube centre 9 and the 

existence of a deviation fron n simple straight-line approach 

to a centre zero must be accepted in the absence of accurate 

data to the contrary. This curve of du+/d(y/R) gives values 

of <:M/Ru':' which decrease from a ms:··imum of 0.0798 at Y/R=0.50 

to a value of approximately 0.0135 at the centro 9 as shown in 

Fig. 17 and repeated in Fig. 19. 
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CHAPTER 4 

TIDKPERATURE PROFILES 

4.1. TEST PROCEDURE 

In order to commence a test run, the centrifugal pump 

motor was switched on and the variable speed drive advanced 

to the desired flow rate. Alternatively, for low flow rates, 

the outlet valve opening was reduced. The electrical heating 

system and the cooling water system were then brought into 

operation, and during the warm-up period 9 tho transformer 

voltage and the cooling water rate were adjusted to obtain the 

desired test section inlet and outlot temperatures. 

The ratio between the heat inputs to the upper and lower 

heating coils was adjusted during initial tests 9 by means of 

the variable resistor in the lower circuit. For constant heat 

flux 9 the ratio re~uired was e~ual to the ratio of the areas 

covered by the respective windings 9 i.e. (4.062/3.948) = 1.029. 

The actual ra·cio obtained for each run is shown in Table :B.l 

(appendix :B) and has an average slightly higher than the 

desired value, but it is unlikely that this influenced the 

measured temperature profiles. It was decided to use an 

auxiliary heater input such as to give a constant heat flux 

over the area opposite the probe entry 9 rather than to attempt 

to compensate for tho area covered by the nozzles 9 by an 

increased heat input. This procedure was adopted since it was 

felt that 9 as profiles would be measured by advancing the probe 

from the centre to the wall away from the inlet nozzle, a local 

"hot spot" would be more likely to cause spurious readings 

than the loss of some heat at the nozzles. 
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The auxiliary heater input was adjusted simultaneously 

with tho main tr~nsformer voltage to obtain a heat inp~t ratio 

of approx 0.29% (see calculation in appendix F.l2) and the 

ratio actually obtained is shown in Table ],1. 

No difficulty was experienced in removing hoat from the 

mercury by means of the cooling section. It was found, however 9 

that extremely low cooling water flow rates had to be used in 

order to obtain test section inlet temperatures appreciably 

above tho water inlet temperature (counterflow was employed). 

In the later runs 9 at a higher outlet temperature 9 and where 

low flow rates and relatively high inlet temperatures wore 

used 9 it was necessary to disconnect the vertical cooling 

jacket and pass cooling water only through the short horizontal 

section. Air was passed through the vertical section to keep 

the PVC jacket at an acceptable temperature. The cooling 

arrangement could have been improved by allowing several 

outlet positions on the cooling jacket 9 thus reducing the 

available heat transfer area and allowing the use of larger 

cooling water flow rates. This method was used in the apparatus 

constructed by Carr ( 64). 

Mercury 9 cooling water and pipe wall temperatures at several 

positions 9 as well as tho winding temperatures 9 were recorded 

on a 12-point recorder. This system indicated the approach to 

equilibrium 9 as well as providing safety and steadiness checks 

during operation. Steady conditions were generally reached 

within ~- hr.; very low flow rates took appreciably longer. 

The millivolt recorder 9 potentiometer and voltage reference 

system were switched on and allowed to warm up. A reference 

voltage was chosen to balance the probe thern1ocouplo reading 

at a convenient recorder zero positionc The zero position of 
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the recorder was adjustable over the whole scale. 

At tho start of a run 9 the following readi~gs ware taken 

on the various meters or the potentirnneter~ 
·, ·'-' 

(i) Water temperatures and flow rate. These readings 

were later discontinued as the temperature 

readings for operating purposes were available 

on the 12-point recorder 9 and they were not 

required for c~J.culation purposes. A heat 

bal~nce over the cooling section was not 

performed regularly 9 since the test section 

heat balance and the orifice meter reading 

checked out sufficiently well. 

(ii) Inlet and outlet temperatures of mercury in the 

cooling section~ ambient temperature and the 

orifice meter reading. These were required for 

checking the flow rate obtained by heat balance 

over the test section. The outlet reading was 

later discontinued. 

(iii) The ref~rence voltage was measured on the 

potentiometer and the resistance of the thermo­

couple plus-reference circuit determined with a 

universal meter. These readings were required 

for conversion of the probe theroocouple readings 

as shown in appendix B.24. 

(iv) Temperatures on the inside and outside of the 

l-in. glass fibre pipe insulation. 

(v) Test section inlet and outlet temperatures. 
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(vi) Voltmeter and ammeter readings for the upper, 

lower and auxiliary circuits. 

(vii) The two KWH meters for the upper and lower 

circuits were road and a stopwatch started for 

each meter. 

A suitable zero position and scale factor on tho millivolt 

recorder was then chosen and the thermocouple probe moved in 

steps from the pipe centre to the wall 9 or vice versa. At each 

radial position, tho differential thermocouple reading was 

recorded for about i minute. Further details of temperature 

traverses are given in the next section. In later runs, the 

test section outlet temperature was siE1Ul tanoously recorded on 

the millivolt recorder as a check on the occurence of drift of 

the overall temperature level. This vvas generally small. 

On completion of a temperature traverse tho following 

readings were takeng 

(i) Watches stopped and KWH motors read. 

(ii) Recorder zero checkedc 

(iii) All temperature readings mentioned previously. 

(iv) Voltmeters and ammeters. 

(v) Voltage and resistance of reference system. 

(vi) i'Jall temperatures wo.re usually taken but were 

discontinued in the later runs. A'2 noted in 

appendix B. 25? wi.lll tenperature ro:-c.dings agreed 

reasonably well with the reading obtained from 

the probe thermocouple for moderate heat fluxes, 

but these readings were not very useful at high 

heat fluxes. 
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A complete run took approximately 30 minutes. The run 

was then usually repeated~ traversing the probe in the opposite 

direction. 

4.2 RESULTS 

Temperature profiles were measured for Reynolds numbers 

in the range Re = 39 800 to 254 9000 9 with heat fluxes varying 

from 340 to 6,800 BTU/hr,ft~ as shown in Table 4.1. The 

mean temperature at the probe was maintained approximately 

constant at 120 or 180 °F 9 so as to maintain a constant Prandtl 

number. It was not tllG intention in these runs to investiBate 

the effect of different Prandtl numbers • 

Temperatures in the later runs were increased from 120 to 

180 °F so as to allow reasonable variation of tho heat fluxe 

The value Z shown in the table is discussed later. 

Experimental data together with the computed results and 

the calculation procedure are given in appendix n. 
Calculations were carried out with the aid of an ICT 1301 

digital computer and calculation methods were usually chosen 

so as to be amenable to numerical procodurese 

Heat flux was determined from the electrical input, and 

the Reynolds number was calculated by a heat balance over tho 

test section. These values agrood well with thoso obtained 

from the orifice meter reading. 

Temperature profiles were neasured by traversing the 

probe along the radius from the centro of the pipe to the wall 

furthest away from the point of entry of the probe. Profiles 

were occasionally checked for synm1etry by measuring temperatures 

at a few positions on the radius closest to the point of entry. 

A typical recording obtained during a traverse is shown in Fig. 

20. It was confirmed that the fluctuations observed did not 
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TABLE 4.1 

Experiment~atiEg Conditions 

Run No. Re x 10-3 Heat Flux Temp. at Pr Z X 104 
BT~/hrft 2 probe~ °F 

1 3.8 430 117.9 0.021 1730 
1a 4.0 470 122.4 0.021 1780 
2 4.2 340 118.7 0.021 1200 
3 5·7 670 123.4 0.021 1280 
3a 5.8 700 124.8 0.021 1280 
4 8.3 940 119.8 0.021 820 
4a 8.3 960 121.7 0.021 850 
5 11.4 1020 119.2 0.021 490 
6 14.7 1230 124.1 0.021 350 
7 24.9 940 113.1 0.021 90 
8 29.6 2440 123.8 0.021 170 
9 43~4 2930 108.2 0.022 90 

10 95·5 3150 11389 0.021 21 
11 124 3110 112.8 0.021 12 
12 172 5070 115.6 0.021 10 
13 251 6670 114.1 0.021 6 
13a 254 6730 114.0 0.021 6 
14 10.1 1590 168.8 0.018 1030 
15 12.1 S40 181.6 0.017 430 
16 21.8 2960 183.9 0.017 420 
17 22.7 2070 182.6 0.017 270 
18 27.8 1400 183.7 0.017 120 
18a 28.2 1390 186.7 0.017 120 
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originate in the measuring system but were a feature of the 

flow conditions. These fluctuations in gonoral appeared to 

cover a larger temperature rango over the radial positions 

away from the wall and the centre? and a relatively smaller 

temperature range in the vicinity of the wall and the tube centre. 

No attempt was made to interpret the significance of these 

fluctuations but a study of such temperature fluctuations and 

their relation to tho eddy tr::msport of hen t promises to be an 

interesting field of research. While the recording shown in 

Fig. 20 has been drumped to some extent by the thermal capacity 

of the thermocouple and the response of the recorder (1 second 

for full-scale travel)~ large fluctuations l"'emain 1 and it is 

cle.ar that a good average will be difficult to obtain as a 

point reading on a potentiometer. By recording the thermocouple 

signal a visual average is more easily taken? and by employing 

the differential signal technique used here~ the profile may be 
..., 

spread over the entire recorder scale. It is thus believed that 

more accurate temperature profiles are obtainable by this method 

than by the u.se of apotentiomoter. 

Readings from tho recorder are converted to temperature as 

shown in appendix B.24? and a typical temperature profile is 

plotted in Fig. 21. The plotted points represent a visual mean 

of the recorder fluctuations. Traverses towards the wall and 

away from the wall are shovm, as well as temperature readings 

on the other side of the centro 9 as a check on syrnmetry. Good 

agreement is obtained. Experimental temperature profile data 

for all runs are given in appendix B, e~pressed as (Tw-T). 

The true wall temperature 9 T ? was determined by fitting the 
w 

profile in the vicinity of the wall to a second-order 

polynamial 1 where tho coefficient of the first-order term 

equals the expected slope at tho wall, based on the wall heat flux. 
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Readings obtained from the 10 wall thermocouples 

located in the vicinity of tho probo aro shown in appendix :s. 
At moderato heBt fluxes these readings are in reasonable 

agreement with the extrapolated wall temperature~ allowing 

for tho temperature drop through tho wallo Thermocouples wore 

cemented into 1/16-in. holes drilled in the pipe~ but the 

final depth of the thermocouple in the wall was unknownc At 

high heat fluxes, differences between tho thermocouple readings 

were of tho order of the temperature drop over the wall. Tho 

same difficulties wore reported by Isakoff (17) and it must be 

concluded that thermocouples in tho wall do hot provide a 

sufficiently accurate indication of the wall temperature. The 

temperature obtained with the probe thermocouple in contact 

with tho wall in general agreed well with the "extrapolated" 

wall temperature, T • w 
In calculating the mixed mean temperature at the probe? 

shown in Table 4.1, from the equation 

Tav = UL /li u T a(f) ' 
av 0 

(4.1) 

the measured temperature profile and the universal isothermal 

velocity distribution was used. Values of (T - T ) aro given w av 
with the profile data in appendix B. However, as pointed 

out later, tho velocity profile might be considerably distorted 

by free convection effects and in such cases the reported mean 

cup temperature will only be approximately correct. 

4.3 DISCUSSION OF RESULTS 

Temperature profile data may be used to calculate the eddy 

diffusivity of heat from the relationship 

(4.2) 
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where ¢(y/R) repres.ents the heat flux distribution across 

the radius and may be shown (app. D.23) to be 

( /R) 2 J r/uR(!:) d(:r:) 
¢ Y: = (rJR) ·-;-- R R 

av 0 

(4. 3) 

for constant heat flux. Tho heat flux at the wall is given by 

qv~pcp = - a (dT/dy) (4.4) 

and substituting this equation into (4.2) gives 

~ = 's.; s
0 

-
1 (4.5) 

where s~so is the ratio of the slope of the temperature profile 

at y to the slope at the wall. If¢(y/R) is evaluated from 

egun. 4.3 by using tbe universal velocity profile for the tern 

u:i as shown in Appendix D. 23 9 then ¢(y/R) depends upon the 

Reynolds number only. Calculation of EH/a from equn. 4.5 at 

a particular Reynolds number therefore requires only that the 

correct temperature profile be known 9 so that SyiS
0 

may be 

evaluated. 

In order to determine tho correct temperature profile, the 

rosul ts of different workers are 1-:10st readily compared by 

plotting the profiles on the usual dimensionless basis (T - T)/ 
w 

(T - T ) vs. y/R. Normalising the plots in this way does not w c 
affect tho applicability of equn. 4.5 since the ratio of the 

slopes will remain the same. Typical temperature profiles, 

o·btained in mercury and alkali metal 9 are shown in Fig. 22 

for Re ~ 1 CJ4, and in Fig:;;;. 23 and 24 for Re ~ 4 x 1CJ4. It 

is apparent that large differences exist between the profiles 

at the lower Reynolds numbor and,values of the eddy diffusivity 

calculated from these profiles would therefore also show wide 

vario..tions. At Re ::::4 x1CJ4 9 good agreement is found for tho 

Na.K profiles (Fig. 23) but it is evident that differences still 

exist for the measurements nado in mercury (Fig. 24). 
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A possible explanation for the discrepancies observed 

in the reported temperature profiles arises from the work 

of Yantovskii (65) who analysed mixed free and forced 

cor-:-ection and deduced that? in turbulent flow? the free 

con~;oction term in the flow equa-cion would become significant 

when tho group 

Y = Gr / Re2 (f/2) (4. 6) 

was of the order of unity or gre;J.ter. (This group has been 

transcribed from the terms used by Yantovskii into the terms 

used in this work)" Support for the numerical magnitude of 

this criterion comes from the work of Schrook ( 37) vvi th NaK 

in a horizontal tube? in which app:ceciable asymmetry of the 

temperature profile was found at Re < 104 where a typical 

value of Y is 2.6 (for Re = 9?800~ see Appendix C.l4); no 

distortion was found at Re > 2 x104 and typically Y= 0.19 

(for Re = 36?000). 

Values of the Yantovskii criterion have been calculated 

and are shown in Appendix C.l. Applying this criterion to 

tho profiles in Fig. 22 gives a y value of 6.6 for tho NaK 

curve and values of 64 and 94 for the mercury curves shown 9 

thus showing that free con~ection effects are significant. 

The presence of such effects would distort the velocity profile 

in comparison with the case of pure forced con·rection~ this 

would in turn change the heat flux distribution and accordingly 

the. temperature profile. According to the Yantovskii criterion 9 

a free convection effect would therefore also exist for tho 

mercury profiles of Fig. 24 where Y = 5.1 and 17 .5. For the 

profiles of Fig. 23 the Y values are 0.11? 0.14 and 0.9. 

respectively, and the absence of a free convection effect is 

confirmed by the excellent agree;;18nt of the curves. 



CHAPTER 5 

CORRELATION OF DATA 

5.1 THE EFFECT OF FREE CONVECTION 

Application of the Yantovskii criterion has indicated 

that free con'V'eotion effects can be significant in forced 

convection heat transfer to liquid metalsj particularly 

mercury 9 for Reynolds numbers up to at least 50,000o This 

effect has not up to now been recognised and it should be 

realised that experimental work carried out in this Reynolds 

number region can easily be misinterpreted. Distortion of the 

velocity profile will cause errors in all calculations using 

an assumed velocity distribution. Use of the wrong velocity 

profile in evaluating the mean cup temperature from equn. 4.1 
can lead to errors in the heat transfer coefficient~ the eddy 

diffusivi ty of mon10ntum is very sensitive to the shape of the 

velocity profile 9 and use of the wrong profile will lead to 

incorrect values of the ratio of eddy diffusivities. It would 

therefore be advantageous to be able to predict the effect of 

superimposed free coli"''ection on velocity and temperature profiles, 

or at least to be able to predict the regions where the effect 

ceases to be significant. 

Various theoretical predictions of the velocity and 

temperature profiles for combined free and forced aonvection9 

in laminar flow 9 have been made, by Hallman (66) and others. 

