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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.,

SUMMARY. AND. STATEMENT OF MAJOR CONTRIBUTION

Evaluation of the different theories of heat transfer to liquid
metals requires values of the ratio of eddy diffusivities of heat and
momentum, which may be obtained from temperature and velocity profiles
measured in the flowing liquid metal. Temperature profiles have been
reported by a number of workers, 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
theory, and Chapter 2 contains a discussion of thevexperimental apparatus -
that was constructed for the purpéses of this investigation. A description
of this equipment hes been published (Ref.64") and the material is included
here with the permission of the candidate's supervisor. Chapter 3
discusses the unsuécessful 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 workers in

the field, who usuelly 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 when 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
INTRODUC TION

l.1 THE ANALOGY BETWEEN HEAT AND MOMENTUM TRANSFER

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 equationss:

q_/pcp. - (o +e) dr/ay (1.1)

v/ p = (v+ eM) du/dy : (1.2)
The quantities o and Vv represent molecular transport of heat and
“momentum respectively, and are the only significant factors in
laminar flowy; while the "eddy diffusivities" of heat and momentum,
5 and S 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
fhese 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 anaiogy 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 = h/cG and f
is the friction factor).. '

The concept of similarity between heat and momentum transfer .
was extended by Premndtl (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 1éyers, following on the suggestion of Eagle

and Ferguson (5). The equation given by von Karman is

St = T AR +§ﬁ1 AR (1.4)




and is based on the velocity distribution

0 <y <5, whe gyt | (1.5a)
5<y < 30, u+=-3.05+51ny+ (1.5b)
v > 30, W =554+ 251Iny" "~ (4.50¢)

The von Karman equation was further extended by Boelter, Martinelli
and Jonassen (6) to include the effect of variation of fluid
bproperties with temperature°

All the analyses referred to above contained the assumption
of complete 1dent1ty of the mechanisms of heat and momentum
transfer in the turbulent core, which in effect meant equality of
the eddy diffusivities of heat and momentum and negligible
molecular transport. In 1947 Martinelli (7) however, in a refine-
ment of the work of Boelter et al. (6), recognised
(a) that the eddy diffusivities may not always be equal, and

oarriod the ratio

e:eH/e
through his analysis, although he subsequently equated € to

1°0 to get numerical results,

(b) +that the molecular diffusivity of heat will not be negligible
in the turbulent core in some cases, such as fluids with very
high thermal conductivities, 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

core. The resulting relation is

_ e V¥72 (Ty-T¢) /(Ty=Tav) (1.6)
"5 [ er + In(1 + 5¢Pr) + 0.5F1n%‘%ﬁ72']

St

1.2 HEAT TRANSFER TO LIQUID MBTALS.
Applications for liquid metals as heat transfer media in

nuclear reactors have arisen in recent years, due to their thermal
stability, high boiling points, and low ncutron capturc cross—

scction.



The Martinelli equation, (1.6) above, was the first heat transfer
theory to take account of the special properties of liguid 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 O to'0°l, using the velocity

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

of Martinelli, could be reasonably described by the simple approximate

equation
0.8
Nu = 7 + 0,025(e¢ Pe) (1.7)

This relation,with €=1, 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) resultea in a similar equation with 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).
Imn 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, and data based on a fully
deVeloped temperature profile, as well as between cases of uniform
wall temperature and uniform heat input. The shaded arca in Fig. 1
represent the bulk of the data correlated by Lubarsky and EKaufman,
on a plot of Nusselt vs. Peclet numbers, 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 shown
in Fig. 1l. Thesc latter data aro typical of Nussclt numbers obtained

for tho alkali metals, which in gonoral agree with tho Martinolli-~Lyon
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equation given by the solid curve in Fig. l. 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 304 below this curve. Better
agreement is obtained at highervPeclet numbers, while wide
discrepancies are observed between predicted and experimenfal 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 wish -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. l.7).

The agreement obtained between alkali metal data, determined in
carefully cleaned test sections, and the Martihelli—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.
While 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 thebMartinelli—Lyon
theory. Furthermore, MacDonald and Quittenton (27), in a critical
analysis of the availabie 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. v

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

of the eddy diffusivities of heat and momentum. These theories are



discussed in the next section. It has also been suggested; both by
Jakob (28) and by Lyon (29), that low values of the Nusselt number
may be caused by a free connection effecf, particularly at low

Feclet numbers. This aspect has not so faor 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 cddy diffusivities in liquid metals. Jenkins (30)
in 1951 considered the heat loss from an eddy, or "lump'" of fluid,
during its flight from one layer of fluid to another at a lower
. temperature, and by means of assumptions regarding the size of the eddy
and the nature of the momentum eddy diffusivity, derived an expression
for the rétio of eddy diffusivities; eH/%M. The same line of reaéoning
has been followed by other investigators, who considered the heat
loss from an eddy, and made various assumptions about the transfer
of momentum. Correlations for eH/e]M have, for example, been
presented by Deissler (31), Lykoudis and Touloukian (32), Azer and
Chao (33), Dwyer (34) and Sesonske et al. (35-37). These theories
all predict values of € less than unity, so that, when values of ¢
(radial averagc) are substituted into cqun., 1.7; better agreement
with experimental data is obtained.