Heattransfer rates have been measured at low Reynolds nur.1bers 

by workers such as Eckert et al (67), Brown and Gauvin (68) 
and others (69, 70) in air and other fluids, but no velocity 
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profiles are reported. Ojalvo and Grosh (71) have produced 

a theoretical analysis for combined free and forced 

convection in turbulent flow~ whereby velocity and temperature 

profiles may be predicted for Pr > 1 ~ but no theoretical or 

experiment~l infor~mation is at present available whereby the 

effect of free convection on the velocity profile~ in turbulent 

flow~ may be predicted. 

In order to consider the effect of free convection on the 

reported temperature profiles~ it is necessary that each curve 

should be identified with a suitable parameter indicating the 

relative magnitude of the free convection effect. The Yantovskii 

criterion is useful in indicating the existence of such an 

effect 7 but 7 without modification, it does not provide an 

orderly progression with the amount of distortion, when the 

results of different workers are considered, as in Fig.24. 

For the purposes of correlating all the available information, 

a cortelating parameter of the form 

z - ~. Q 
- Re. L 

is proposed, as discussed below. 

5. 2 CHOICE OF A CORHELATING PAB .. lU\/IETER 

5.21 Rayleigh number 

Tho Rayleigh number, Ra, is the product Gr':<x Pr 

and occurs naturally in free convection problems. The 

Grashoff number was originally concerned with the 

condition of free convection from a surface to a fluid 

at rest, and the temperature difference occurring in 

this dimensionless group was defined as ( Tw- T~) 

where T~ is the temperature of the undisturbed fluid. 
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In applying the Grashoff number to flow in pipes 9 the 

temperature difference has been variously interpreted to 

be (T - T ) or (T - T ). Those definitions may be w av w c 
satisfactory if some form of universal tGraperature 

distribution exists 9 but it is easily seen that if the 

velocity profile, and hence the temperature profile? is 

distorted, 

(a) the centre tempere.ture may no longer 

be representative of the heat transfer 

situation, and 

(b) the average temperature will be difficult 

to obtain unless both the temperature 

and velocity profiles are accurately 

known. 

For these reasons it is therefore desirable to employ a 

temperature difference term which will not be ~ffected 

by the temperature profile and it is proposed to use 

an "axial difference" of the form 

~T = (dT/d.x) D (5. 2) 

which was first used, without explanation 9 by Hallman (61). 
This term, which will be constant under conditions of 

constant heat flux 9 may be readily evaluated from inlet 

and outlet temperatures on tho test section 9 and is 

easily shown to be related to the usual radial temperature 

difference by a simple heat balance, i.e. 

(dT/dx) D - ..Jd:L. (T - T ) - G c w av (5.3) 
p 

An asterisk is used to distinguish the Grashoff number 

using the "axial difference" from the Grashoff number 

using a radial temperature d.ifference. 
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5o22 Prandtl number 

The effect of the Pro,ndtl number is usually correlated 

in natur31 convection problems by a term of the form 

Gr Prn where 1 < n <2 9 and for liquid metals, there is some 

evidence (72) that n should approach 2. Bayley et al (73), 
however~ use the first power of the Prandtl number in their 

investigations on natural convection in mercury, for the 

re:tsons tho.t much of the experimento.l work on more 

conventional fluids uses the form Gr Pr and it is not 

possible to draw any firm conclusions regarding an 

appropriate value for n from the limited PTandtl number 

range of their tests. The same approach is adopted here and 

a power of unity is used for the Prandtl number. This will 

hardly affect the results for liquid metals, but it is 

recognised that refinements will be required if the correlation 

is to be extended to other fluids. 

'). 23' DLL Ratio 

The effect of the D/L ratio in correlations of combined 

free o.nd forced convection is uncertaine Various powers of 

the D/L term, in combination with the Rayleigh number, 

have been suggested by different workers (73 9 74)o The term 

Gr Pr (D/L) was used in the theoretico.l work of Martinelli 

and Boelter (75) to account for the effect of superimposed 

free convection on laminar forced convection and the same 

term was found by Metais and Eckert (76) to provide the 

best correlation for regimes of forced, mixed and free 

convection in vertical flow. The same authors, however, 

also found that, for horizontal flow, an equally good 

correlation was obtained whether the D/L ratio was 
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employed or not. In tho present work the use of the D/1 

ratio was found to improve the orderliness of the 

correlation between the results of different workers~ 

particularly at the higher Reynolds numbers 9 and it has 

been included in the definition of z. 1Kuch more 

experimental work will be required before a closer estioate 

of the effect of this ratio can be made. 

5e24 Reynolds nwnber 

The Grashoff number is of the form of a squared 

Reynolds nwnber 9 and a ratio of tho form Gr/Re2 

may be used to provide a measure of the relative effect 

of free and forced convection (77). The mass flow rate 1 

G9 is inherent in the definition of the "axial" temper­

ature difference of equn. 5.2 and therefore already occurs 

once in the denominator of the Rayleigh number used here. 

The Rayleigh nmJber is accordingly divided by a further 

Re 9 so that Z provides a relative measure of free and 

forced convection. 

5.3 VALUES OF Z. 

Values of z have been calculated for the mercury runs 

reported.here 9 and are given in Appendix C.2. Typical values 

for other workers are also given. While tho criteria Y and Z 

are not strictly comparable 9 it is convenient to note that 

the lioi ting condition of Y=1 corresponds approximately to 

Z = 20 x 1 o-J: Values of z for tho NaK runs of Carr (7 8) 

arc very soall in comparison with those for oorcury and are 

all much lower than Z = 20 x 1 o-fl- They may thus be considered 

to represent the case of no profile distortion. 
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5~4 FOBl'll OF CORRELATION 

The shape of the dimensionless tempe~ature profile varies not 

only with the superimposed free con:voction effect illustrated in 

Figs. 22 and 24 9 but also with the Reynolds nunber. A profile 

in general becomes more convex as tho Reynolds number increases, 

and 9 for the mercury profiles reported hore 9 a larger free 

convection effect 9 indicated by the pararaoter Z 9 also produces 

a more convex shape. It therefore becomes very difficult to 

compare a large nwnber of profiles on one diagr~J 9 in the form 

of Figs. 22 and 24. 

By considering any fixed radial position (say y/R = 0.50) 
it may be seen that the dimensionless temperature increases as 

the profile becomes more convex, that is 9 as tho Reynolds nwnber 

or the free conToction effect increases. By plotting the 

dimensionless temperature against the Reynolds nurnber 9 with Z 

as a parameter, the behaviour of the profile at that radial 

position may be clearly observed; at the saoo time the plot will 

allow smooth curves to be dravvn through the experimental points, 

for constant values of Z9 and in this way produce a correlation 

for the prediction of a profile shape under given conditions. 

It will not be expected that the dimensionless temperature 

at one radial position will completely characterise the 

temperature profile since the Reynolds number and free convection 

may be expected to have different effects in the vicinity of the 

wall or the tube centre. A correlation should therefore be 

drawn up for a number of radial positions, sufficient .to allow 

adequate reconstruction of the te11perature profile .. 

5.5 THE CORRELATION OF FIG. 25. 
A plot of the dimensionless temperature versus Reynolds 

number, with parameter Z x 1 ()4 is shown in Fig. 25 for the 
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FIG. 25 CORRELATION OF DIMENSIONLESS TEMPERATURE PROFILES. 

o This work, Hg, • Carr (78) NaK, 

X Subbotin et al.(25) Hg, £ Schrock (37) NaK, 

a Subbotin et al. ( 22) Hg, + Subbotin et al.(22) NaK, 

A Borishanskii (26) Na, v Kirillov (20) NaK. 
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radial positions y/R = 0.05~ 0.10~ 0.30~ 0.50 and 0.70. 

Since the specific effect of free convection on the 

velocity and temperature profiles will depend on whether 

the flow is upwards~ downwards 9 or horizontal, and since 

most of the profiles reported have been measured in vertical 

upflow 1 Fig. 25 is strictly applicable to this flow direction 

only. The data of Buyco (36) for horizontal flow of mercury 

are therefore not included. The. NaK data of Carr (78) are 

for downward flow but 9 as nentioned above, those curves are 

undistorted by free convection effects so that the profile 

will not be affected by the flow direction? in the same way 

the profiles of Schrock (37) for Reynolds numbers above 2 x 104 

(for NaK horizontal flow) all have z < 20 X 1 o-4ana may also be 

considered unaffected by free convection. These two sets of 

data are therefore included in Fig. 25. 

Values of Z have been calculated for the profiles of the 

various authors 9 as sho·vvn in Appendix C.2 and data points 

in Fig. 25 are labelled with tho parameter Z x 104 • Labels on 

the NaK data of Carr and of Schrock have been omitted in the 

interests of clarity. 

It is immediately evident from an inspection of Fig. 25 

that a largo scatter exists in the temperature profiles measured 

at the lower Reynolds nwnbers. The dotted lines indicate the 

trend of the data points with z~ and it appears that the 

dimensionless temper2.tures increase with Z9 at a given Reynolds 

number 9 i.e. tho profile becomes more convex for a larger free 

convection effect. At the same time it is clear that more 

experimental data are needed before the exact effect of free 

convection may be predicted? at present it is only possible 

to state that considerable distortion may occur for Reynolds 

numbers as high as 50 9000. The extent of the distortion at any 
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Reynolds Dumber will depend on tho heat flux o.nd other factors 

in the parameter z~ and may be estinntod from Figo 25. 
At higher Reynolds nuE1bors~ a more orderly progression 

of tho d.::, ta is apparent~ and tho values of tho parameter Z for 

most of tho data are below 20 x 16~ It is therefore postulated 

that the high-Re mercury data presented here~ together with the 

previously mcmtionod NaK data 9 represent a limiting case of no 

free convection effect and an averJ.ge of those data is 

indicated by tho solid line. This line is passed as well as 

possible through tho NaK data 9 but is slightly biased in 

favour of tho lower lying nwrcury data points. It is not 

possible to extend the line with any confidence to values less 

than Re = 3 x 1 ()4. 

Experimental data tbat lie considerably below these 

limiting curves have not been included in tho correlc,tion. 

These are the profiles of Isakoff (17) o.nd Brown et al (19). 
The profiles of the latter c.re genernlly for Reynolds numbers 

considerably higher than those considered here, and cooling 

instead of heating was used (see Table 1.11 which should have 

the effect of reversing tho free convection effect. Such an 

effect should be small~ however 9 as evidenced by the relatively 

small values of Z applicable to these data (see Appendix C.24). 
The poor agreement of the data of those two workers with tho 

other data reported hero remains unexplained. 

5. 6 UN:DISTORTED T)~!lP~HATURE Pl:WFILES 

The solid lines in Fig. 25 represent data points on the 

average 9 undistorted dimensionless temperature profiles 9 for 

Reynolds nUE1bers in the range 3 x 104 to 3 x 1 CJ5. Such profiles 

may therefore be reconstructed from Fig. 25 1 as illustrated in 
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Fig. 26. With tho data nvc1.ilable 9 it is not possible to 

predict undistorted profiles for Reynolds numbers lower than 

30,000. 

Since tho profiles of Fig. 26 are based on the results 

of a number of workers, they nro less subject to experimental 

error and therefore preferable to individual oxperin10nt2..l 

profiles for the evaluation of heat transfer characteristics 
of liquid met2..ls. 

l= 
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GHAP'l'ER 6 

CONCLUSIONS AND RECO£:TI·:IEJ\TDATIONS -- . 

Calculation of E'H/ eM requires· a knowledge of 

tho velocity and temperature profiles raeasurcd under the saine 

conditions. Thus when a temperature profile is distorted by 

the effect of free convection~ it is necessary to know also 

the forra of the corresponding non-isothermal vcloci ty profile., 

In the absence of such velocity data 9 it is not possible to 

usc the low - Re temp0rature profiles reported here for the 

· determination of e-H/eM 9 since they have been shown to be 

distorted. ThG profiles measur0d at Re > 50 9000 9 hovvever 9 

appear to be undistorted and they may therefcre be us0d in 

conjunction with th0 universal isothermal velocity distribution 

for the.calculation of thG eddy diffusivity ratio. It is 

proposed to use the averaged profiles of Fig. 26 and thus 

ol)tain roprosentitive average values of 1f/E'M. 

The eddy diffusivity of heat is obtc.ined from equno 4.5~ 

e-H/a = ~· - 1 (4.5) 

Values of ¢(y/R) were cooputed by using tho universal velocity 

profile as adjusted by Hinze (48) and arc given in Appendix D.23. 

Slopes were evaluated from the dimGnsionless temperature profiles 

of Fig. 26 9 as midpoint doriva·civcs of a. second-order regression 

on five points in tho immediate vicinity of tho point under 

consider3.tion 9· in the same way as for the voloci ty profiles 

of Chapter 3o Tho slope at the wall 9 which is of particular 

importance, as a normalising factor 9 was obtained by fitting a 
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( soe appendix G. 2) and values bn.sod on tho rocomraendod profiles 

of Fig. 26 are also shown in Fig. 28. 

Tho d-ata are in e;oocl c:.groor.c10nt with tho ]J1artinelli-Lyon 

eq_uation at low Peclot numbers (ca. 100), fGll below tho line 

at intermediate Peclot numbers, n.nd then increase c:.t a faster 

rate than tho Martinolli-Lyon eq_untion so that Nu values lie 

above that oq_uation at high Peclot nurJbors. The latter is 

i::·1 C',('roenent 1.7ith tho fact that the eddy diffusivi ty ratio 

exceeds unity at high Reynolds numbers (Fig. 27). Agreement 

of tho data at lovv Poolot numbers with tho Martinolli-Lyon 

equation is in contrast to tho overall measurements of 

Johnson et al. (15) and may bo duo to highor accuracy 

obtainable by profile measurmnonts. Two factors, however, 

should bo kept in mind vrhon interpreting data obtained at low 

Reynolds nwnborso These are 

(i) tho velocity profile Elight be distorted by 

free convection effects~ 

(ii) tho universal velocity profile might not be 

applicable at low Reynolds numbers. 

Tho exact effect of superimposed free convection in 

turbulent flovv on tho voloci ty profile is not known~ but if 

it is assumed that tho free convection effect will increase 

tho velocity in tho vicinity of tho wall, moderato increases 

in the calculated vo.luo of Nus3olt nULlbors would occur~ in 

comparison with calculations carried out using tho universal 

(von Kannan) velocity profile. This effect is illustrated by 

On tho other hand, it is noted 

that tho univorsnl velocity profile curvo used in Fig. Gol~ 

app. G.3" crosses tho line u/u = 1.0 at y/R ~ 0.19; , av 
whereas Preston and Norbury (80) indicate that tho average 

voloci ty should occur at n.pproxir;J~toly y/R = 0.25. If this 
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is taken as an indioo..tion that tho von K:1rman relations do 

not 3.p:ply at low Reynolds nm1bors ~ and the.. t tho cu1->ve neo..r tho 

wall should be loworod 9 tho average tooporaturo and 

accordingly Nu -vvould also be l01rvor. 

Heat trcmsfor coefficients at low Poclet numbers must 

therefore roE1o.in tentative while uncertainty over tho low­

Reynolds nunbor non--isothermal velocity profile exists~ 

6.3 SID/ll'.~ARY OF RESULTS 

Temperature profiles have boon moo..surod in mercu.ry, over 

a range of Reynolds nunbors fron Ro = 3 9 800 to Re = 2549000. 

It is shown that temperature profiles in liquid r:wtals may 

be ·distorted by superiDl)OSed free convection effects up to 

Reynolds numbers of at least 50 9 000. Velocity profiles will 

also be distorted by free convection and tho use of tho 

isothermal univors::1l velocity distribution in conjunction with 

distorted temperature profiles wili lead to erroneous conclusions. 

A criterion Z is proposed as a measure of tho magnitude 

of the free convection effect and it appears that such effects 

will be negligible for z < 20 x 10-4. The correlation of Figo 25 

allows prediction of tho &noum of distortion caused by free 

convoction 9 a.s well as prediction of tho shape of tho 

undistorted temperature profiles. Tho latter have lJoen used 

to calculate values of tho eddy diffusivity ratio and tho 

Nussol t number. The values of ~t~~M increase from the wall 

to the tube centre and exceed unity for tho higher Reynolds 

numbers. Nusselt numbers lie abovo tho Martinolli-Lyon 

equation at high Peclot numbers 9 fall below predicted values 

at intermediate Peclet numbers 9 and agreement is indicated 

at low Peclet numbers. The latter statement is qualified by 
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a lack of definitive knmrvledge of tho non-isothermal velocity 

profile at low Reynolds numbers. 

For tho evalua.tion of E'M 9 the existence of a. universal 

velocity profile has been assumed. The data of most 

investigators agree for y/R < 0.50 but above this value
9 

the 

most accurate data available are those of Nikuradse (9) and 

in the absence of other ovidonce 9 E'yvalues based on his 

work must be accepted. 