In order to test predicted values of €, a nﬁmber of experimental
investigations have been made. The eddy diffusivities 63 and eM may
be determined from the energy and momentum equations 1.1 and l.2,
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 number of temperature profiles have been
reported, in both mercury and liquid metals. A list of investigators
is given in Table 1l.1l. 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, which is taken from Ref. (38) shows values of € at Re ®» 105
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TABLE 1.1

S~y

LIQUID METAL TEMPERATURE PROFILE MEASUEEHENTS

| +. Number of |
Investigator Year fqu1dL.F1°W. profiles. | Re x T
letal Direction
| reported
Isakoff (17) 1952  Hg 4 12 37.6 - 373
Brown et al.(19) 1957  Hg S 1 5 24 - 731
Kirillov et al.(20) 1959 Nak(787K) ¢ 6 4.5 = 36.4
Subbotin et al.(21) 1961  Hg 1 2 26,9 & 228
Subbotin et al.(22) 1961 Hg 4 2 24,2 & 204
| Nak(78%K) ¢ 2 16,2 & 24,7
Buyco (36) 1961 Hg > 5 555 - 111
Koko;ev and '

Ryaposov (23) 1962  Hg > 110 = 160
Subbotin et al.(25) 1963  Hg 4 28 22,1 - 427
Borishanskii

et al.(26) 1963 Na ¢ 1 50.7
Schrock (37) 1961 NaK(56%K) - 23w 2.1 - 76,8

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

i

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

L4
*»

These profiles include vertical, horizontal and 45° traverses.




together with the theoretical values of Deissler (31),Azer and Chao

(33) and Dwyer (34), and provides a good exzample of typical
experimental results and their relationship to the various theories.

It is clear that the experimental deta available so far are not

consistent or accurate enough to provide a check on eddy diffusivity
theories, but it does appear that € often excecds unity, in contrast
to the theoretical predictions which all call for € to be less than

1.0,

1.4 SCOPE OF EXPERIMENTAL WORK.,

In a recoent review on liquid metal heat transfer, Dwyer (39)

expresses the belief that future progress in establishing the
Nusselt-Peclet relationship, particularly at low Peclet 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 €H/€M. To this-end it was proposed to measure
temperature and velocity profiles in mercury, with particular

attention to the low-Pe range. _

At the time that this project was initiated, the detailed report
of Isakoff (17) formed a convenient starting point and the experiment-
al equipment was thus desiged following Isakoff's brinciples, with
changes incorporated where the experienée of that investigator had

indicated them to be necessary.
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C. Deissler (31) theoretical '
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CHAPTER 2

EAPTRIMENTAL EQUIPMENT

2.1 THE TEST LOOP

The test loop is zhown schematically in Fig. 3. Mercury
flctred vertically upwards through an eléctrically heated test
section 16.3 ft. long, and vertically downwards through a second
test section, which was water—jacketed over a length of 14.7 2t.

The test sections were constructed of 1.624 in. I.D. secamless stainless
étéel tubing, 0,138 in. thick,‘and each incorporated a probing

station which consisted of a temperature and a velocity probe,
installed at right anglcs to each other. These probing stations

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

and cooled test sections,; respectively.

A centrifugal pump and orifice meter were s1tuated 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, special consideration had to be given to supports
for the loop. These supports consisted of a coil spring on a
hydraulic jack, encloséd in a steel pipe, underneath each vertical
leg. The hydraulic jack supported the weight of the apparatus
while the coil spring allowed for thermal expansion dufing operatiohl

Fig. 4. is a photograph of the top part of the loop and shows
the pump drive system, as well as the orifice meter and overhead
expansion chamber. Fig. 5 shows the lower portion of the experimental
apparatus, and includes thc two vertical test sections, the variable
" transformer for the heating coils and the gencral instrumentation
and recording equipment. The assembled probing station in the
water-jacketed section can be scen in the photograph, as well as the

two supports for the loop. The horizontal section connecting the
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FIG. 4 UPPER 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. Centrifugel pump, discharge port

facing dowrwards F. Upper crosslink of loop (insulation removed)
showing orifice meter.
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~

EIGe o  LOWER PART OF EXPERIMENTAL EQUIPMENT.

A, Variable transformer B. Heated vertical test section C. Cooled
vertical test section with cooling jacket, and probing station showing
velocity and temperature probes D. Meter panel for upper and lower
heating circuits, including veriable 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 K. Double-walled container for

ice reference point L. Millivolt reference source M. Supports

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

2.2 TEMPERATURE AND VELOCITY PROBES

Bach of the two probing stations consisted of two nozzles
welded onto the tube at right angles to each other; one nozzle
carried the temperature probe and the other the total-hcad probe
for measuring the velocity profile. A static tap was situated
at 135O away from cach nozzle, as shown in Fig. 6. The tap
consisted of a single 1/16 in. D. holey; carefully deburred, in
a plane a short distance upstrecam from the centreline of the
nozzles.

An assembled temperature probe is shown in Fig. 7. The
thermocouple was made from 36-guage lacquered iron and constantan
wires by discharging a 30-puf condenser across the ends. With
some experimentation, a junction could be obtained which was
reasonably strong, but no larger in size than the combined
diameters of the wires. This thermocouple was then threaded
through a 22-guage (0.028 in OD) hypodermic needle which was held
by a fitre sleeve and cemented into a 1/8 in, strut with an erpoxy
resin. The needle was bent down for 7/16 in, to nearly a right
angle with the strut and the thermocouple wire itself was bent
slightly forward so that, on advancing the probe to the wall, the
thermocouple would contact the wall first. The wall position
could therefore be accuratoly determined by electrical contact.
The tip of the needlc was also sealed with epoxy resin.

The probe carriage was held onto the nozzle by six bolts and
traversing of the probe was achieved by a knurled wheel which
acted on a threaded spindle locked to the strut. The position of
the probe was indicated by a dial guage rcading %o 0.0002 in. The
probe entered the test section through a slit filed in the tube
wall. The slit was made just large enough to allow the probe to

bass through, so as to minimise disturbance to the flow. Mercury
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leakage was prevented by the two ncoprenc washers shown.

The total—pressﬁre velocity probe was constructed in the-
Same way as the temperaturc probe. The hypodermic needle, which
carried a thermocouple in the temperature probe, was left 6pen
in this case; and the end was flattened into a semi-~-rectangular
shape. The hypodermic wall thickness in the rogion of the probe
tip was carefully reduced by using 2 miniature grinding tool
under a microscope, and the tip was thon polished with fine
emery paper. Outside dimensions of the tip were approximately
0.030 in x 0.017 in, thc smallcst dimension being in the radial
direction. Details are shown in Fig. 8. While the end of the
hypodermic ncedle extended slightly outwards towards the wall,
the tip was flattened off normal to the flow direction.

A thin wire was attached to the hypodermib needle of the
velocity probe and the wall position was determined by electrical
contact and simultaneous visual observation, as also in the case

of the temperature probe.

2.3 HEATING SECTICN

Two modes of heat input, constant heat flux and constant wall
temperature, have bcen treated theoretically (7,10). Constant
heat flux has been most widely usced in experimental investigations
and this method of heating was employed here, so as to obtain
comparable results. A nichrome heating ribbon, % in. wide, was
evenly wound round the test section, with adjacent windings
spaced as closely as possible. The windings were then held in
place by ripe clamps, applied over woven asbestos tape, at
frequent intervals,

The heating ribbon was separated from the pipe by a layer
of woven glass fibre fape, It was found that two layers of

0.007 in. asbestos paper held to the pipe with sodium silicate,
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(a) The velocity probe, and part of insert,
removed from apparatus.

O

(b) Detail of probe tip.
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(¢) Approximate dimensions of tip, inches x 1000,

FIG. 8 DFTAILS_OF VELOCITY PROBE.
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as recommended by Isakoff (17), did not give sufficient electrical
insulation and short-circuiting between the heating coil and the
pipe occurred. It is suspected that this may have been due to

the moisture content of the asbhestos papcer and sodium silicate.
The glassfibre insulation gave a heating ribton-to-tube resistance
of about 105 ohms and will withstand temperatures up to 7OOo F.

A connection on the heating coil halfway along the test
section allowed tho hsating ourrcnt to be applied in two parallel
sections from a variable transformer capable of supplying a
maximum of 100 amps at 160 volts. Thc resistance of each half
circuit was approximately 3.3 ohms which allowed operation at
a maximum current of 50 amps through each scction. Details of
the resistances and areas covered by the heating coil are given
in appendix F.l. In order to allow balancing of the rates of
heat input through the upper and lower coils an additional
variable resistance was inserted into the lower circuit. BEach
circuit contained an ammeter, voltmeter and an induction-type
kilowatt-hour meter, connected as shown in appendix F.,l. Heat
input was determined by timing a number of revolutions of the
disc of the KWH meter.

The main heating coil had to be broken in order to pass
over the probing station, and was reconnected with a length of
thick copper braid. The area left uncovered was then filled in
with an auxiliary winding which consisted of 24-gauge nichrome
wire threaded through woven asbestos tape. The area covered by
this auxiliary heater was only about one-half of the area left
uncovered, the rest being taken up by the probe nozzles. It
secms reasonable to assume, however, that the small extent of
this area, and the relatively thick pipe wall, would smooth out
any irregularities in the heat flux introduced at this point,.

The heating section was insulated with asbestos rope and

sections of preformed glassfibre pipe insulation. Thermocouples
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inserted on the lnner and outer surfaces of the latter insulation,
Just inside the cloth covering, allowed the rate of heat loss to

be estimated.,

2.4 COOLING SECTION
A jacket of 2.5 in. I.D. PVC pipe was fitted over the cooling

test section, as well as over the bottom cross-link, The jacket
was held onto the pipe by annular rubber stoppers at either end,
and was connected across the probing stetion by flanging the PVC
pipe on either side and fitting a split gasket of thick rubber,
shaped to fit over the probe nozzles. Three studs,halfway along
the test scction; ccentralised the stainless steel pipe in the
jackst. Cooling water was routed through the jacket counter-
currently to the mercury flow. By regulating the water flow

to be thermally equivalent to the flow of mercury, constant heat
flux conditions could thus be obtained. The same proccdure was
used by Brown et ale. (19). Copper-constantan thermocouples in

the water jacket allowed the temperature gradient to be determined.

2.5 TEMPERATURE MEASUREMENT

2,51 Thermocouplcs

Mixing cup tcemperatures at the inlet and outlet of
both the heatoed and cooled test sections were obtained from
iron-constantan thermocouples located at the bends of the
test loop. The couples were placed in lengths of 1/8 in.
stainless steel tubing welded through caps on thc corner
tees and scaled with epoxy resin. Mixing was obtained by
means of orificc plates, with the orifice just slightly
smaller than the pipe ID, welded into the pipes just
ahead of the bends. In the case of the inlet to the
cooling section, mixing was cnsured by the pump, and the

thermocouple consisted of an iron wire fixed to a
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constantan wire strung across the flow pathy, the wires
passing out through the valve gasket.