6. 4 Rl!:C OMMENDATI ONS 

As a result of this investigation, it is reco~nended 

that further wo;rk be undertaken in the following directions: 

(a) Velocity profiles should be determined under non­

isothermal conditions so as to evaluate the effect 

of superinposed free convection on the forced 

convection turbulent velocity profile. For the 

purpose of developing a general thoory 9 work should 

be extended to the coomon fluids as well. On the 

theoretical side 9 tho v.rork of Ojalvo and Grosh (71) 

fore1s a convenient starting point. Experimental 

data will 9 however 9 be needed to check the assumptions 

which will necessarily be involved in such a theoretical 
a:cslysis. 

Availability of a method of predicting tho non-isotherr.1al 

velocity profile under gi von conditions ·would have , 

allowed calculation of tho r2.tio of eddy diffusivitios 

directly froo tho distorted temperature profiles 

obtained in this investigation. 

If any expcrimentn.l investigation is to involve the 

use of a total-head pitot-type velocity probe, tha 
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usG of a pio~ometor ring for the static pressure 

measurement is strongly recor.1r:1ended. Special 

consideration must also be given to the pressure 

measuring systeL1~ since r:1eo.suroment of very s:oall 

pressure differences will be involved 9 particularly 

at low Reynolds numbers. 

(b) A review of the correlo..tiohs for a universal velocity 

profile is long overdue. A correlation is needed 

which not only predicts tllG correct voloci ty profile 
9 

but also gives the correct eddy diffusivity of 

momentum on differentiation. Hinze (48) has 

introduced a co;t':roction factor to the logari tlu:lic 

velocity distribution 9 to account for observed 

devi[',tions, but the resulting curve of E'l'll does not 

agree with measured values towards the tube centro. 

A "defect" lJrofile is often used for tho centrnl 

portion of tho tubo 9 but no universal for:o
9 

which 

also fits the data,has so far been proposed. 

'rhe eddy diffusi vi ty values of Nikuradso ( 9) show 

an unexpected shape 9 decreasing toward the contra, 

and the velocity and she2.r stress distribution should 

accordingly be checked by careful velocity and static 

pressure measurements in tho vicinity of the tube 

centre. 

(c) Further r:wasurements of temperature profiles are 

required to suppler::1ent the inforr::m tion contninod in 

Fig. 25. Readings at high heat flux for the higher 

Reynolds numbers 9 and at low hoo.t flux for low 

Reynolds numbers are required, in the first place to 



... 

84 

gauge tho degree of persistence of free convection 

effects to high Reynolds numbers? and secondly to 

allow prediction of the undistortod temperature 

profile at low Reynolds nunbors. Tho latter would 

also o.llow detorr:lination of the Nussel t nwnber
9 

from 

eq_un. 6.2. 

In order to allow operation at high heat fluxes 9 the 

experimental apparatus should bo designed for a 

basic operating temperature as high as possible. 

(d) Other methods of evaluating EH and E"
1
,
1 

should be 

investigated. The present Dethod of differentiating 

experimental profiles is open to error and a chock 

by another method is desirable. Ono method that is 

envisaged is evaluation of tho eddy diffusivity as a 

parameter in a theoretical model of turbulent 

transport 9 by sui t_-tl:Jle correlation of the turbulent 

fluctuations at two positions in the fluid. 

(o) Questions of which temperature to us9 in evaluating 

physical proportios 9 and the exact effect of Prandtl 

nwnber 9 Reynolds number and D/1 ratio 9 in heat transfer 

by oixed free and forced convection 9 remain to be 

elucidated8 
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NOiviENCI4._TlffiE. 

Constant 

Heat transfer area, ft2 

Constant 

Constant 

Constant 

Constant 

Orifice discharge coefficient 

Constant 

Specific heat, BTU/lb.°F 

Diameter, ft 

Ratio of thermal resistance of total diffusion to thermal 
resistance of eddy diffusion only. 

Normalised velocity integral (equn. B.9) 
Fanning friction factor 

Function value 

1\Iass flow rate, lb/hr. ft2 

Grashoff number, D3p2pg(T- T )/~2 
w c 

Grashoff number, D3 p2 pg llT/~2 where flT = ( dT/dx)D 

Gravitational acceleration, ft/sec2 

Gravitational constant, 32.2 ft.lbm/lbf.sec2 

Heat transfer coefficient, BTU/hr. ft2 • °F 

Integration interval 

Correction factor due to Hinze(48) 

Constant 

Thermal conductivity, BTU/hr.ft.°F 

Length of test section from inlet to probe, ft 

Prandtl' s( 41) mixing length 

Nusselt number, hD/k 

Index 

Peclet number, Re x Pr 

Prandtl nunber, c ~/k 
p 
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Heat transferred, BTU/hr 

Heat flux, BTU/hr.ft2 

Radius, ft 

Resistance, ohms 

Rayleigh number, Gr':' x Pr 

Reynolds number, DG/1-1 or Du p//l 
av 

Radial distance measured from pipe centre, ft 

Slope of temperature profile, °F/ft 

Slope of dimensionless temperature profile 

Stanton number, h/cG 

Temperature, °F (unless °C specified) 

Temperature of undisturbed fluid, °F 

Velocity, ft/sec 

Friction velocity, u {f72, ft/sec 
. av 

Dimensionless velocity, u/u': 

Volume of unit mass of fluid, ft3 

Distance measured along tube axis, ft 

Yantovskii(65) criterion, Gr/Re2 (f/2) 

Radial distance mea.sured from wall, ft 

Dimensionless distance from wall, yu':/v 

Natural convection criterion, B.§: • 1l 
Re L 

a Thermal diffusivity, k/pc , ft2 /hr 
P Coefficient of cubical e~ansion, °F-1 

P Ratio of orifice to pipe diameters 

l:lh Head difference, ft 

l:IT Temperature difference, °F 

l:IT "Axial" temperature difference, (dT/dx)D, °F 

l:lx Differential axial increment, ft 

l:lx Thickness, ft 
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Ratio of eddy diffusivities, eH/eM 
Eddy diffusivity of heat, ft2 /hr 

Eddy diffusivity of momentu.m, f't2 /hr 

Dimension~ess temperature, (T - T)/(T - T ) 
w w c 

Viscosity, centipoises 

Kinematic viscosity, f'if/hr 

Density, lb/ff3 

Shear stress x gc' (lbf/ft2
) x 32.2 ft.lbm/lbf.sec2 

Dimensionless average temperature, (T - T )/(T - T ) 
w av w c 

Heat flux distribution, equn, 4. 3 
Shear stress distribution 

Subscripts 

av Average 

c At pipe centre 

calc. Calculated value 

in At inlet 

out At outlet 

w At wall· 

y At radial position y or y/R 

0 At radial position y = 0 (i.e. wall) 

11 2, etc. Function value at position, or temperature, 1
1 

2, etc. 
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APPENDIX A 

VELOCITY PROFILES 

The calculation procedure for a typical velocity run is 

given belowo 

The run chosen is Run v.7: which was carried out with 

the gas pressuring system shown in Fig. 10. For this run, the 

water manometer was vertical o.nd the velocity profile is sho·wn 

in Fig A.l. Results are surnmarised in Table A. L 

Radial position is taken o..s the centre of the pitot tube, 

which is 0.008 in. i.e. y/R = 0.0099 froE1 the wall with the probe 

in the zero position. No correction for displacement of the 

"effective" centre was rDa.de. Preston and Norbury ( 80) indicate 

tho. t the displacer:wnt error is very small for sharp-lipped pi tot 

tubes. 

For a typical radial position 

e. g. y/R = 0.1 04, b.h = 3. 55 em water 

u =V2g7::.-h 

_ (2 x ..32.2 x_3.55 ) 1/ 2 

- 13.6 X 2.54 X 12 = O. 743 ft/sec. 

The average velocity was obtained by integration from 

u = 2 /
1

u.!: a(.!:) (A.1) av R R 
0 

using Siwpson 1 s rule in tho same vvay as described for the 

average temperature in app. B. 26o 
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For this run? tho value obt~ined is u = Oo812 ft/sec. 
av 

Re = ~- = J. 6?LJLQJr!.2 X 8~_x__:1488 
~ 12 X 1.55 

= o. 897 X 1 CP 

:. -!f:72 = O. 0477 :. u.-" = o. 0387 

Now for any radial position, u+ andy+ may be evaluated: 

e.g. y/R = 0.104 

R:::cdia1 
Position 
. y/_R 

0.012 
0.013 
0.014 
0.017 
0.020 
0.032 
0.055 
0.104 
0.215 
0.510 
0.805 
1.005 

y+ = (y/R) (Re/2) v£'72 
= 0. 1 04 X 0, 5 X 0. 897 X 1 (? X 0. 04 77 

= 222 
+ u/(u -ff/2) u/u·:: u = = av 

= o. 743/0.0387 = 19.2 

TADLE A.1 -·-

VELOCITY PROFILE RUN V.7 --------··-·--·---::::.2...--·-

DifforGntia1 
pressure 9 Velocity? 
em. water ft/_Sec 

2.18 0.583 
2.28 0.596 
2~35 o. 605 
2.45 0.617 
2.53 0.627 
2.81 0.661 
3.12 0.697 
3.55 0.743 
4.18 0.806 
5.10 0.891 
5.68 0.940 
5.79 0.950 

+ y 

25.7 
27.8 
29.9 
36.4 
42.8 
68.5 
118 
222 
450 

1090 
1720 
2140 

+ u 

15.0 
15.4 
15.6 
15.9 
16.2 
17 .o 
18.0 
19.2 
20.8 
23.0 
24.2 
24.5 
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APPENDIX B 

TEri[P:::;RATURE PROFILE ]/JEASUREMt~NTS 

B.l RESULTS 

Test readings and ce.lcule..ted results are sumoarised in 

Tables B.l and B.2. The calculation procedure is outlined 

in the next section. 
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TABLE B.1 - TEMPERli.TURE PROFILE f:'I:EASURELtENTS. 
'"'""""~"---~-U ............ ~~· .noo.---...........-.~~,.,...--~----~~~-""""""-'-.-.-,.,..~--.:.:~-

Run Number 1 .Lq 2 ~ .1:1 !± 4a 
Tenmeratures °F: ~~~~~~~ 

Test section inlet 59.0 58.9 74. 7 60.5 59.4 60.2 60.2 
outlet 123.7 127.6 122.2 129.0 129. 6 125.9 127.0 

Inside insulation 115. 1 116. 6 117.2 126.1 125.8 130.1 130.8 
Outside insulation 71.3 70,2 85.6 77. 7 75.8 69.5 69. 7 
~at immt: 
Upper circuit, l'~V o. h-72 0.514 0. 372 o. 723 o. 761 1. 008 1. 032 
I1ower circuit, ~r o. ~-52 0.490 0.356 0_690 0. 725 0. 968 0.987 
Auxiliary circuit, W 2.1 2.1 1. 7 3. 7 3.6 5.0 5.0 
Ratio upper/lower 1. 0~4 1 049 1. 045 1. 048 1" 050 1. 041 1, OL~6 
% Auxiliary/main 0.23 0. 21 0.23 0.26 0.24 0.25 0.25 
Heat loss, % of input 5.6 5. 4- 5.2 4.1 4. 0 3. 6 3,6 
Net heat flux BTU/hr.ft2 ~-30 470 340 670 700 940 960 

Mass flow rate from heat 
balance, lb/hrft2 x1 0'"'6 o. 097 0. 099 0.104 0.142 0.145 0.208 o. 209 

% from orifice meter 98.4 98.8 109.0 98.6 98.6 1 oo. 2 99.6 
Mean cup temp., OF 117. 9 122.4 118.7 123. )+ 124.8 i 19.8 121.7 -s 3. 8 4. 0 4.2 5.7 5.8 8. 3 8.3 Reynolds Number x 10 
Prandtl Number o. 021 o. 021 o. 021 o. 021 o. 021 o. 021 o. 021 
Te]Il_£~£§l:. t_~:r:~_Er~ :iJ.-.e s : 
Wall temp. , OF '119. 3 123.8 120.1 125.5 127.2 122.7 12+.5 

Trr-T at y/R = 1. 00 1. 82 1. 77 2. 09 3.00 3.35 4.24 4.23 
0.95 2.07 
0.90 1. 81 1. 79 2.10 2.97 3.32 Lt-. 22 4.15 
0.80 1. 82 1. 77 2.00 2.89 3.26 4.13 4.2(-; 
o. 70 1. 76 1. 86 1. 91 2.85 3.30 4.07 4.05 
0.60 1. 67 1. 70 1. 84 2.77 3. 21 3.96 
0.50 1. 72 1. 66 1. 72 2.57 3.13 3.63 3.59 
0.45 2.40 . 2.93 
0.40 1. 60 1. 66 1. 55 2.33 2.72 3.35 3.11 
0.35 1. 50 1.47 1. L~7 2.18 2.55 3.00 3.06 
0.30 1. 45 1. L~1 1. 30 2.07 2.24 2.87 2. 82 
0.25 1. 32 1. 26 1. 1 9 1. 86 2.02 2.45 2.59 
o. 20 1.14 1. 12 1. 05 1. 73 1. 85 2.28 2.26 
0.15 1. 07 o. 92 o. 81 1. 21 1. 33 1. 72 1. 76 
0.10 0.67 0.62 0.60 0.94 1. 02 1. 09 1. 21 
0. 05 0.28 0.24 0.36 o. 59 0.51 0.52 0.57 
o. 03 0.15 0.17 0.16 0.12 0.27 o. 37 0.40 
0. 02 o. 09 0. 11 0.04 o.oo 0.24 0.26 
0. 01 007 -0.01 o. 03 0. 05 0. 02 o.oo -0.19 
0. 005 -0.01 0.18 
0.00 0.09 0.04 0,00 0.17 0.14 0,07 

T -T 
av'. 

OF 1. 40 1. 36 1.38 2. 05 2.36 2.84 2.83 
w 
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TABlE B. 1 ctd.. - TENPERATUHE PROFILE I.IEAStiREMENTS. 
·-~ .... _ ...... -w .. ~ ..... ~- .... ., ••. ·~- ......... ""'· *"'--·'o..-.............. __ ........................... ~ ............. - ... ---· " ..... ~~ 

Run Ntunber .2 6 ·] 8 .2 10 1.1 jg 
!~.E~R~~~!:U.:t::~~t~0.~: 
Inlet 71.3 79.0 9L~ 9 79.8 75.3 97.5 100.4 100.1 
Outlet 122. 8 127.8 166.4 127.9 113.4 116.4 114. 7 1'17.1 
Inside insul,n '] 31. 9 142.2 126.5 •!76. 9 192.5 205.4 201.9 263.1 
Outside insul,n 71. 7 76.5 74.4 80.9 95.6 105.1 99.0 1 i 3. 6 
He11-'s_:!-_g-eut: 
Upper circuit,K:f 1. 092 1. 333 1. 009 2.585 3.110 3.315 3.270 5.350 
Lormr circuit, IP 1. 051' 1. 2lt2 0. 951+ 2.470 2.945 3.180 3.154 5.100 
Aux. circuit,~7 5.5 6.5 4.7 13.5 16.4 17.6 17. 6 29.5 
Ratio upper/lower 1. 039 1. 073 1. 058 1. 047 1. 056 1. 042 1. 037 1. 049 
% Aux./nain 0.26 0.25 o. 24 0.27 o. 27 o. 27 0.27 0 28 
Heat loss, % 3.3 3.1 3.2 2.3 2.0 1~ 9 2.0 1. 9 
Net heat flux 1020 12.30 940 2440 29.30 .3150 3110 5070 
Iiass fJ.on rat~ 

lb/hrft2 x10 0.289 0.367 o. 6.34 o. 7.37 1.116 2.42 3•17 4. .35 
Orii':l.ce meter % 106.1 101.9 103.8 104.1 101.2 95.4 96.5 
Nean cu~ temp, °F 119.2 124.1 11.3. 1 123.8 108.2 11.3. 0 112.8 115.6 
Re x 10 11.4 14.7 24.9 29.6 4.3 • .L~ 95.5 124 172 
P1., 0.021 o. 021 o. 021 o. 021 0.022 o. 021 o. 021 o. 021 
.~.2~1',§ tu.!:~- J??::£f_:!1Q.~ : 
·-van temp, °F 122. 6 127.9 116.1 1.31 • 1 116.9 119.1 117.3 121. 7' 