Each test section was ringed with a total of ten
thermocouples in the vicinity of the probe; cemented
into holes drilled 1/16 in. into the pipe wall. Since
the exact distance of thesec thermocouples into the wall
could not be determined; readings from these couples
could be approximate only, as discussed in appendix
B; Further thermocouples indicated the temperatures
of the heating coil and auxiliary heater, as well as
the insulation and water temperatures already
mentioned.

All thermocouples were connected to leads of
the same material and taken to a switching panel on
the ground floor level. Further details are given in

appendix F.2.

2.52 Temperature readings

Certain thermocouples were connected to a
Honeywell multipoint recorder, as an indication of the
approach to equilibrium, and as a check on operation.
Thermocouple readings in general could be measurced on a
Pye precision potentiomster, reading to 1pV , with
reference to either the test section inlet, or to ice.
The ice point reference was obtained from a thermocouple
placed in a double-walled perspex container filled with
crushed ice.

Initial readings for the temperature profile in
the heated test section were taken on the potentiometer,
using the inlet thermocouplc as a reference point.
Unsymmetrical profiles were obtained. This discrepancy

was corrected by using ice as a reference and it is
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presumed that contact between the two couples through
the mercury was a cause of the observed asymmetry.
Tosts on the cooled test section also showed an
asymmetry, which could not be corrected by using an
external reference point. Extensive tests led to the
conclusion that a short-circuit existed within the
probe assembly itself. This defect could not be
conveniently corrected and temperature profile measure-~
ments on the cooling side were consequently abandoned.

Difficulty was experiencelin determining an
accurate average reading from the fluctuations in
temperature observed on the potentiometer; and the
probe thermocouple emf was accordingly recorded on a
Kipp millivolt recorder. This cnabled the average
temperature to be accurately estimated. A further
improvement was effected by opposing the thermocouple
emf with a known standard; nearly equal to itself,
thereby enabling the uss of a more sensitive recorder
scale factor. The recference used in the first instanoe
was boiling carbon disulphide, which was subsequently
replaced by the system shown in Fig 9. A typical
temperature profile recording is shown in Fig 20, in
Chapter 4.

2.6 PUMPING AND FLOW MEASUREZMENT

bifficulty in pumping mercury has been reported GTT )
when using rotary gear pumps. In a preliminary test; it was
found that an ordinary centrifugal pump gave excollent results
when run at low speeds. A 12 in. centrifugal pump was
accordingly used in the tost loop, and was belt driven by

a 3=h.pe motor through a sliding-pulley variable speed
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drive and a 10-to-1 reduction gearbox. This arrangement
gave a speced range of 70 to 300 r.p.n. The graphited
packing in the pump gland was replaced with Teflon rings
to avoid contamination of the mercury and to reducc friction.
Little or no mercury lecakage occurred.

Flow control was achieved by varying tho pump speed
and using a diaphragm-type outlet valve. The flow rate was
measurced with an orifice meter, cquipped with an inverted
mercury-air manometer. The flow mcter had been previously
calibrated with water (scc appendix F.3) and was mainly used
initially to set the flow rate for test runs. Accurate flow
rates could be obtrined by heait balances over the test

section.

2.7 DIFFERENTTIAL PRISSURE MEASUREMINT

Measuremcnts of differentinl pressure were required for
the two velocity probes and for the static pressure taps
which were installed in the heated test section., The latter
taps were the static tap at the probe and another; 149 inm,
upstream, for measurement of the friction pressure loss.
Pressure taps wore connected to a switching system on the
upper platform through 1/8 in. nylon tubing.

Determination of the velocity profile reguired the
measuremnent of relatively low differential pressures. This
presents considernble problems, and a variety of manometers,
inclined manometers and pressure transduccers were employed.
Initially the apparatus was equipped with a gas pressurising
system as used by Isakoff (17), which was subsequently replaced
by a form of inclined "Prandtl gouge" and variatioﬁs thercof.

"The gas pressurising system is illustrated in Fig. 10,

and consists of two pressure pots, each equipped with inlet
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and outlet solenoid valves, which permit a slow leak of
nitrogen into or out of the pots. Nitrogen was supplied
from a high~-pressure cylinder and needle valves allowed the
inlet and outlet rates of lenkage to be adjusted. Hach of
the two relevant mercury legs were connected to a contact
cell which was in turn connected to the pressure pot, and
the nitrogen pressurc in this vessel was intended to counter-
balance the mercury pressure. Contact between the mercury
level and a tungsten electrode actuated the solenoid valves
to control the nitrogen pressure. Suitable capacitors
over the contact point prevented excessive sparking and
"chatter", The gas pressurec was then measured on an
inclined water manometer. . This system effected an approx-
imately 100-to~1 amplification compared with a vertical
mercury manometer.

Another type of mercury manomcter used is shown in
Fig. 11, and utiliscs the well known principle of one large
and one smnall leg, wherc the movement is essentially
confined to the small inclined calibrated leg shown in the
figure. The large glass vessel shown was supported on the
stand of a travelling telescope and could thus be moved so
as to obtain a convcnient zero position, and readings taken
on the inclined manometer, or alternatively the system
could be operated on the null principle, whereby the large
vessel is noved to return the level in the inclined leg to
the null position and the pressure differcnce is read on the
vernier scale of the travelling teclescope. The space above

the mercury was filled with de-acrated water.

2.8 TESTING AND FILLING

In order to allow the ready escape of gas on filling

the apparatus, the crosslinks connecting the two vertical
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FIG, 10 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 (mercury pressure leads disconnected)
E. Pressure pot F. Solenoid valve (on outlet) G. Needle

velve (on inlet) H. Leads to manometer.
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FIG, 11  NULL-TYPE DIFFERENTIAIL MANOMETER,

A. Reservoir carriage with vernier slide B. 3-in, D, reservoir
(mercury level obscured) C. Inclined tube D, Pressure 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 allow residual gas to be bled
off., |

An expansion chamber, to allow for expansion of mercury
during heating,was provided at the top of the loop. This
vessel was off-set from the main f£low 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, the loop was pressurised to 20 psi and
all lecks; as indicated by a soap bubble test, were
eliminated. Connections in this loop were either flanged
or union~-type fittings with cork gaskets on the faces,

After testing, the loop was filled with carbon tetrachloride
which was then pumped around the system to remove any oily
-contamination. The loop was then drained, dried out with
nitrogen, and filled with mercury until the level, observed
through the perspex top of the expansion chamber, was well
into that vessel. Filling the apparatus required 680 1b.

of mercurys.

A drain point was provided at the lowest point of the
loop. The drain valve was connected by means of = hoge to

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

VELOCITY PROFILES AND THE EDDY DIFFUSIVITY
OF MOMENTUM

3.1 EXPERIMENTAL WORK

In order to measure velocity profilesy; the centrifugal
pump was switched on and the variable speed drive advanced
until the desired flow rate, indicated-on the orifice meterx,
was reached. 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 conditionsy; both with mercury and with air as
the test fluid, and using a number of pressure measuring
devices. In gencral, the results can not be considered to
be reliable, due to certain deficisncies in the experimental
equipment which became apparent during the course of the
experimental work. The extent of the cxperimental 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 mercury

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 theréfqre built. By this means the
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mercury pressure was transduced into a gas pressure
which could bé measured on an inclined water manometer.
On an 8:1 inclination, this produced‘an increase in
sensitivity of about 110, Fluctuations in the readings
were observed; but by careful adjustment of the inlet
and outlet needle valves on the pressure pots,
fluctuation of the mercury level in the contact cells
were reduced to & minimum and insertion of lengths of
capillary tubing in the manometer leazds removed any
residual fluctuations on the manométer. |

Results for a number of runs are compared on a
ut vs, y+ basis With the universal relationship of
von Karman (4),equn. 1.5y in Fig. 12. Typical
caleulations are shown in appendix A. Good agreement
is obtained over the central portion of the tube; but in
the vicinity of the wall, results fall above the'von
Karman curve., It was considered, however, that the
readings near the wall might be in error, since the
pulsing of the mercury in the contact cells would create
conditions of altcrnate suction and blowing at the probe
tip, and this would interfere with the pressure reading,
particularly at low velocitiecs, |

Since it was thus concluded that the gas pressuris-
ing method would not give accurazte results, a null-type
Prandtl gauge,; as described in Chapter 2, was constructed.
1t was possible to read this instrument more accurately
than a manometer, although the advantage of a lighter
nancnoter fluid was lost. (An attempt was made to
construct a type'of inverted Chattock manometer, which
measures the movement of an air bubble in water along

a capillary tubey; caused by the displacement of water
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by mercury in a wider vessel. This apparatus proved
very awkward in operation and the method was discarded),
" Results of runs with the Prandtl gauge are also shown
in Fig., 12. Data points near the wall are closer to,

but definitely above,; the von Karman curve.

3.12 Profiles in air

Since it is known that air follows the universal
velocity profiley; 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 ftap system. At the same 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 imprcvement 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 the 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 checky
the observed difference in the static pressure reading
was subtracted from the differential pressure readings
taken in the normal way under the same conditions, and
good agreement with the von Karman relations was found.
It thus appears that the presence of the total-pressure

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 differential-pressure
measurement can lead to erroneous results, and the use
of a plezometer ring is strongly recommended. |
In order to eliminate the effect of interference on
the static tﬁp, a number of runs were carried out by
taking total—pressuré'readings only. The static reading
was token at the beginning and end of a run, with the
probe retractedvas 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 . Pair agroenment is
obtained and it may be concluded that the test section

is hydrodynamically sound.

3,13 Further work in mercury

The tesf_loop was cleaned and refilled with mercury,
and a new pressure measuring device constructed, for
measuring probe and static tap prossures separately. This
consisted of a 3-in D glass vessel, connected at the bottom
to the pressure tap and at the top to an inclined capillary
tube., Mefcury 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
bressure to a2 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. 'When the resulting velocity

profiles were integrated for average velocity, and

-compared with the reading of the orifice meter; no

consistent agrecment could be obtained, 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; were abandoned at this stage,
and the second phase of the work, measurement of
temperature profiles; started. It is still necessary,
however, to obtain values of EM for mercury, 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 same way as othe:
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), for example, haﬁe
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, are examined in the following sections,
and it will be assumed that these relations apply to

mercury as well.