T,-T at y/R=1.00..; ll-• 88 5. 75 5.19 11.28 ill-• 55 8 • .32 6.80 9.09 
If o.-95 5. 71 5.24 11.31 14.08 6.85 

0.90 4.94 5.59 5.20 11.30 14. .32 8. 20 6. 83 8.95 
o.8c:i 4. 97 5 • .1.:.9 5.08 11.03 13.99 8.08 6.59 8.80 
0.70 4. 72 5.32 5.00 1 o. 85 1.3. 58 7. 75 6.55 
0.60 4.58 5.11 4.55 1 o. ~.4 13.07 6.19 8. 01 
o. 50 4.30 4.87 4. 06 9.56 11. 84 6. 79 5. 91 
0.40 3. 87 4.60 3.52 8.43 1 o. 5.3 5.22 6.94 
0.35 3. 76 lt-.37 3.25 7. 99 
0.30 3.37 3.96 2.87 7.38 8. 78 5.22 4. 511- 5.92 
0.25 3. 01 3.66 2.53 6. 47 7.¥ 3.96 
o. 20 2.55 3. 05 2.16 5.80 6.32 4. 05 3.44 5.20 
0.15 2.08 2. 75 1. 68 4. 99 5.02 3. 01 4.41 
0.10 1. 54 1. 76 0.99 3.60 3.87 2. 93 2.53 3.36 
0.05 0. 73 0.92 0.56 2.04 2.19 1. 71 1. 68 2.66 
o. 03 o. 41 0. L1-3 1. 01 1.13 1. 85 
o. 02 o. 20 0.27 0.23 o. 41 o. 90 o. 77 0.84 1. 04 
o. 01 o.oo o. 07 o. 61 0.75 

o. 005 o. 01 - ( 0.11/b 
o.oo -0.02 -0.18 -0.05 -0.01 -0.38 -0. 34 =0. 06) -0.24 

T -T av' OF 3-33 3.8.3 w 
3. 02 7.31 8.76 5.24 4.46 6.08 
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TABLE B. 1 ctd. - TEMPERATURE PROFil:E iviEASUREMEl\lTS. 
-~._,.O.:&~r:,l:I-.-·~=-~"*"--""~"'-L.-~) .... ' ... •.___ ...... .....,.~ ..... -• •. :...~ ...... -.''-L,_,...._.,,_.,..,._M .. L,_~. -

Run Number Jl Jja .:14 12 16 j~"Z 18 .:1.8a 
Terrmeratures °F: 
~~~=~~---~· -~~-~-,:.J-~-

Inlet 100.0 99.9 76.9 137.3 101.5 126.5 155~ 2 158.2 
Outlet 115.2 115.0 176.1 187.3 189.5 185.5 187.9 190.3 
Inside insul.n 312.3 313.5 185.1 178.9 233.7 209. 7 193.7 193.1 
Outside insul.n 118.8 120.0 88. 7 86.8 91.1 88.4 90.6 88.4 
fie~t .. izl,J2~i],: 
Upper circuit,K01 7.02 7.09 1. 709 1.037 3.139 2.224 1.523 1.506 
Lovrer circuit_,Kd 6.74 6.79 1. 62lt- o. 982 3.036 2.123 1. 438 1.435 
Aux. circuit, W 41.9 41.4 8.6 5.0 17.4 11. 9 7.0 6. 7 
Ratio upper/lower 1. 042 1. 04ll- 1. 052 1. 056 1. 034 1. 048 1. 059 1. 049 
a1 ~ I . 0.31 0.30 0.26 0.25 0.28 0.27 0.24 0.23 7o .t-~ux. maJ.n 

.-'/ 

1.9 1. 9 3.6 5.6 2.9 3.5 4.3 4.4 Heat loss,~~.;, 

Net heat flux 6670 6730 '1590 940 2960 2070 1400 1390 

Euss flovv rat~ 
lb/hrft2 x1 0 6.37 6.46 0.233 0.276 0.491 o. 514 0.627 0.633 

Orifice meter % 98.1 96.8 102.7 99.9 99.5 103.6 99.9 99. 7 
file~m OUJ23 temp, °F 114.1 114.0 168.8 181.6 183.9 182.6 183.7 186.7 
ReX 10 251 254 1 o. 1 12. 1 21. 8 22. 7 27.8 28.2 
Pr 0. 021 o. 021 o. 018 0. 017 0.017 0.017 o. 017 u. 017 
Temnerature Profiles: 
~""'""·····--" --·-o,-·--···- 119.3 172.4 183.8 189.8 187.2 187.6 190.1 VIall temp, F 119.3 

T -T at y /R= 1 . 00 7.36 7. 43 4. 92 3.36 8.39 6. 76 6. 01 5.14 
w 0.95 7.12 5· 4-0 

0.90 7.32 7.43 4.99 3.37 8.26 6.67 5.98 5.24 
0,80 7.17 7.36 4.99 3. 31 8.37 6.57 5.97 5.20 
0.70 6.95 7.13 4. 81 3.20 8.33 6.4l!- 5· 95 5. 05 
0.60 6.80 6.98 4.82 3.08 7. 91 6.45 5.79 4.85 
0.50 6.38 G. L~~- J-J.-.50 3.00 7.50 5.99 5.32 4.4ll-
0.45 6.17 2.78 
0.40 5.89 5.73 4.25 2,68 6. 81 5.54 4.84 4. 09 
0.35 5.67 5.47 3. 91 2.51 6.46 4.35 3.90 
0.30 5.26 5.34 3.72 2. 31 6.06 4. 85 3.93 3-55 
0.25 4.96 ~-- 96 3.32 2.26 5.70 4.33 3.35 3.05 
0.20 Lr. 59 4.48 2. 90 1. 67 4. 75 3.93 3.04 2. 61 
0.15 4.00 3. 85 2.4l!- 1. 27 4.04 2.97 2.44 2.09 
0.10 3.41 3.34 1. 60 1.04 3.15 2. 4 6 1. 72 1. 59 
0.05 2.47 2.47 1. 01 o. 61 1.60 1.27 0.89 0.64 
0.03 1. 87 1. 92 0.51 0.26 1. 01 0.76 0.56 0.39 
0.02 1.38 1.38 0.27 0.27 0.65 0.4l!- 0.4l!- 0.32 
o. 01 1. 71 o. 71 0.19 0.38 0.37 0.25 0.11 
o.oo -0.23 -0.26 -0.11 o. 05 0.19 

T -T av1 
OF 5.18 5.22 

'F'l 
3.56 2.24 5.94 4.59 3. 91 3.44 
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TABLE B. 2 - Wall_.~~eratures 

Run Number 2 6 8 2. 10 11 12 ll Re x 1o-3 1L4 14.7 29:-6 43.4 95.5 124 172 251 
Heat flux, B/hrft2 1020 1230 2440 2930 3150 3110 5070 6670 
6 T over wall*, °F lol3 1.36 2.70 3.25 3.49 3.45 5.62 7.40 

1~all temp~ Tw' °F 122.6 127 o9 131.1 116.8 119.1 117.3 121.7 119.3 
Wall thornocouples~ 
1 123.8 128.6 134.0 122.2 124.6 122.3 129.8 132.9 
2 Dovms trearn 129.0 134.7 122.5 115.9 122.3 118.2 119.2 
3 123.6 128.6 133.,9 122.3 117.6 122.1 121.8 120.4 
4 123.6 129.1 133.4 121.2 119.3 122.6 124.1 122.5 

5 At probe 121.3 128.0 132.2 119.6 122.0 119.3 126.7 126.8 
6 122 .o 127 .• 7 131~5 12lo6 123.9 122.9 130.1 130.8 

7 122.8 128.2 134.7 124.2 120.7 124.9 126.6 127 ·5 
8 Upstream 122.8 128.7 134.1 125.3 120.1 124.6 125.6 121.8 
9 Dead 
10 123.0 128.3 135·4 124,9 127.4 124.8 136.7 140 .. 3 

::. Temperature drop over 1/8 in. wall. Exact depth of thermocouples 
not knovm. 

J3.2 CALCULATION PROCEDURE 

Run No~ 10 will be used to illustrate the metJ.1od of vvorking 

up the exp0rinent~l data. 

J3.21 Heat flux 

Heat input 9 upper coil = 1.053I0vn over 19.06 minutes 

= (1.053 X 60/19.06) = 3.315 KVv 

lower coil 3.180 KW 

auxiliary heater = 1.56A. x ll.3V= 0.018 KVl 

6. 513 KVi 

Total heat input 6.513 x 3412.8 = 22 1 230 J3TU/hr 
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Heat lossg Re.J.dings of thernocouples situated 

on either side of l" glass fibre preformed pipe 

insulatiom 

T inside = 205.4 °F 

T outside = 105.1 °F 9 LlT = l00o3 °F 

Thernal conductivity data for the insulation were 

obt~ined froo the manufacturers and could be 

approxioated as followsg 

k = Oo01667 + 0.0000616 T, 

k = 0.01878 + 0.0000386 T~ 

where T = temp. 9 °C 

T > 92 °C 

T < 92 °C 

Mean insulation temp. = 155~3 °F = 69.0 °C 

:. k = 0.0214 :sriU/hr ft 2 (°F/ft) 

Log nean area of insulation ( 3" I. D. 9 5" O.D.) 

= 1.024 fit /ft 

Test section length = 16.3 ft. 

:. Heat loss = kA LlT/Llx = 0.0214x1.024x16~3xl00.3:x:12/1 
430 :BTU/hr. 

:. Net heo.t input = 21 9 800 :BTU/hr. 

Inside surface area of test section = rrDL 

= ( rrxO.l353xl6.3) = 6.93 ft 2 

:. Heat flux = 21 9 800/6.93 3150 BTU/hr ft 2 

:B.22 Mass_ffow ro.te 

The onss flow r:::..te r:12.y be obtc:dned by heat b2.1o.nce 
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ovor the test section~ or from tho orifice meter reading, 

Heat Balanceg Nett heat input = 21 9 800 BTU/hr 

Test section outlet toop. 

inlet tomp. = 97.5°F, LlT= 18.9 

= 0.0331 BTU/lb.°F Mean ter;J.po c 
p 

:. Flow rate = Q/c LlT = 21800/0.0331 x 18.9 
p 

= 34,800 lb/hr 

Tube cross-sectional area = 1T(O.l353) 2/4 = 0.01437 ft 2 

:. Mass flow rate = 34800/0.01437 = 2.42 Xlo 6 lb/hr ft 2 

Check: Orifice motor reading • 2.72 em Hg(orifice 

no. 1) at anbient tonporature, 81.1 °F 

Mean of tost section outlot and cooling section inlet 

temps. = 115.6 °F 

Manometer reading is equivalent to 

P81.1 s~ 
2. 72 X ~~ = 2. 72 X -

8 
.6 = 2. 73 em Hg 

p115.6 41 • 

Froc Appendix F.3 9 orifice coefficient = 0.616~ [3 = 0.6927 

:. u = . CD f3
2 

. .,( 2-g Llh = 0. 809 ft/ sec. 
av ...; 1 _ (34 

:. Mass flow rate = (0.809x3600x84L6) = 2.45x106 lb/hr ft 2 

This value is 101.2% of that obtained by heat balance, 

and is a good chock. Tho orifice motor reading was 

used only for initial setting of tho flow rate and was 

only recorded once during tho run. Tho heat bi'tlanco 
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vc.lue was considered tho mora reliable and used in further 

c >lcuia tions. 

Bo23 Reynolds nurnbor 

Tho exact Reynolds number at tho probe depends on tho 

viscosity at tho moan cup tomporaturc. Since this 

temperature is at present unknown 9 and will in turn dopond 

on tho Reynolds nw-nber (soe section B.2:)) a temperature is 
' 

initially assumed and tho correct moan cup temporo..turo 

est~blishod by itorationo 

For this run 9 tho moan cup tomperaturo turnod out to 

be 113.86 °F 

I.L at 113. 86 °F = 1. 422 c. p • 

. . Re = DG/I.L = O. 1353x2. 42x1 CP /1 . 422x2. 42 

= 95,500 

B.24 Temperature ;2rofile 

Temperature recordings were made using the millivolt 

recorder and voltage reference system. Tho profile 

recording obtained for Run N0. 10 is shown in Pig. 20, p. ~6. 

Use of tho val tage roforonco systera introduced an oxt0rnal 

resistance vvhich changed tho recorder scale factor in 

tho ratio 

Internal R + External R 
0 (B.l) 

Internal R 

Operating conditions during Run 10 wore as followsg 

RoforonoG voltagG = 2.481 nV~ 
Resist'lnoe of thoroocoupl_.~; + r·>for"lnce system = 1370 ohms. 
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Recorder scale factor = 0. 25 raV full-scale 

(Interno,l R.asist::o.nce = 2500 ohns) 

Recorder ~oro ponition ~ 2q% 

:.Effective recorder scale factor= 0.25(2°~.5;01 -l'Z.Q) 
= 0.387 mV full-scale 

Taking as an example tho towporo.ture reading at 

yjR = loOO (lOO%), 

Average cho,rt ro~;.ding = 78.2!fo (From Fig. 20) 

The exact value of the average is a r:J.atter of visual 

judgement. It should be notod that tho profile as 

recorded is invorted, i.e. lower temperature readings 

appear closer to tho lOO% chart position. The chart 

zero position of 20% represents a voltage equal to the 

reference voltage, while higher readings represent lower 

voltages and lower readings higher voltages~ 

Effective chart reading = - (73.2-20) = -58.2!fo 

This represents a difference from the reference voltage of 

(-0.582x0.387) = -0.225 nV. 

:. Thermocouple voltage = ( 2. 481 - 0. 225) 

~ Temperature = 110.78 °F 

2 .. 256 mV 

(Iron-constantan conversion rel::J.tionships appear in 

appendix F) 

Accuro.cyg It ms.y bo noted that 1% on the recorder chart 

under the conditions of this run represents 0.134 °F 

Ter:1peraturo readings for other radial positions are 

obtained in tho sarao way and are shown in Fig. Del. 



B-10 

YIR 

1201 
0 0·01 0·02 O·O.J 0·04 O·OS 

X 

118 

~~·. 
-\-~ I ~~~ 
\I I I~ 

i---x ,__\ · Slope ot wall 

~. x· towards wall 

~ o towards cflntrfl 

. X"' 

116 

114 

~ 
~ 

....... 

""~------. 
112 

-· 
110 

0 0·4 0·6 0·8 1·0 
YIR 

FIG-. B, 1 TIDI!PERATURE PROFILE f RUN 1 O. 



B-11 

B.25 Wall temper~ 

The tempero.ture reading obtained with the probe 

thermocouple in contact with the wall will not necossg,rily 

be equal to tho wall temperaturo 9 since tho probe would 

also be partly in contact with the fluid. Tho true wall 

temperature was therefore determined by fitting tho data 

in the vicinity of tho vvo.ll to a second-order polynomial, 

where the coefficient of the first-order torm equals the 

expected slope at tho wall, as calculated from the hoat 

flux. The procedure is illustrated as followsg 

Assuming a lar.1inar layer iomodiately adjacent to 

tho wall, 

Now if 

~ = - k (dT/dy)y=O 

:. ( dT/dy) O = - <1v/k 

T = ay2 + by + c 

then ( dT/dy) 0 = (2ay + b) 0 = b = - <1v/k 

Thus ay2 + c = T + ( 'iv/k) y 

In this case 9 q,/k = 3150/5-33 = 591. 

(B.2) 

(B.3) 

(B. 4) 

(B.5) 

(B.6) 

This equation is sot up for o~ch experimental point in 

tho vicinity of tho wall and tho resulting matrix inverted 

by a standard computer routine using a least-squares 

method. In practice this procedure was carried out for 

tho seven points at 0.02 intervals fron the wall to 0.12 9 

based on tho mean curve through tho oxporimontal points, 

but the use of tho actual measured points would have 

boon more correct. 

Tho polyn01-:1ial obtained by this regression technique 
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is shown in Fig. 13.1 9 and the wall temperature obtained. 

is 119.10 °F. 

Rec,dings o btainod frorJ the 10 wnll thermocouples, 

aro shown in Table ].2. It is apparent that fnirly largo 

differences exist between tho readings obtained. The 

thermocouples wore inserted into l/16 in. holes drilled 

in tho 1/8 in. thick tube wall and tho exact depth of 

each couple was unknown, but the 'total temperature drop 

over tho tube wall was approxinatoly 

i1 T = q6x/k = 3150( 0. 125) /1 2x9. 4 = 3. 5 °F. 

( k for stainless steel = 9.4) 
Tho wall tooperaturos mensured wore thus of tho right 

order, but obviously do not provide a sufficiently 

accurate measure of tho inside wall surface tGtDperature 

on their own. Slightly better agreeuwnt was obtained 

at lower heat fluxes. 

Experimental data for all runs are reported in 

Table 13.1 as (T - T), w whore T is the wall temperature 
w 

determined by tho regression method doscri bod above. \Vhoro 

tho experimental tor:1porature is higher them the reference 

tenperature, T 9 a ne~ative value appecrs in the table. w 0 

The dimensionless temperature profile is obtained by 

plotting (T - T)/(T - T ) vs. y/R. w w c 

]. 26 ~n:ean Cup Ter;1poraturo 

The mean cup tet:!pernturo at tho probe is obtainable 

from the relation I 
T = _g_ £ u T a(E) 

av u R R av 0 

(4.1) 

Vvhen u is expressed as u+ 9 this becomes 

T = 2 flffj!:u+ T a(£) 
av R R (B. 7) 
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Calculo..tions nro shoYm in Tn.ble 13.3 v-vhore the va1oci ty 

nt each ro..dial position was ev::,lu<J.ted from tho von Karman 

universal velocity profile, given by equn.s 1.5n, b 1 c 9 and 

tompero..turo readings wore taken from tho smoothed temperature 

profile curve. Integration was cnrriod out by Simpson's Rule 

I= i h (f + 4i' + 2f + - - - - + 2f + 4i' + f ) (B. 8) 3 0 1 2 n-2 n-1 n 

for the two portions of y /R = 1.00 to 0. 20 and 0. 20 to 

0.00. Tho integral for tho l::1st column in '11able B.3 is 

1193.8. 

Re = 95,500 ... H72 = o. 04765 

:. T = 2x0. 04765x1193. 8 = 113. 77 °F , av 

Tho aver~go velocity may bo obtained from 
1 r r 

u = 2 f u- d(-) av 0 R R 
and thus 

(A.1) 

F' = 
1 

2 fl72 J u+ £a(£) = 1.0 (B. 9) 
0 R R 

but it was found that 9 particularly at low Reynolds 

numbers, and using Sinpson's rulo for integration~ tho 

term F' was not equal to unity. This gave spurious 

values forT v,using equn. 4.1 Tho reason for this . a 
discrepancy vms not invostiga tod but tho calculated value 

ofT was divided by F 1 
1 tho "norr:1alisod velocity av 

integral" so as to produce tho moro correct value of T av 
dofinod (81) by 

T av = 

For Run 10 9 F' = 0.9992 

l 

f £ u T a(.!:) 
.o R R 

1 r r I - u a(-) 
o R R 

Thus Tav (113.77/0.9992) = 113.86 °F. 

(B.1 0) 
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TAB~_j3~. 

CALCULATION OF MEAN CUP TEMPERATURE -., ,_ ____ ... -- ~ 

y/R + + T, Op (r/R)u+T y u 

1.00 2286 24.83 110.77 0 
0.95 2172 24.71 110.81 137 
0.90 2058 24.57 110.88 272 
0.85 1943 24.43 110.96 407 
o.so 1829 24.28 111.07 539 . 
0.75 1715 24.12 111.20 670 
0.70 1600 23.94 111.36 soo 
0.65 1486 23.76 111.56 928 
o.6o 1372 23o56 111.82 1054 
0.55 1257 23.34 112.06 1177 
0.50 1143 23.10 112.33 1298 
0.45 1029 22.84 112.64 1415 
0.40 914 22.55 113.00 1529 
0.35 800 22.21 113.40 1637 
0.30 686 21.83 113.87 1740 
0.25 572 21.37 114o38 1833 
0.20 457 20.81 114.91 1913 
0.18 412 20.55 115.17 1941 
0.16 366 20.26 115.45 1964 
0.14 320 19.92 115.69 1982 
0.12 274 19.54 115.96 1994 
0.10 229 19.08 116.25 1996 
0.08 183 18.52 116.63 1987 
0.06 137 17 .so 117.06 1959 
0.04 91 16.79 117.61 1896 
0.02 45 15.C6 118.29 1745 
o.oo 0 o.oo 119.10 0 
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Tho use of tho nppro:ximo.to von Knr111an relations 

( equn. 1. 5) for tho voloci ty profilo 9 rather them n 

_more sophisticated one (48) ooo.ns tho calculated mean 

tooporaturo will not bo particularly accurate. Howevor
9 

due to tho uncorto.inty in regard to tho velocity prof;i.lo 

for r:wrcury 9 and tho further expectation that 9 for many 

of tho reported runs 9 tho velocity profile nay bo 

distorted 9 groat importance can not be attached to the 

calculated c9nn cup temperature reported hero. The 

value is accepted ns a roforonce tompornturo for 

calculation of physical properties. 

1valuation of u+ 9 y+ and tho friction factor 

requires n knowledge of tho Reynolds nur1ber 9 which in 

turn depends on tho uocm cup tompor2.. turo. An initial 

to111perature is therefore assumed 9 tho physical properties 

and Ro ovaluatod 9 and T is ostablishod by iteration. 
av 
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APPENDIX C 

VALlfl!l~ THE PABAl'!l:lETERS Y AND Z 

. 0.1 THE YANTOVSKII CR+_'r_JPRIQJ.~ 

Tho Ynntovskii criterion is dofinod as 

rvhere 

(4. 6) 

(4.6a) 

and values of this criterion for tho curves shown in Figs. 