THE UNIVERSAL VELOCITY PROFILE

The division of the boundary layer next to a solid
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surface into laminar, buffer and fully turbulent layers,
following the concepts of Prandtl .(41) and von Karman (4,42),
is well known. The velocity distribution in the first two
layers may be described by

+
O<y <5, ut = y+l (laminar layer) (1.5a)

5 <y-<30, ut=-3054+51ny" (buffer layer) (1.5b)

These simple equations are only approximate and more
"complex relations have been proposed (43, 44) to give a
smoother transition between the three layers and to account
for thé presence of turbulent fluctuations in the "laminar"
layer. 1In 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 €M and equn. 1.2 may be
written as

(r./0) ¥(y/R) = ¢, (au/ay) - (3.1)

where ¢(y/R) represents the variation of the shear
stress across the width of the boundary layer. For
flow in circular pipes ¢(y/R)mey be shown 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
S w# (1 - y/R) = € (du/dy) (3.2)

where U is defined as Vf;73.and is known as the friction

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 valme and the size of
the eddies are dependent only on the distance from the
wally, i.e,

L =Ky (3.3)

where L 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,

so that

€ = Ky s | (3.4)
Substituting the Prandtl proposals into equn, 3.2 gives
u? = Ky vt (du/dy) (3.5)
which, on integration; becomes
wu* = (1/K) Iny + C. - (3,6)

In order to render the right-hand side of this egquation
dimensionless, Prandtl introduced the length parameter
v/ﬁ*. 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 =4~ (1/%) 1n (v/u®) (3.7)

equn. 3.6 becomes
W =A+BIny" (3.8)
where W = u/u, y+ = yu*/v and B = 1/K

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 workersy
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the best known equation being that given by Nikuradse (9),
| u" =554+ 2,51ny" (3.9)

This simple relation gives a good fit to the bulk of
the experimental data, but some discrepancics emerge when
single traverses are plotted, as shown 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 ut depends also on the
radiﬁs and that a correlation of the dimensionless velocity
against y/R would be more appropriate than a correlation
against y+°

An approach which Tecognises that the ut VSoe y+form of
correlation is not applicable to the central portion of the
tubé ié known as the “defecf'profile"9 where the velocity
defect,_(uc+ - u+) is plotted against the radial pbsition
y/R. Such a plot appears to be universal (47) and Hinze (48)
has suggested a relation,; partly based on the logérithmic

profile, but incorporating a correction dependent on radial

position,

uc+ -u" = =2.44 1n (y/R) + 0.8 + h(y/R) (3.10)
where h(y/R) is the radial correction evaluated from Laufer's
(44) data. '

The eddy diffusivity of momentum depends on the slope of
the velocity profile and is thus very sensitive to the shape
of the profile. While the velocity relationshimpmdiscussed
above give a good representation of the velocity profile
itself, they are not necessarily accurate enough for the
eveluation of 7Y and it is thus advisable to investigate

actual values of . obtained by experiment.
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3.3 THE EDDY DIFFUSIVITY OF MCMONTUM, €y.

A comprehensive seriss of velocity profile
measurements in water was carried out by Nikuradse (9), who

calculated values of € and presented the data in the form

M
'EM/FH* s DPlotted vs radial position. This appeared to be a
universal curve for Reynolds numbers above 105, with values
increasing slightly at lower Re. Values of this dimensionless

group may be calculated from a velocity profile by the relation

¢/ Ru* = "S'r”'w | (3.11)

1 -
du”/a(y/R)

which is_obtained by rearranging cqun. 3.2.

Values of eM/Ru* calculated from equn. 3.11 are éhown in
Fig. 16 for the data of Laufer (45), Stanton (49), Sleicher (50)
and Rein (51) in air, Sesonske et al. (35) in mercury, Beckwith
and Fahien (52) in water, and Page et al. (53) for air in
channels. Slopes of the velocity profiles were determined as
derivatives of a least-squares second-order polynomial 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 EM/Ru* are shown
in appendix E.

From thé data plotted in Fig. 16; the concept of a
universal curve for gM/Ru* appears to be a reasonable one,
Bearing in mind that a very small difference in the velocity
;9 the agreement

. M
obtained for the flow of air, water and mercury in pipes over

profile can cause an appreciable change in ¢

a wide range of Reynolds numbers is good. The spread of the

data can probably be attributed to experimental error and
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—& Sesonske et al, (35),Re=62,000 Hg

- —0-This work, Re=89,200 Hg

—0-This work, Re=89,700 Hg
w—— Nikuradse (9), Re > 10% Water
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differences in\experimental technique. The eddy diffusivity
data for channels are in good agrceement with those for pipes.

Some well known profile measurements have not been
inoluded hers. 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 cxperimental equipment
had a single static pressure hole rather than a piezometer
ring, 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 GM/Ru* for Re < 10° such a trend is not detectable
in the data of the other investigators, and for the purposes
of this work, the existence of a-universal.relationship of
€M/Pu* vs y/R will be assumed. It now remains to determine

the correct form of this relationship.

3.31 The recommended form of &/Ru” vs ¥/R.
Miller (56)_has shown that Nikuradse apparcently

adjusted his values of y+ by a figure of 7, and Ross
(46) has indicated that the low-Re profiles are not
accurate, but apart from these criticisms, which do

not affect the profiles away from the wall and at the
higher Reynolds numbers, thé data of Nikuradse have
gained wide acceptance. In the same way the more recent
data of Laufer (45) who reported profiles at Reynolds
numbers of 40,300 and 428,000* measured in a 1lO-in.

“ The values of 50,000 amd 500,000 given by Laufer

are based on pipe-centre velooities.
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pipes, 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 Hinse (48).

It is therefore likely that the average curve of
Nikuradse (Re >1o5) 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 also -

agree with the relation
. b — M - . ‘
GM/Ru - 2= 43 (1 y/R) (3'12)

up to y/R =0.10. This equation is obtained by differentiation
of the relation of Ross (46) for the regiom 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 €., as a measure of the shape of the velocity

profile. The abEQe 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 region, but an attémpt will
be made to estimate the probably correct shape of §M/Ru*.