22-24~ and roforrod to in tho toxt 9 aro calculated below. 

Run Noo 5· g Ro = 11 9 400 :. f = 0.007 4 

From tonp. profile 9 Tw-Tc = 4. 88 °F 

Moan cup tamp. = ll9.0°F (Table B.l) 

Physical properties of morcury 9 frau appendix H.l 

p = 841.3 lb/ft3 ; !l = 1.407 CP; {3 = 0.00010 

Pipo diruuotor = 1.624 in. = 0.1353 ft. 

Gr = .{_0.1353) 3 (841. 2 0.0001~2.2(.3600) 2 x4.88 
1. 407x2. 42 2 

Similarly 

= ). 07 X 1 ()'7 

:.y=-~= 
Re2 f' 

Ro 

Tw-Tc 

Tav 

y 

9 
43,400 

14.39 

lOBo 7 

17 ·5 

= 64 

14 

109100 

4.92 

168.8 

94 
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(a) Ro = 39,500j :. f = 0.0055; (Tvv-Tc) = 19.6 °F 
,, 

Physical properties :uo obtainod f:rom appendix H.2 

Tav = 206.4°F; v= 0.022 ft 2 /hr. 
fl = o. 00016 

.•• y 

Pipe diu.Elotor = 1.)80 in. = 0. 115 ft. 

= 4.06 X 1eJ3 

2 X 4.06 X 1<:1> 
= 'C39~-500)20. 0055 = 0.94 

(b) Similarly, for Ro = 44~000~ 
(Tw-Tc) = 5e72°F; Tav = 92o5°F 

:. Y = o.11 

C.l3 Kirillov ot nl. (?0)~ NaK outoctic 

Tho r.10an tonperetturo is not stc.tod but Pr is givon as 

Pr = Oo0263. Assu1:1ing that those workers would hnvo 

used tho physical property dC1.ta of Kutatolndzo (82)~ it 

is inforrod that Tnv = 93 °C. 

Thus V = 0.0225 ft2 /hr ( appondix Ho 2) 

{3 = o. 00016 

Pipe diameter = 40.0 mn = 0.1312 ft. 

= .(.0.1JJ.2j 3_o._OQ016J2~2..U6oo) 2 14._~ 
Gr (o. 0225 2 

= 4.33 X 1Cfl 

y = n-~·,·rt~2 ~-=-~~0 = 6. 6 
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C.l4 Schrocko(37) 9 NaK -.56% K 

Run No. l4g Ro = 9760 :. f = 0.0077 

(Tw-Tc) = 9.2°Fi Tnv = 330e6°F 

Physicnl proportios nro givon by Schrock (37)g 

p = 53.0 lb/ft3
; !l = 1.03 lb/ft hr; (3 ~ 0. 00016 

D = 1.0 in. = 0.0833 £t 

= 9. 4 X 1 cP 

,r 2 X 9. 4 X 1 Cf> 
1 = 1976o)iro. ooif 

Similarly 

Run No. 19 

Ro 36,000 

Tw-Tc 9.2 

Tnv 238.6 
y 0.19 

= 2. 6 

26 

41,400 

8.57 

262.5 

0.14 

C.15 Subbotin ot nl. (g5) 9 morcurl[ 

Run No. 19z Ro = 45 9 500 :. f = 0.0052 

(Tw-'rc) = 7.86 °C= 14.15°F; Tnv = 21.8°C== 71.2°F. 

Physicnl proportios (nppondix H.l)g 

p ·= 845.4 lb/ft 3
; !l = 1.54 cp; (3 = 0.00010 

Pipo diClL:lotor = 29.3 r::u::J:a 0.0962 ft 

= 2. 73 X 1 cf7 

y 2 X S• ~ X 1 CJ1 
= T45,soo 2 o:oo52' = 5• 1 
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C ~ 2 THE NATURAL CONVECTION CRITERIO~ 

Z is dofinod as 

Z = g:,r':' l?_r D..L1 
Re · (5.1) 

' whore the temperature difference in tho Grashoff number 

Gr':' is defined o.s ( dT/d.x) D • 

C.21 Relation botwoon Z andY 

Gr* differs from Grin tho definition of tho 

tomporat~re difference~ so that 

Gr* = Gr ldT/dx)D (C.1) 
(T - T ) w c 

Now~ fro1-:1 equn. 5.3 
icl.T.L~JJ?. - 4 h (c. 2) 

T - T - Gc w av p 
and if (Tw-Tav)/(Tw-Tc) is defined as ~, then 

Gr* = Gr (.±..h) ~ • ( G • .3) 
Gc 

p 
. Assuning tho. t tho l'hrtinelli-Lyon oqua tion applies 1 

h = (k/D)(7 + 0.025 Pe0· 8) (C.4) 
Also G = Ro p. /D 9 and o.ssuoing that <I> ~ 0.6 

(=0.59 for Run No. 10)~ Gr''- becomes 

Gr'' = Gr [ !±J<:ft;O' £2,2 oPe O.:!J_Jf. J o. 6 

Po 8 
= Gr ?.~(]__±_ O.Q2.5.~ (C.5) 

Re Pr 

:. z = b ~(_7.._"~_E.e_~ 8L Gr if R~ /!: 
0 8 D f Gr ( 6) = 2.4(7 + 0.025 Pe • ) L 2 Re2f72 C. 

where (4. 6) 
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Typical length/ diar:wter rntios used by various investigators 

aro as followsz 

Borishanskii ot al.(26)~ 25; Carr (78), 74; 

Kirillov et alo (20)~ 20~ Schrock (37)~ 48~ 

Subbotin et nl. (25), 32e 

In order to obtain an approxir:m te nUDoricnl comparison 

between n Y valuo of unity 5 and Z9 a typical L/D ratio 

of 50 is tnkon~ together with a typical Prandtl Nun1bor 

of 0.02. 

Then for Re = 40 9000 and Y = l 

z = 
2. 4( 1 ~ 220. 002J± = 15.8 x 1 o-4 

50 X 2 
Similarly for Ro = 10 9 000 

z = 2 •.. M 8.z2 o. oo76 = 15.9 X 10-4 
50 X 2 

and for Re = 100 9000 

z ;: 2 •• M 1 7. 9) o1 09ft2 
50 X 2° 

-4. = 19.3 X 10 • 

VVhilo thG criterin Y and Z nro not strictly comparnblo 9 

it appears from tho above that n value of Y = l corresponds 
-4 approximately to Z = 20 x 10 and this value of Z mny 

therefore be to.kon D.pproximatcly as tho value bolow which 

superimposed free convection will not have an appreciable 

effect on forced convection. 

Cl. 22 Values of Z for this work. 2 morcurz. 

D = le 624" = 0.1353 ft .. 

Total heated length = 16 .. 3 ft 

Longth 9 inlet to probe = l4o2 ft; D/L = 0 .. 00952. 

Run No. lg Ro 3,800; (Tout- Tin) = 64e7 °F 

:. dT/dx = 64.7/16.3 = 3. 9~F/f't. 



c-6 

Tav = ll3o4°F. Physical proportios (appendix Hol)g 

p= 841.8 lb/ft3 ; 1-1 = 1.423 cp; f3 = 0.00010 

Pr = 0.021 

G .. r· . - D3 p2 {3 g (dTidx) D I 1-12 

= 

= 3. 29 X 1 (tl 

z = Gr';' Pr (DIL) I Re 

= i:_29x1 a> xO. 021 xO. 009,22 
3800 

= 1730 X 1 0-lt-

Values of Z for tho other runs aro shovm in To.blo 4.L 

0. 23 Bor~shanskii et al. ~ sodiur~ 

D = 40 mm = Ool312 ft 

Length~ sto.rt of ho~ting to probe = 25D 

Total heated length not stated 

All operating details are not given~ but it is possible 

to calcul:J.te Z froo the inforoation 1Wc.:.ilo.ble. 

Frora tho given Poclot nur.1bor 9 it may be inferred that 

Pr = ( 400/50 9 100) = 0.0079 9 and 9 using tho l)hysical 

properties of Na givon by Kutatoladze (82)~ T ~ 1800C _
8 

av 
v =54 x 10 m2 lsec =0.0209 ft2 lhr 

k = 71 kcallm. hr. ° C; {3 = 0. 0001 6 

It is readily shown that 

~ = -~ 
L k Pe or 4 g 

Re c 1-1 
p 

(c. 7) 
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Using the first dofinition 9 

~ _ aT _ 4x5L ooo c.lJL) 0 1 1 - dx - 71x400 X 3.28 = 3.94 F ft. 

Gr·:: = .i..C1_u!_2) 4 0. 00016xf2. 2(3600~ 2 3.,.9~ 
( 0. 0209 2 

z 

C.24 

= 1. 78 x· 1 ()5 

= 1. 78x1 CP xO. 0079x0. O!:i; = 
11 

x 
1 0

-4 
50,700' 

Brown 9 .An1sto:.1d and Short (12) 9 nercurz 

D = 1.6" = 0~1333 ft 

Longth 9 inlet to probe (St~tion 2) = 90 dio.meters 

A tempera.turo profile is given for a run at 

Ro = 660 9 000 and this will bo used to calculate a 

typical value; of Z for tho results of these authors. 

Avero.ge tonp. is estimE'.tod 9 from tho profile, to 

be a~prox. 137.4~. Physical properties (app. H~l)g 

p = 839.8 lb/f'if3; Pr = 0.0196 
Inlot and outlot tom1;eraturas aro not availablo

9 
but 

tho required temperature difference mo,y bo estimated 

fl'On oqun. 5o3g 

(dT/dx)D = ~G_h (T - T ) - ~ Nu (T - T ) (5.3) 
cp w av - Re Pr w av • 

Nu may be ov"t.luatod from tho given experimental results 

at Po = 660 9000 x 0.0196 = 12 9 900 as approxinatoly 

Nu = 50e 

Also~ from tho given profile, Tvv = 124.5 OF and 

thorofare (Tw-Tnv) ~ l2o9°F • 

• •• ( dT/dx)D = _64x6 ;.2_0x12• 9 6 = 0. 2 °F/ft 
O, OOOxO. 019 

:. Gr:' = ( o. 1333)3 
( 839. 8) 2 o. 0001 Ox32. 2( 3600) 2 o. 2 

.·. z 

· (1.36x2.42) 2 

= 1. 29 X 1 (j3 

... 1. 29x1 (}!> xO. 01 96 
90x66o,ooo = 
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c.25 Carr (7~-~a_IL_o11~ctic 

D = 1.380" = 0.115 ft 

Total he2tad length ~ 10.0 ft. 

Longth 9 inlot to probo = 8.5 ft.~ D/L = 0.0135. 

Ro = 31~400; 
--~--- .. ,..._ (T t- T. ) = 47.8°F ou ~n, 

T2.v = l44.7°F. Physico,l properties from appendix H.2g 

v = 0.0266 ft2 /hr; Pr = 0.0232; ~ = 0.00016 

Gr*' = .(~,to. Q0016x 2. W~ 
( o. 0266 2 

= 7. 87 X 1 ()4 

.·. z = L 8:Zx1 04 xO. 02_lg,_xo. ()jj2 
31,400 = 7.8 X 10-4 

Similarly, 

Re T out- T. T OF 
Z X 104 ~n ~------ _,_.....,.._,.._..., 

39500 48.2 206a4 

44000 11.0 92.5 
71600 6 .. 2 89.3 

71900 25.0 194.3 
83300 5.4 88.7 

83600 15.5 126.5 

97200 18.4 190.3 
1460JO 3.1 88.1 

153000 11.7 183.8 

C.26 Kirillov ot '2:_1.(20) 9 NaK eutectic 

D = 40.0 nF-1 = 0.1312 ft 

Longth 9 in1ot to probe = 800 mm :.DjL = 0.05 

Ro = 13700; q_ = 22,200 Kca1/n 2 hr; Pr = 0.0263 

7.3 

1.1 

0.4 

2.0 

0.3 

0.9 

l.l 

o.l 

0.4 
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As in Section 0.13~ it is assuE1ed that 

Tav = 93°C. 

~ v = 0.0225 ft 2 /hr (appendix H.2) 

k = 20.95 Kca1/n.hr°C (83). 

From equn. C. 7, 

ilT = 4 q = • bJc2?l200 X .1.JL 
1- k.RePr 20. 95x13, 700:x0. 0263 _3. 28 

= 6. 45 °F /ft. 

Gr* = 

= 2. 51 X 1 ()5 

.·. z 

Similarly 

Ra 

179330 

17 9 600 

339000 

q 

16,000 

17 9 600 

20,900 

Pr 

0.0158 

0.0154 

0.0132 

C. 27 Schrocl£._(Jl)-L N~~ - ....262f. K 

D = 1.0 in. = 0.0833 ft 

Z X 104 

180 

190 

80 

Length 9 inlet to probe= 48 in., D/L = 0.0208. 

Total heated length = 56 in. 

( I ) 1_3. 3_x 12 __ 
:. dT dx D = 

56 
2. 85 °F/ft. 

Tav 220°F. Physical l)roportios are given by Schrock (37) 

p = 53.9 lb/ft3 ? 1-.L = 1.28 1b/ft.hr? Pr c 0.0247 

Gr* = (0.0833) 4 (53.9) 2 0.00016x_32.2(3600) 2 2.85 
( 1. 28) 2 

= 1. 61 X 1 Q4 
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:. z = 1.61x104x0.0247x0.02Q§ 
541+00 

= 1.52 x 1 o-4 

Similarly 

Run No. Ro (T - T ) out in ---
21 49000 14.3 

26 41400 16~0 

27 65600 12.3 

28 76800 10.7 

T °F av 2 
Z X 104 

223 le88 

263 2.48 

286 1.24 

296 0.87 

These Z values nre all well below 20 x 10-4 and the do.ta 

pointe in Fig. 25 are not labelled. 

C.28 Subbotin et al. (25) 9 mercury 

D = 29.3 !TID = 0.0962 ft 

. Length 9 inlet to probe = 945 E'lD 9 D/L = 0.0310 

Run No. l9g Re = 45 1 500? q = 17000 Kcal/n 2 hr 

= 6270 BTU/ft 2 hr. 

Tav = 7l.2°F :. Physical properties (nl:Jpondix.H.l): 

P= 845.4 lb/ft3 9 f.l.= 1.54 CP? (3 = 0.00010 

c = 0.0332 BTU/lb °F 9 Pr = 0.0246. p 

LIT = 
L 4q_ - ~·---

Re cp 1.1 - 45,500x0.0332x1.54x2.42 

:. Gr':: :.:: 8. 1 5 X 1 OS 

and z = 140 x 1 o-4 

:.:: 4. 46 °F /ft. 

Details of other profiles -reported by these authors 

r:my be obtained fron Ref (25) and VJ.luos of Z are shown 

in Fig. 25. Profiles for Reynolds nm1bers below 4 x 104 
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have o,pproxino.tely tho s::~.r:1o sh::1pe <1s those of this work, 

but t~1o Z pc,rm,wtEJrs o.r8 appreciably higher? possibly 

due to tho rolc.tively short tube, length (35 diru:1oters) 

used 7 <1nd those profiles lnvo n:Jt boon included in Fig. 25. 

For tho Dercury d::1, to. reported l)y Subbotin et <1l. in 

Rof (22) 7 tho saEJo oquipnont vvn.s usod as in Rof (25). 

Re = 204?000 ~ q = 41 9 000 Kcnl/d:lhr 

= 15?100 BTU/ ft 2 hr 

No averc.e;o tor:1porc.turo is givun? but 3.ssuning that 

c.pproxinatoly t~1u S['J:lO conditions. a.pplied a.s in Ref (25)? 

T ~ 28°C == 82 °F and theroforo Z = 17 x 10-4 • av 

c.29. Subbotin et al. (22~ No.X eutectic 

• 6T .. L 

D = 31.1 Dill = 0.102 ft 

Longth 9 inlet to prob8 = 976 E1lu~ D/L == 0.0319 

Re = 24~700, q = 39500 Kcal/m2 • hro 

Tav is not given, but if this is a.ssunod ~ 1500C 

than v = 0. 0178 ft2 /hr; Pr = 0. 0142 (app. H. 2) 

k = 21.3 kcal/m hr °C (83) 

= .U = _l£S2~2.oo . .h§... - 6 o I 
kPe 21.3x24,700x0,0142 x 3.28 - 11 • F ft 

:. Gr:' = 2. 63 x 1 eft and z = 50 x 1 c-4. 

Notez Liquid metal profiles are also reported by Subbotin 

et <:'11. in Rof. (21) but tho equipment is not doscribod, 

so that these profiles can not bo used in Fig. 25. 
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AP.PENDIX D 

RATIO OF EDDY DIFFUSIVITIES 

D.l CALCULATED RESULTS 

Values of the ratio of eddy diffusivitios, eH/eM' 
calculated fran tho dioonsionloss tooporaturo profiles of 

Fig. 26 are shown in Table D.l and in Fig. 27? for a Prandtl 

number of 0.02. 

TA:BLE D.l . 

Ratio of Eddy Diffusivitios ___ , 

Re x 10-3 ..22... ....2Q... 
T - T T - T 

y/R w Slope 11/ lvi 
w Slope 11/)J T -T T -T w 0 w 0 

0.90 0.988 0 .. 20 0.70 0.990 0.19 0 .. 64 
o.8o 0.961 0-36 0.62 0.962 0.36 0.56 
0.70 0.918 0.53 _0.55 0.919 0.52 0.50 
0.60 0.857 0.69 0.51 0.857 0.68 0.48 
0. 50 0.780 0.88 0.46 0.784 0.82 0.48 
0.40 0.685 lolO 0.41 0.696 1.02 0.44 
0.30 0.563 1.37 0.33 0.589 1.29 0.39 
0.20 0.400 1.68 0.27 0.440 1.67 0.31 
0.10 0.216 2.01 0.24 0.216 2.16 0.25 
o.oo o.ooo 2.37 - o.ooo 2.77 -

Re X 10-3 
For Re = 100,000 soo Tabla D.2 
_200 T- T- .?OQ... y/R Tw- T ......... ,. Slope eli eM ...JL_ Slope e ;e 

Tyy-T5f< Tw-To H M 
0.90 0.9 0 0.13 l. 73 0.992 0.09 2. 78 
o.8o 0.974 0.23 1.43 0.980 0.17 2.25 
0.70 0.945 0.34 1.24 0.959 0.24 1.95 
0.60 0.906 0.43 1.18 0.930 0.33 1. 73 
0 .. 50 0.860 0.56 1.08 0.890 Oo47 1.44 
0.40 0.793 0.75 0.97 0.833 0.65 1.26 
0.30 0.706 0.98 0.91 o. 756 0.87 1.17 
0.20 0.587 1.32 0.90 0.652 1.18 1.16 
0.10 0.433 2.20 0.85 0.505 2.07 1.11 
o.oo o.ooo 8.40 - o.ooo 12.92 -
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D.2 CALCULATION PROCEDURE 

Tho r:J.tio of eddy cliffusivitios nay bo co,lculatod fron 
oquns. 4.5 and 6.1 

eH/a = 9..~,( - 1 (4.5) 

E"I/E:11; = ~ • Re-P; '7ffJ_ ( 6.1) 

Typical calculations for Re = 100,000 are shmv.n in Table D.2 
and discussed below. 

y/R 

0.90 
o.8o 
0.70 
0.60 
o. 50 
0.40 
0.30 
o. 20 
0.10 
o.oo 

TABLE D.2 

Ratio of Eddy Diffuaiviti6s for Re = 1002000 

T - T w Slope ¢(y/R) ei-la e /Ru':' eH!ev T - T M ·/1 w C-
0.990 0.17 0.120 2~06 0.0435 1.01 
0.966 0.32 0.238 2.32 0.0603 0.82 
0.927 0.45 0.354 2.51 0.0716 o. 75 
0.875 0.58 0.468 2.60 0.0776 o. 72 
0.812 o. 72 o. 578 2.58 0.0796 0.69 
0.732 0~90 0.682 2.38 0.0773 . 0.66 

·0.632 1.13 0.781 2.08 0.0703 o. 63 
0.512 1.52 0.872 1.56 0.0570 0.59 
0.328 2.40 0.953 o. 7 4 0.0350 0.45 
o.ooo 4.46 1.000 o.oo 0.0000 

D.21 Slopes 9 Sy 

Slopes of tho dimensionless tooperntur6 profile at 

various radial positions woro detoroined as the derivative 

of a lo:J.st-squo,res second-order polyn~oial passed through 

five points in the vicinity of the radial position under 

consideration, as discussed fer the case of velocity 

profiles in appendix E.l. Those slopes, obtained froo the 

dioansionloss teopor:1ture profile o,re oquivalont to 

s R dT = - ( ~ ) dy 
TN C 

(D.1) 
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but they-will be divided by .th-3 slope at the wall 1- -and 

since tho lnttor will also be dotorninod from tho 

dinensionloss profile, tho torn f -R/(T.- T ) 1 
w c 

cancel a 

D.22 Slope at tho wa_l):-2 So 

will 

Tho o..bove nothod is not satisfactory for dotorain­

ation of the slope at tho wall~ since dota points aro 

not av::tilablo below y/R ::: 0. The slope at tho vmll was 

thorofare obtained by fitting tho dc..ta in tho vicinity 

of tho wall (at 0.02 intervals fror:1 y/R = 0 to 0.12) 

to a r-:ttiom .. l function of tho from yj(ay + b). This 

function is constrcdnod to p2ss through the point ( 0 10) 

D .. i1d to ho.vo the so..rcw b2sic shape as tho..t of tho 

toJ:1poraturo profile. It is believed to bo superior to 

an ordinc..ry polynonial (79 ). 

Thus for o:1ch of sovon do..t2. points, 

(~R) 6 = a(y/R) + b 

:. e(y/R)a + eb = (y/R) 

(D~ 2) 

(D.3) 

so tlnt seven simul tanoous equations aro obtC'l.ined, with 

two unknowns, o. c..nd b, ;:mel this natrix is then invortod 

by a loo.st-squaros technique using a standard sub-routine 

on a digito..l couputor. 

Tho slo:Je is given by tho clifforentitt.l of equn. D.2. 

i.e. S b and S 1/b . Y = Ia(y/Rf-+ bP o = (D.4) 

Thus for Ro = 100 1 000 tho rob.tionship ol)tainod was 

e = (y/R)/o. 363(y/R) + o. 361 

and calculated values are shown in Tnblo DG3. 



yjR 
--
o.oo 
0.02 
0.04 
0.06 
0.08 
0.10 
0.12 
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TAELE D.3 

Slo;EO froo Equn. D.4 

e e 
calc. 

% Error Slope 

o.ooo o .. oooo o.oo 4-457 
0.083 0.0831 -0.09 3.871 
0.158 0.1556 1.54 3.394 
0.219 0~2194 -0.17 2.999 
0.273 o. 2760 -1.09 2.670 
0.328 0.3265 0.45 2.392 
0.372 0.3719 0.02 2.155 

:By comparison 9 tho slopes obtained by tho oethod of 

tho previous section 9 for y/R = 0.04 to 0.12 are 

3.410 9 3.025 9 2.685 9 2.435 and 2.195. 

Thus S
0 

= 4.457 for Re = 100 9000. 

D. 23 Tho heat flux distribution function 9 p (;.v,:L& 
The heat flux at any radial position is related to 

tho flux at the vmll by q = "'(Y/.R) q • 't' w 

Consider a differential annular section of tho tubo 

cross-section of width dr at radius r froc tho centro• 

Heat entering tho section by convection 

= 2 rr r dr u p c T (base T=O) 
p 

Heat leaving tho section 

= 2 rr r dr u p cp (T + (aT/ax)t.x) , (D.6) 

where 6x is the hoight of tho. section in tho direction 

of tho flow. 

Now the total hoat flux etitering tho section at 
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r equ~ls tho net ho~t los~ by convection in tho fluid 

flowing between tho centro o.nd radius r 9 under stoo.dy 

conditions. 

:. q 2rrr b.x = 0 Jr 2rrr dr u p cp ( oT/ox) b.x (D. 7) 

and since oT/ox is a constant 9 and independent of r 

for tho fully dovolopod profile under constant heat 

flux conditions? 
q = .L£p. ( 8T/ox) Jr u r dr 

r o 
(D. 8) 

Also 9 the total heat antoring tho tube per unit length 

equals tho enthalpy gained by the fluid : 

~ 27TR = 1rB? uav p cp (aT/ax) 
so th.:tt 

¢(y/R) 

Similar derivations nay bo found elsewhere (17?84). 

Tho velocity was evaluated using a throo-l~yor 

universal velocity profile 

(i) Laminar layor, y+ < 5 + + u = y 

5 < y+ < 30 : (ii) Buffer layer, 
+ u = 5 ln y+ - 3.05 

(iii) Turbulent layor 9 
+ y > 30 : 

(D. 9) 

(4.3) 

( 1.5a) 

(1.5b) 

Tho rolationshil) given by Rinzo (48) vvas usod iooo 

u/- u+ = - 2.44 ln(y/R) + 0.8- h(y/R) (3.10) 

whore h(y/R) is a correction f~ctor doducod from tho 

work of Laufer (45) 9 nnd is a function of y/Re 

In order to predict u froD this equation it is 
+ necessary to evaluate u 

c 
This is dono by assuning 
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that tho turbulent and buffor l~yor oqu~tions predict 
+ + tho same value of u at . y = 30. 

Thus + ( + +) + (D.1 o) u = u - u +_30 + u +-30 c c Y- · Y-
+ is given by (5 ln30 - 3.05) 13.959 and u + = y =30 

+ (u +_ u+) + 30 + 13.959. (D.11) :. u = c c y = 
Since + 

0.5 (y/R) Re (f/2) 1/ 2, (A.2) y = 
the first tern on tho right-hand side of oqun. Doll nay 

J. 
be evaluated fran oqun. 3.10 above for y/R = 60/(Ro (f/2)2 ). 

Thus oqun. 3.1~ becomes 

u+ = u + + 2.44 ln (y/R) - 0.8 + h(y/R) c 
whore u + is ovaluatod as above. c 

(D.12) 

Calculations woro carried out on a digital couputor 

for tho radial positions y /R = 1. 00( 0. 05) 0. 20( o. 02)0. 00. 

Values of tho correction f.:wtor h (y/R) wore obte1ined frou 

Hinze (48) and fed into the progrrum as data. Values for 
+ y = 30 were obtnined by interpolation. Intogro.tion was 

carried out by Sinpson's rulG. 

Values of ¢(y/R)for a nunbor of Reynolds nwnbors o.ro 

shown in To.blo D.4. 

Sinilar C3lculations using the relationship proposed 

by Lin et o.l. (43) for the lamino.r and buffor layers did 

not differ by moro them OoOOl frau tho v:1luos given horo 

for Ro = 30,000 o.nd by not r:10ro tho.n 0.006 for Ro = 5~000 
1 

so tho.t it nay bo said tho.t ¢(y/R) is not particularly 

sensitive to suall cho.ngos in tho velocity profile used. 

Values of tho eddy diffusivity of mouontun·aro taken 
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TA:SLE Do4 

Hoat flux distribution function 9 p(y/Rk_ 

Rex10-3 ...2_ lC 20 ..22,__ _jQ_ 100 200 300 
y/R 

1.00 o~ooo o.ooo o.ooo O.OOQ o.ooo o.ooo o.ooo o.ooa 
0.95 0 .CJ67 0.064 0.06~ 0.061 0.061 o.o6o 0.059 0.059 0.90 0.133 0.128 0.124 0.123 0.121 0~120 0.118 0.118 (). 85 0.199 0.191 0.186 0.183 0.181 0 .. 179 0.177 0.176 0.80 0.265 0.254 0.247 0.244 0.241 0.238 0.235 1.234 o. 75 0.330 0.316 0.307 0.304 0.300 0.296 0.293 0.292 0.70 0.394 Oe377 0.367 0.363 0.358 0.354 0.351 0.349 0.65 0.456 0.438 0.426 0.421 0.416 0.411 0.408 0.406 c.6o 0.518 0.497 0.484 0.479 0.473 0.468 0.464 0.462 0.55 0.578 0.555 0.541 0.535 0 .. 529 0.523 0.519 0.516 0.50 0.637 0.612 0.596 0.590 0.584 0.578 0.573 0.570 0.45 0.693 0.666 0.650 0.644 0.637 0.631 0.626 0.623 0.4C: 0.748 o. 720 0.702 0.696 0.689 0.682 0.677 o. 675 0.35 o.Boo 0.770 0. 7 5'3 0.746 0.739 0.732 o. 727 0.725 0.3C• o.85o 0.819 0.801 0.794 o. 787 0.781 0.776 0.774 0.25 0.897 0.866 0.848 0.841 0.833 0.827 0.823 0.821 o. 20 0.941 0.910 0.891 0.885 0.878 0.872 0.868 0.866 0.18 0.958 0.926 0.908 0.901 0.895 0 .. 889 0.885 0.883 0.16 0.973 .0.942 0.924 0.918 0.911 0.906 0.902 0.901 0.14 0.988 0.958 0.940 0.933 0.927 0.922 0.919 0.917 0.12 1.000 0.972 0 .. 955 0.949 0.943 0.938 0.935 0.933 0.10 1.010 0.986 0.969 0.963 0.957 0.953 0.950 0.949 0.08 1.018 0.998 0.982 0.976 0.971 0.967 0.965 0.964 0.06 1.022 1.007 0.994 0.989 0.984 0.981 0.979 0.978 C.C4 1.022 1.013 1.004 0.999 0.995 0.992 0.991 0.990 0.02 1.015 1.012 1.008 1.006 1.003 1.002 1.001 1.001 o.oo 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
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fror:1 Fig. 19j duo to Nikurndso (9) ~ and a.re considerod 

to bo tho best available for tho reasons given in 

Chapter 3. 

Taking a typical liquid notal Prandtl nur:1ber of 

0.02, for Re = 1oc,c~o 

2 / (Re Pr (f/2)1/ 2) = 0.0213 
nnd E'H/E'Ivi is obtained fron oqun. 6.1 as 
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APPEN:9IX E 

CALCULATION OF E"M/'Ru'\ 

E .1 VALUES OF E'M/Ru.'\ 

Values of tho odd.y diffusivity of nooontill1 in tho 

dioonsionloss foru er/Ru';' nay be obtained from noasured 

velocity profiles. 

Using n linear shoar stress distribution and assuming 

E"M >>v ~ tho shoo.r : voloci ty rolo. tion 1. 2 becomes 

(r/p)(1 - y/R) = E"M du/dy (E.1) 

. u::t2 (1 - y/R) u~:: d( (/;f~ (E.2) = E" -.. 1jiR d;y:R 

... e /Ru':' 
M = ..11 -~ 

dufo y R 
(3.11) 

Velocity roo.dings wore to.ken fran tho given profile at 

intervals of y/R = 0.05 frora tho contra to y/R = 0.20 and then 

at intervals of y/R = 0.02 to tho wall. Tho slope of tho 

velocity profile at a given rauial position was doteroinod by 

fitting a second-order polynooial to tho fiv.o points in the 

iDL1odiate vicinity of tho point under consideration, by a 

loast-squo.ros natrix inversion technique. Differentiation of 

tho polynonial 

u = a (y/R) 2 + b (y/R) + c 

gives du/d(y/R) = 2a (y/R) + b, 

(E. 3) 

(E.4) 
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from whioh tho s_1opo nt tha.t l)Oint may bo evaluated. A plot 

of this strnight lino also gives a good indication of tho 

trend of tho slope curve ,'J. t tho radic-"1 position under 

consideration. This procoduro vms found to eonparo well 

with the Douglass-Avakian oethod (85), where a fifth-order 

polynomial is fitted to seven data points at a tics. 

y/R -
o.oo 
0.02 
0.04 
0.06 
0.08 
0.10 
0.12 
0.14 
0.16 
0.18 
0.20 
0.25 

. 0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
o. 75 
o.8o 
o.85 
0.90 
0.95 
1.00 

Calculated results are given in Tables E.l and E.2. 

TABLE E.l 

E'M/Ru';' for d11ta of Laufer ( 45) 

Re = 500 9 000 based on u • - c-
u/u c 

o.ooo 
0.655 
0.709 
0.738 
0.761 
0.778 
0.793 
0.807 
0.821 
0.832 
0.842 
0.865 
0.884 
0.900 
0.914 
0.927 
0.941 
0.950 
0.960 
0.968 
0.975 
0.982 
0.986 
0.990 
0.993 
0.997 
1.000 

Slope, d(u/u )/d(y/R) c 

17.23 
2.061 
1.283 
0.993 
o. 795 
0 .. 737 
0.694 
0.611 
0 .. 527 
0.490 
0.418 
0 .. 348 
0 .. 296 
0.280 
0.261 
0.233 
0.189 
0.178 
0.155 
0.136 
0.111 
0.077 
0.073 

8.025 
1.490 
1.040 
0.850 
0.745 
o. 680 
0.611 
0.560 
0.496 
0.421 
0.358 
0.308 
0.282 
0.254 
o. 230 
o. 202 
0.172 
0.158 
0.132 
0.110 
o.o88 
0.074 
0.070 

-1.182 
0.919 
o. 797 
0.707 
0.695 
0.623 
0.536 
0.509 
0.419 
0.351 
0.298 
0.268 
0.268 
0.228 
0.199 
0.171 
0.155 
0.138 
0.109 
0.084 
0.065 
0.071 
0.067 

0.0042 
0.0222 
0.0311 
0.0373 
0.0416 
0.0445 
0.0481 
0.0516 
0.0568 
0.0628 
o.o688 
0.0743 
0.0749 
0.0762 
0.0765 
0.0784 
0.0819 
0.0780 
0.0800 
o.o8oo 
o .osoo 
0.0714 
0.0503 
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TABLE E.2 
Vli.LUES OF 7:/Ru''' 
.,.....,.....__.__..,.._,....,__~-~~ 

~J Laufer (45), Air Rein (51), Air 
Re = 502 000 Re = 36.700 

d(u/u ) d.u. y /R u/u .;_..(.y?~)' e-,./Ru':' u,ft/sec a(Ylil) E" /Ru''' c d y/R ,.:, M 
o. 08 0.687 1. 335 o. 0288 30.05 54.5 o. 0310 
0.14 o. 745 0.820 0.0438 32.40 33.8 0.0466 
0.20 0. 786 o. 591 0.0562 34.30 26.6 0.0550 
0.30 0. 836 0.450 0.0651 36.30 17.7 0.0725 
0.40 0.876 0.362 o. 0693 37.80 14.4 0.0765 
0. 50 0. 909 0. 322 0.0649 39 20 12. 6 0.0728 
0.60 0. 940 0.278 o. 0601 40.35 11. 0 0.0667 
o. 70 0.965 0.200 0.0626 41.40 9. 8 o. 0561 
0.80 0.980 0.128 o. 0653 42.30 7.3 0.0502 
o. 90 0.990 0.102 o. 0041 42.85 4.1 0.0447 
1. 00 1. 000 o.ooo 43.10 o.o 

Sleicher(50), Air Stanton(49), Air 
Re = 40,000 Re = 40,900 

y/R u,ft/se c du E"I\1/Ru:' u,cH/sec du 
E" /Ru':' a.~Y7RY a.~y/RY M 

0.08 44.05 95.8 0.0264 1 0.61 1765 0.0335 
a. 14 48.30 59.5 o. 0397 1140 1140 0.0484 
0.20 51.20 37.6 o. 0584 1200 921 0.0557 
0.30 54.35 29.2 o. 0659 1280 712 o. 0631 
0.40 57.05 24.6 0.0670 1343 582 0.0662 
0.50 59.25 20.5 0.0670 1397 460 0.0698 
o.6o 61.15 16.8 0.0653 1435 382 o. 0672 
o. 70 62.60 14.3 0.0575 1473 324 0.0594 
o.8o I 64.00 1 o. 6 0.0518 1500 23.0 o. 0558 
0.90 64.75 4.5 o. 0610 1518 122 0.0526 
1. 00 i 64.90 o. 0 1525 0 
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T.f\..BLE E. 2 continued 
-

Bacbnith and Fuhien (52) Page et al. (53) 
Wate.r, Re = 18:770 Air in channels,Re=53,200 

-y/R I + du+ . 
e:Mx1 CJ3 E /Ru':' u d""(y/R) El/RU''' M 

0.08 15.17 25.00 o. 0368 3.33 o. 0256 
0.14 16.28 14.93 0.0576 - -
0.20 17.03 11.42 o. 0701 7-37 0.0567 
0.30 18.00 8.21 0.0852 9.66 o. 07l..j-4 
0.40 18.70 6.16 0.0974 1 o. 61 o. 0816 
0.50 19.22 ll-•85 0.1030 .1 o. 76 0.0828 
0.60 19.67 4.12 o. 0971 10.45 0.0804 
0.70 20.05 ). 4 4 0.0956 10.00 Oo0770 
0.80 20.32 2.32- 0.0862 9.69 0.0746 
0.90 20.50 1.39 o. 0720 9.52 0.0733 
1. 00 20.60 o.oo 

Sesonske et al.(35) Sesonske et al.(35) 
l'!Iercu:ry, Re=99,000 Mercury, Re=62,000 

y/R EM/v € /Ru* 
M E'l\,/v E: /Ru::' 

M 

0.10 1 Q2 o. 0443 68 0.0440 
0.20 150 0.0652 92 o. 0595 
0.30 186 0.0808 107 0.0692 
O.l;D 208 0.0904 116 o. 0751 
0.50 213 0.0925 119 0.0770 
0.60 203 0.0882 116 o. 0751 
o. 70 183 0.0795 110 0.0712 
0.80 154 0.0669 97 0.0627 

This work, mercury This vvork, mercury 
Run V. 7, Re = 89,700 Run V.33, Re = 89,200 

/ du • du 
y/R u,ft sec d(y/R) E' /Ru':' u,ft/sec d(y/R) 

E: /Ru':· 
M M 

0.08 o. 724 0.970 o. 0367 o. 715 0.995 o. 0359 
0.14 o. 768 0.630 o. 0518 o. 759 0.680 0.0490 
0.20 o. 801 0.460 0.0673 0.795 0.457 0.0679 
0.}0 0.837 0.324 0.0836 0.832 0.340 0.0799 
0.40 0.866 0.264 o. 0880 0.863 0.284 o. 0819 
0.50 0.890 0.216 0.0896 0.889 0.250 0.0776 
0.60 0.909 0.180 0.0860 o. 913 0.230 0.0675 
0.70 0.926 0.156 0.0745 0.935 0.194 0.0600 
o.so 0.940 0.106 0.0730 0.952 0.1lt-O 0~ 0554 
0.90 0.947 0.050 0.0774 0.963 0.074 0.0524 
1.00 0.950 o. 966 
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E. 2 CALCULATION NEDTHOD 

The calculation cothod is illustrated for tho results 

Laufer (45)~ and relevant details aro given for other workers. 

E.21 Laufer (45) 9 air 

Do.ta at two Reynolds mmbors~ 50,000 and 500,000 

(basad on centro velocity)~ for air in a lO-in D. pipe 

are reported by Laufer. Tho latter run appears to be 

accepted as tho core accurate. 

For Re = 500~000 (based on u )~ 
c 

Following tho procoduro outlined abovo~ Table E.l 

shows tho velocity d2.ta~ as u/u 1 ro~d fran Lnufor's 
0 

curve 9 together with tho slope obtained, and two further 

points, evo.luo.tod fran tho straight line of oqun. E.4 9 

on either side of tho point under consideration. Those 

latter points enable tho slopo of tho best-fit socond-ordor 

polynorniCJ.l to bo :;~lotted as a straight line, as shovm in 

Fig. E.l. 

The straight lines in this plot give a good indication 

of tho trend of tho slope curvo, as r:.wntionod above. Tho 

way in which tho slope plot curves away fron tho direct 

approach to zoro ncar tho contra Day bo observed hero. 

This is discussed in Section 3.31. 
Tho r:J.othod usod hero docs not porr.1i t tho slope to bo 

calculated for tho last two data points on oithor end of 

tho r:1ngo. 

Integration of tho velocity data to doten~ine tho 

moan velocity gives 
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0·6 

0·2 

0 0·6 0·8 1·0 
Y/R 

FIG. E.1 St.,opg OF LAUFER'S (4,2), "{ELOCITY .PRO.FILE AT Re = 428,00q. 
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and thus Ro based on tho average velocity is 

Re = 5001 000 X 0. 855 = 428,000 . f = 0.0034; ~ = o. 0412 .. 
u+ u 

Thus - = . av vm = 0.0352 u u c 0 

(E.5) 

Values of E'Ivi/Ru•:: aro gi von in Table E. 1. 

For Pe = 50,000 (based on u ), data are also given as 
c 

u/u • Integration gives u lu = 0. 8068. 
0 av 0 

Thus Re = 40,300 and u+/u = 0.0418 
0 

Calculation proceeds as above and results are given in 

Table E.2. 

E.22 Rein (51), air. 

A number of profiles wore measured in a Z-in I.D. pipe. 

Re = 36,700, Vf72 = 0.0524 

u by integration from profile = 34.99 ft/sec. av 
:. u•t= = 1 .. 83 

Now E'M/Ru':' = i~;;c;f~j u=:= 

E.23 Sleichor (50) 2 air. 

Eleven runs are reported 

Taking Run P6, Ro = 40,000: 

-1772 = o. 0521 uav = 52.8 f't/sec1 u•:: = 2. 74 

Thus E' 1/Ru~:: may be evaluated from equn. E. 6., 

(E.6) 
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E.24 Stanton (49_l; air. 

Velocity profiles nro r0portod in sr:woth and rough 

pipos. 

For the s~ooth pipo, D - 4.93 en. and centre 

velocity= 1525 en/soc. 

Average velocity, by integration is 1241 em/soc 

• •• Re = 4~~41,2CO~ 
( 2. 54x12)2 o. 018 

= 40,900 • 

;~ss~ing an air temp. of ca. 70°F 

:. Vf/!" = o. 051 8' u'~' = 64. 2 em/ sec. 

E.25 Bockvd th and Fahion ( 52L water. 

Four velocity profiles are given. Data aro given 

in the form u/u and u+ vs~ (1- y/R) 2• 
av 

Values of E' 1,/Ru::; for tho highest Reynolds number~ 

Re = 18770, are shown in Table E.2. These values of 

E'M obtained by tho curve-fitting ~ethod, are slightly 

higher than those calculated by tho authors theL1selves. 

E.26 Page 7 Schlingor, Breaux and Sage ()3), air in 
channels. 

Those authors report a nUL1bor of velocity profiles 