A number of workers favour an approximately constant
eddy diffusivity in the central portion of the tube. Hinze (57)
- presents a curve of eM/ka s based on Laufer's data at Re =
428,000, which rises to a maximum at ¥/Rx0.35 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) V¥/2 (3.13)
for the central core. This is equivalent to a constant value
of €M/Ru* = 0.082, which is only slightly higher than the
maximum of Nikuradse'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

ey = KRUY, or eM/Ru*'= K (3.14)
When such an assumption of a constant eM/hu* is substituted
into equn. 3.11, integration gives the velocity profile

wt- " o= (1 - y/R)%. (3.15)
Some support for this relation is foundj Stanton (49)
suggests an equation of the form

u, ~u = A(1-y/R? - (3.16)
to represent his data; where the constant A is stated to be
proportional to U, . Pai (60) derived the semi-empirical .
velocity distribution equation

u/uC = 1 = 0,204 (r/R)® - 0.796 (r/R)%? (3.17)
and if the last term on the right is neglected near the tube
centre, where r/Ris small, this rcelation may be written as

u, - u = 0. 204 u, (1 - y/R)? (3.48)
This is of the same form as equn. 3.15 and therefore, in the
same way as Stanton's relation, implies that eM/Rﬁ* is
constant. .

While a constant value of GM/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 shown in PFig. 17,

where equn. 3.15, 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 X will be required
to give a good fit at y/R = 0.90 than is required at y/R = 0.70.

A Dbetter representation of the data is obtained by the
equation of von Karman as givon by Nikuradse (61)

uc+— v o= - % [In (4 -~ VT¥/R) + VT¥/R} (3.19)

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

recommended by Ross (46). This velocity distribution

oquation corresponds to an eddy diffusivity of momentum which

is not constant, but decreases as the tﬁbe centre is approached,:
and is in good agreement with Nikuradse's curve.

It is obvious from the above considerations that the shape
of the GM/Ru* curve near the pipe centre is critically affected
by the precise form of the velocity distribution. The
appreciable differences in values of eM/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 measurcecments close to the
pipe centre. The resulting curves of slope of the velocity
profile, shown in Fig. 18, have an unexpected shape in
comparison with the straight line connecting y/R= 0.50 and
the centre. This straight line corresponds to a constant
value of GM/hu* . Closer.investigation of the slopes of other
workers, calculated by the curve fitting procedure already
mentioned, and given in Fig. 18; also show a tendency for
the curve to flatten off near the ocntre, rather than to
approach a zero slope gradually, as might be expected. Lynn
(63) has suggested that Nikuradse's data shouid 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 usually
based on velocity measurements which, in the vicinity of the
centre, are 2t intervals no closer than 10% of the radius
together, '

It is not possible to discard the con-lusions of Nikuradse
on any basis such as the above. The slope curve shown in
Fig. 18 was established after careful investigation, involving
measurenents within 2% and 4% of the tube centre, and the
existence of a deviation from & sinmple 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 EM/Ru* which decrease from a me-imum of 0.0798 at y/R=0,50
to a value of approximately 0.0135 at the centre, as shown in

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

TEMPERATURE PRCFILES

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, the transformer
voltage and the cooling water rate were adjusted to obtain the
desired test section inlet and outlet temperatures.

The ratio between the heat inputs to the upper and lower
heating coils was adjusted during initial tests, by means of
the variable resistor in the lower circuit. For constant heat
flux, the ratio required was equal to the ratio of the areas
covered by the respective windings, i.e. (4.062/3.948) = 1,029.
The actual ratio obtained for each run isshown in Table B.l
(appendix B) and has an average slightly higher than the

desired value; but it is unlikely that this influenced the
bmeasured temperatureAprofiles. It was decided to use an
auxiliary heater input such as to give a constant heat flux
over the area opposite the probe entry, rather than to attempt
to compensate for the area covered by the nozzles, by an
increased heat input. This procedure was adopted since it was
felt that, 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 simultancously
with the main transformer voltage to obtain a heat input ratio
of approx 0.29% (see calculation in appendix F.12) and the
ratio actually obtained is. shown in Table B, 1.

No difficulty was experienced in removing heat from the
mercury by means of the cooling section. It was found, however,
that extrcemely low cooling water flow rates had to be used in
order to obtain test section inlet temperaturcs appreciably
above the water inlet temperaturec (counterflow was employed).

In the later runs, at a higher outlet tcmperature, and where
low flow rates and relatively high inlet temperatures were
used, it was necessary to disconncct 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, thus reducing the
available heat transfer area and allowing the use of larger
cooling water flow rates. This mcthod was used in the apparatus
constructed by Carr (64).

Mercury, cooling water and pipe wall tomperatures at several
positions, as well as the winding temperatures, were recorded
on a l2-point recorder.. This system indicated the approach to
equilibrium, 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, potentiometer and voltage reference
system were switched on and allowed to warm up. A reference
voltage was chosen to balance the probe thermocouple reading

at a convenient recorder zero position. The zero position of
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the recorder was adjusiable over the whole scale.
At the start of a run, the following readings were taken
on the various meters or the pdtentiometera . L
(i) Water temperatures and flow ratef Thééé'readiﬁé;
were later discontinued as the temperature
readings for operating purposes were available
on the l2-point recorder, and they were not
required for crlculation purposes. A heat
balance over the cooling section was not
performed regularly, since the test section
heat balance and the orifice méter 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

Jlater discontinued.

(iii) The reference voltage was measured on the
potentiometer and the rcsistance of the thermo-
couple plus-reference circuit determined with a
universal meter. These readings were required
for conversion of the probe thermocouple readings

as shown in appendix B.24.