measured in a channel about 0.7 in. widoo 

For Run 43 (isothermal), Ro = 53,200;u = 88o7 ft/sec. 
av 

Calculated values of E' are reDortod. M .1: 

Taking R as lnlf tho channel width, R = 0.0285 ft • 

...rf7'2. = O. 0515 :. Ru':' = 0. 0285x88. 7x0. 0515 = 0.130 

For y /R = 0. 80' for oxaraple' E'M = 9. 69 X 1 o-3 

:. ~/Ru':' = 9. 69 X 1 0-3/0. 130 = O. 074{J 
Values at other radial positions are shovm in Table E.2. 



E-9 

E.27 Sesonske 9 Schrock and _I3uyco (35) 
2 

r.1er01.~o 

Values of E" /v are gi von for four exporir:lGntal runs. M 
Tvro typical Reynolds nw11bors are 

Re = 99, 000; Vi72. = O. 0464; 2/R&i72 

At y/R = O. 40, E"l\/v = 208 

:. E" /Ru'': = 208 X 4. 35 X 1 0-4 = M 
For Re = 62, 000; -f-r/2 = 0. 0498, 2/Reff7'Z" 

E" ./Ru':· is calculated in Table E. 2. !vi 

E.28 This work 2 morcu~. 

0.0905 
-4 = 6.48 X 10 

Two velocity runs will be considered. Those are 

Runs No. V.7 and V.33. Tho fonner has boon discussed in 

Appendix A and is shown in Fig. A.l. V.7 was measured 

with the gas pressuring systmn 1 while V.33 was measured 

vvi th the "Prandtl..;type" gaugo 9 discussed in Chapter 2. 

Run V. 7 

Run V.33 

Re = 89,700, ...rf72 = O. 0477 

u = 0.812 ft/sec, av 

Re = 89,200, ,ffJ2 = o. 048 

= 0. 809 ft/ sec, u':' = 0. 0388 u · av 
Values of E"l/Ru';. for both runs vvere evaluG.ted from equn. 

E.6 and aro given in Table E.2. 

\ 
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APPENDIX F. 

EQUIPMZNT DETAILS 

F.l HEATING COILS 

F .11 tiain hen ting cog 

Ta1)0 width = 0.499 in. 

Tape thickness = 0.0305 in. 

Resistance = 0.0375 ohms/ft. 

Angle of wire to pipe en. 84i dog. 

Average gap botwoen windings = 0.067 in., 

Tube outside diar.1Gter = 1.900 in. 

O.D. of windings = 2.02 in. 

Are:-:!.S covorod by o.ain windings g 

Upper 9 above probes = 0~922 ft 2 

Upper 9 belovv probes = 3.140 
Totnl upper = 4.062 ft 2 

Total Lovver = 3.948 ft 2 

8.010 ft 2 

Resistancesg Upper winJing = 3.360 ohms 

Lovl'er vvinding 3.246 ohms 

Electrical connections are shown in Fig. F.l. The 

wnttoeter in the lowor circuit was connected ovor tho 

coil only 9 so as to record only onor~y entori~g tho 

systeE1 9 and not that dissipated in the control resistance. 
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F.l2 ~uxili~ry heater 

The area left uncovorod by the oain winding was 

(i) the section opposite the probes~ and containing 

the static tap 1 3.44 in. along the oircumferonce and 

0.77 in. wide (= 2.65 sq. in.) 

(ii) the section containing tho probe nozzles~ and 

occupying the rest of the circumference? 2.53 in, 

1.40 in. wide (= 3.55 sq. in.). 

The auxiliary hoa tar >;;ras constructed of 24 S1.VG 

nichr01:1e wire~ 1.634 ohms/ft., and consisted of two 

soctionsg 

(a) the first section covering tho 2.65 sq. in. in. 

part (i) above and with a resistance of 4.94lohms 

(b) tho second section, fitted into the small area 

b0tweon the nozzles. Resistance of total winding, 

( a) and (b) = 6. 248 ohms • 

It was decided to maintain a constant heat flux over 

tho area opposite the probe entry (seo section 4.1). 

Thus tho heat input over Section (a) should be in the 

ratio of areas covered by this rart and the main winding. 

i.e. 2.65/(8.010 x 144) = 0.23% 

of the main V!incling hoa t input. Accordingly the rn tio of 

heat input over the tctal auxiliary winding to that over 

the main coil should be 

% Aux. /main = 0. 23 x t ~~ = O. 29/b 

Electrical coniJ.Gctions are shown in Fig. F.l. 
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F.2 THEIDmCOUPLES 

Iron-constr~ntan :1s well as copl)Or-const:::.ntan thermocouples 

wore used. Tube wall couples and tho couples in the cooling 

water wore coppor-constantnn 9 and tho others iron-constantan. 

Since it was thought desirable to be able to use tho test 
I 

section inlet temperature as a roforonco point, both iron and 

copper couples woro installed at tho inlets to tho test 

sections. Tho copper couples wore covered by epoxy resin 

so as to avoid amalgamation Yli th tho mercury. 

F.21 ~ching Panel 

Tho then~ocouple switching panel may bo seen (partly 

obscured) in tho main view of tho apparatus, Figo 5, and 

tho wiring diagram is given in Fig. F.2. Theroocouplo 

loads from the apparatus wore brought to multi-pole 

selector switches on the panel, where tho iron and 

copper couples were kept sep~rato. The setting of switch 

A determined ·whether the iron or tho copper circuit was 

being used. The reference selector allowed the 

heated section inlot 9 tbo cooled section inlet, or ice, 

to be selected D,s reference point. Switch E allowed 

"calibration" of tho above two "references" versus ice. 

Switch D deternined whothe~· tho iron or copper couple 

was being used. As tho inlet temperatures were found 

to be unsatisfactory as reference points 9 in normal 

operation tho "reference" selector was on either the 

copper or tho iron "ice 11 position :::nd switch B on 

"reference". Only when it was desired to raoasure inlet 

temperatures was B switched to 11calibrate". 
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As mentioned in Section 2.52 9 an external millivolt 

reference source vms eventually used. For this purpose 

the "meter" position in Fig. F.2 was connected to tho 

"thermocouple er.1f 11 position in Fig. 9. 

F.22 Calibration 

Inlet~ outlet~ and probe thermocouples were calibrated 

against a stcmdard thermometer in an oil bath. Fig~ F.3 

is a portion of the resulting calibration chart and shows 

that the thornocouples are in exoollent agreement with 

standard tables. The latter wore therefore used in 

calculations. For nwnorical purposes, the temperature 

range was broken up into a number of straight lines, 

and Table F.l prepared as an aid to temperature conversiono 

F.3 ORIFICE METER 

The upper crossli~k was utilised as a flow neter. The 

same 1.624 in. I.D. pipe, as in the test sections, vms used, 

with a straight meter run of 3.8 ft., providing 20 diameters 

upstream and 7 diGJrleters downstrean of the orifice plate. 

Pressure taps were situated on the underside of tho pipe, 

1 in. on either side of the orifice plato. 

( 88). 
Three orifice plates were manufactured, to BSS standards 

The neter assembly was removed fron1 the apparatus 

and each orifice plate calibrated separately, with water~ over 

a range of Reynolds numbers. 

Gog. Orifice No. 1. Orifice D. = 1.125 in. 

{3 = o. 6927, {34 = o. 2303, v'"1 - {3}J = o. 877 

u av (F.1) 
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1·4~--------~--------~--------~--------~--------~--~ 
.36 .JB 40 42 ~4 46 

.,. oc . 
.1 flmp~ra turf/, 

FIG, F. 3 PORTION OF THERMOCOUPLE CALIBRATION CHART. 

o Heated section outlet X Cooled section inlet 

V Cooled section outlet 
-Temperature-emf relationship from stand.a.rd tables(87). 
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TABLE F. 1 - TEI'ili'ERATURE CONVERSION 

FOR COPPER-COI\TSTAN"l'AN AND IRON-CONSTANTAN -- . ·- . ----- ._.__._ 

THEWdOCOlJ"PIES 

(Straight-line approximations to data from standard tables (87).) 

fQ.P~Jl..:.J:O~.At_T!AN lEQli_-: COI§1-'}JJTAN 

oc • .J'~Y. .• ~ °C/my_ oQ._, ~·-~~~ 

0 o.ooo 0 
..;. 25.71 

10 0.389 10 
..;. 25.13 

20 0.787 20 
..;. 24.57 

30 1.194 30 
..;. 24.04 

40 1. 610 40 
..;. 23.53 

50 2. 035 50 
..;. 23.15 

60 2.467 60 
..;. 22.68 

70 2.908 100 
..;. 22,27 

80 3 357 140 
..;. 21 93 

90 3.813 190 
..;. 21.55 

100 4 .. 277 

Example: 1.900 mV (Copper-constantan) 

.T = 40 + (1.900- 1.610) x 23.53 
= 40 + 6.82 
= 46.82 °C 

mV .• ~C)mV 

o. 00 
..;. 20.00 

0.50 
..;. 19.23 

1. 02 
..;. 19.23 

1.54 
..;. 19.23 

2.06 
..;. 19.23 

2.58 
..;. 18.87 

3.11 
..;. 18.52 

5.27 
..;. 18.35 

7.45 
..;. 18.02 

10.22 
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Typical rum 

Water collected = 141.8lb in 35.2 Seco 

Manometer rending = 6o 7 em mercury 

(raorcury-vvo.ter illanomotor) 

From equn. F.l 9 CD = 0.615; 

Orifice Reynolds number = 8.3 x 104 

For a nwnbor of further runs 9 CD (average) = 0.616 

Orifice no. 1 2 3 
D9 in. 1.125 0.9375 0.3125 

f3 0.6927 Oo5775 0.1925 
v'1 - f3"4 0.877 0.943 0.999 

CD, average 0.616 0.617 0.622 

f 
I 
I 

t 
t 
~ 
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APPENDIX G. 

HEAT TRANSFER COEFFICIENTS 

G.l NUSSELT NUMBERS 

Values of Fe and Nu for the runs reported here are given 

in T11ble G.l., 

The calculation method mo.y be illustrated -vvi th reference 

to Run lOg 

Pe = Re x Pr = 95~500 x 0 .. 0214 = 2040 

Nu = hD ____g,_ D - = X k T - T k 
w av 

= 2:12.Q x _o. 135J. 
5.24 5.32 = 15.3 

TABLE G ~ l - N'"tJSSELT Nill'!lBERS -
Run No. 1 la 2 3 3a 4 4a 5 

Pe 80 .. 9 82.3 87.2 118 121 173 174 241 

Nu 7.8 8.7 6.2 8o2 7o5 8.4 8.,5 7 .. 8 

Run No. 6 7 8 9 10 ll 12 13 

Fe 304 534 611 947 2040 2670 3650 5360 

Nu 8 .. 1 7o9 8.4 8.6 15.3 17.8 21.1 32.7 

Run No. l3a 14 15 16 17 18 l8a 

Fe 5430 181 210 374 391 477 480 

Nu / 32.8 10.5 9 .. 8 llo5 10.5 8.3 9 .. 3 
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G • 2 lffiSSELT NUMBER FROI.'l DIMENSIONLESS TEMPEP...LTURE PHOFILE 

The Nusselt number is expressed as 

Nu .h...Q 2R ~ 
= k =k·T-T 

w av 
• (G.1) 

Now the slope of the dimensionless teQporature profile at 

y/R=O is 

So = cC~~il] = - \Tw~ TJ (dT/dy)o 

d(y/R) 0 

~ = - k (dT/dy)0 · 

Substituting G.2 and G.3 into G.l 9 
__ ?_So _ 

Nu = (T- T ) w <'ll: 

T - T w c 

(G.2) 

(G.3) 

( 6. 2) 

The terr.1 (T - T )/(T -T ) vvas evaluated for each of the w av w c 
undistorted average profiles given in Fig. 26 from tho relation 

( Tw- Tav) = :... 2~r'..lL ( Tw- T ) .!: a(.!:) (G.lt-) 
T - T u T - T R R 
w c o· av w . c 

in the sane vray as illustrated in app. B.26~ and values of S0 

wore taken from Table D.3. 

Values of Nu and Pe, assuming a Prandtl number of 0.02, 

are shown in Table G.2. 

Re 

30.000 
50~000 

1001000 
2009000 
3009000 

TABLE 02 - NUSSELT Nl1]1IBERS FOR DH1ENSIONLESS 
. Till/IPERATUR8 PROFIL:GS 

Pe So \]? Nu 
600 2.37 0.575 8.22 

1000 2.77 08589 9.41 
2000 4.46 o. 627 14 .. 2 
4000 8.40 0.688 24.4 
6000 12.92 0.733 35oJ 
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G.3 EFFECT OF VELOCI'rY PHOFILE ON NUSSELT NUNBER 

The Nusselt nwnber is dependent on the difference T- T w av 
T is determined by 

av 

(4.1) 

and is thus dependent on the velocity distributionj particularly 

near the wall v1horo the factor r/R is large. 

In order to obtain some iopression of tho effect of the 

velocity profile on T ~ and hence on Nu, the above 
av 

integration was carried out using 

(a) tho temperature profile of Hun 1 

(b) the velocity profiles shown in Fig. G.l. 

The profile labelled 1 is based on the von Karman relations, 

equn. 1.5. The other profiles incorporate increasingly 

higher velocities near tho tube wall, but all have 
t 

2- I ;t~ li d(~) = 1 
0 - av 

Resulting values of Nu are shown in Table G. 3. Tho 

Nussel t number is soon to incro='.se with incroo.sinc; distortiona 

It may also be inferred tlnt~ if the velocity profile was 

lowered rather than raisod near tho wall~ lower values of Nu 

would be obtained. 

TABLE G.3 EFFECT OF PROFILE DISTORTION ON 
NUSSEI,T NlllVIB::CR. 

Curve (I-Tv22 Nu 
-~ a 

1 1.400 7.80 
2 1.384 7.89 

3 1. 370 7.97 

4 1.346 8.11 
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APPBNDIX H 

PHYSICAL PROPERTIES 

H.l PHYSICAL PROPERTD!:;S OF :MERCURY 

The physical properties employed in the calculations 

presented here are shown in FigD. H,1(a) and (b). 

For data on the donsi~ of nercury 9 values from the 

Smithsonian tables (86) were used. These data are comprehensive 

and in good agreement with other references (82~ 83). 

For thorrual conductivity~ S££C~fic heat and viscositz the 

data of the Liquid-metals Handbook (83) wore used, and Fig. Hel(a) 

also shows the data given l)y Kutatoladze et al. ( 82). 

The coefficient of thornal expansion may be approximated 

as 

f3 = 
over a small temperature range~ where 

V = volume.of l unit of mass, 

6T = the temperature difference over which 

tho volume change is determined. 

From equn. H.l, fJ 

From tho Smithsonian tables (86) 

S.G. @ 40°C = 13.4969 
SoGa @ 60°C = 13~4482 

1 
·~ 

(H.1) 

(H. 2) 

(H.3) 
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Pt .,. P2 = 0. 04£37' Pr + P2 = 26.95 

• ,q 
• • I"' 

= 2x0.0487 
26. 95x20x1. 8 = 

0 -1 O. 00010 F • 

This figure varies very little with temperature. 

For use on a digital computer, tho physical properties 

of Fig. H.l may be a;proximatod by straight lines over the 

r:1nge 60-200°F, as follows g 

Densi tyg p = 851.412 - 0.0846 T 1b/ft3 

Thermal conductivityz 

k = 4.47 + 0.0075 T BTU/hr ft °F 

Specific hoatg 

c = 0.03348 - 0.0000036 T BTU/1b°F 
p 

Viscosityg 

60 < T <80, 1-l = L7'68- 0.0031 T 

80 <T <1201 1-l = 1. 752 - 0.0029 T 

120 <T <140, 1-l = l. 686 - 0.00235 T 

140 < T, 1-l = 1.6552 - 0.00213 T 

Purity of mercury used~ 

A spectrochemical analysis was carried out on tho mercury 

used. Trace contruninants wore present in approximately the 

following quantitiosg 

Ag ~ 1 00 ppm; Au, Ca, Mg ~ 1 0 ppm; Cu ~ o. 5 ppm. 

ll. 2 PHYSICAL PROPERTIES FOR TH~~ NaK E'VTEC'.J:liC :fuiTXTURE 

Tho physical properties used in processing tho results 

of other ViOrkers who usod the NaK eutectic are given below. 

In genor:1l th0 data given in the Liquid-metals Handbook 

( 83) for the NaK eutectic WGl'O us0cl 9 and conparisons with the 
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data given by Kutatoladz.e (82) for 75%K N0X 3-re na·'eo 

Density dnta from tho U'!H are very slightly lower than Kutatoladze 

VicE,si t_,y data from Jl;;ffi aro slightly below· Kuto,teladze 

Specific heat data from tho n.m aro considor31)ly below that 

from Kutateladze 

Thermal conducthri ty data frolll ULIH have a flatter temperature 

slope than the Kutatelr~dze data nnd are therefore 

considerably higher at the lower temperatures. 

!{inematic _visoosi ty given by the two references are ,comparable 

and aro shown in Fig. H.2. Tho curve is drawn through the 

Ll\!IH data, and in thG low-temperature region~ vvhere only 

the data of Kutatelad!le are i1Va.ilable, the curve is 

drawn to follow the sa!lle slope. 

The Prandtl number for the two references differs considerably 

due to the differences in specific heat and thermal 

conductivity~ and values calculated from the ~l~ data are 

given in Fig. H.2. 

The coefficient of thormal __ ~~p~~ may be calculated from 

the density data given by tho H!IHg 

{3 

p at 100 °C = O. 847 gm/cm3 

p at 250 °C = 0. 811 gm/cm3 

= ~(2: 847 - 0. 8112. X 1 
0. 847 + 0. 811 150 X 1. 8 = 
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