(iv) Temperatures on the inside and outside of the

l-in. glass fibre pipe dnsulation.

(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 werce read and a stopwatch started for

each meter.

A suitable zero position and scale factor on the millivolt
recorder was then chosen and the thermocouple probe moved in
steps from the pipe centre to the wall, or vice versa. At cach
radial position, the differential thermocouple reading was
‘recorded for about % minute. PFurther details of temperature
traverses are given in the next section. In later runs,; the
test section outlet temperature was simultaneously recorded on
the millivolt recorder as a2 check on the occurence of drift of
the overall temperature level. This was generdlly small,

On completion of a temperatureltraverse the following

readings were takens
(1) Watches stopped and KWH mcters read.
(ii) Recorder zero checked.
(iii) a1l temperature_readingé mentioned previously.
(iv) Voltmeters and ammetefs.
(v) .Voltage and resistance of reference syétem,

(vi) Wall temperatures were usually taken but were
discontinued in the later runs. As noted in
appendix B.25; wall temperature rcadings agreed
reasonably well with the reading obtained from
the probe thermocouple for moderate heat fluxes,
but these rTeadings were not very useful at high

heat fluxes.
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A complete run toock 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 = 3,800 to 254,000, 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, so as to maintain a constant Prandtl
number., It was not the intention in these runs to investigate
the effect of different Prandtl numbers .

Temperaturcs in the later runs were increased from 120 to
180 °F so as tb allow rcasonable variation of the héat flux.

The velue 2 shown in the table is discussed later,

Experimentalldata together with the computed results and
the calculation procedurc are given in appendix B,
.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 procedures.

Heat flux was determined from the electrical input, and
the Reynolds number was calculated by a heat balance over the
test section. These values agreed well with those obtained
from the orifice meter reading.

Temperature profiles were measured by traversing the
probe along the radius from the centrc of the pipe to the wall
furthest away from the point of entry of the prdbe. Profiles
were occasionally checked for symmetry by measuring temperatuies
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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TILBLE g . 1

Experimental Operating Conditions

Re x 10

3 o o °

o
AN NP Wwwo=INnO

A~ H ooV
L)

L3

=

N
\O
.

-3 Heat Flux
BTU/hrft?

430
470
340
670
700
940
960

1020

1230
940

2440

2930

3150

3110

5070

6670

6730

1590
540

2960

2070

1400

1390

Temp. at
probe, °F

117.9
122.4
118,7
123.4
124.8
119,.8
121.7
119.2
124.1
113.1
123.8
108.2
113.9
112,8
115.6
114.1
114.0
168.8
181.6
183.9
132.6
183.7
186.7

Pr

0.021
0.021
0.021
0.021
0.021
0,021
0.021
0.021

10,021

0,021
0.021
0.022
0.021
0.021
0.021
0.021
0.021
0.018
0,017
0.017
0.017
0.017
0,017

Z x 104

1730
1780
1200
1280
1280
820
850
490
350
90
170
90
21
12
10

6

6
1030
430
420
270
120
120
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originate in the measuring system but were a feature of the

flow conditions., These fluctuations in gensral appeared to
cover a larger temperature rangc over the radial positions

away from the wall and the centre, and a relatively smaller
tempefature range in the vicinity of the wall and the tubc centre.
No attempt was made to interpret the significance of these
fluctuations but a study of such temperature fluctuations and
their relation to the eddy transport of heat promises to be an
interesting field of research. While the recording shown in
Figs. 20 has been damped to some extent by the thermal capaoity
of the thermocouple and the response of the recorder (1 second
for full-scale travel), large fluctuations remain, and it is
clear 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 eﬁtire recorder scale. It is thus believed that
more accurate temperature profiles are obtainable by this method
than by the use of apotentiometer.

Readings from the recorder are converted to temperature as
shown in appendix B.24, and a typical temperature profile is
plotted in Fig. 21. The plotted points recpresent a visual mean
of the recorder fluctuations. Traverses towards the wall and
away from the wall are shown, as well as temperature readings
on the other side of the centre, as a check on symmetry. Good
agreement is obtained. HExperimental temperature profile data
for all runs are given in appendixz B, cxpressed as (TW—T).
The true wall temperature, TW, was determined by fitting the
profile in the vicinity of the wall to a second-order
polynamial, where the coefficient of the first-order term

equals the expected slope at the wall, based on the wall heat flux.
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Readings obtained from the 10 wall thermocouples
located in the vicinity of the probe arc shown in appendix B,
At moderate heat fluxes these readings are in rcasonable
agreement with the extrapolated wall temperature, allowing
for the temperature drop through the wall. Thermocouples were
cemented into 1/16-in. holes drilled in the pipe, but the
final depth of the thermocouple in the wall was unknown. A%
high heat fluxes, differcnces between the thermocouple readings
were of the order of the temperaturc drop over the wall. The
same difficulties were reported by Isakoff (17) and it must be
concluded that thermocouples in the wall do hot provide a
sufficiently accurate indication of the wall temperature. The
temperature obtained with the prbbe thermocouple in contact
with the wall in general agrecd well with the "extrapolated"
wall temperature, TW .

In calculating the mixed mean temperaturc at the probe,

shown in Table 4.1, from the equation
E 1

= 2. [ X r |
Tav T u /QR.u T d(R) ’ (4.1)
av o

the measured temperature profile and the universal isothermal
velocity distribution was used. Values of (TW- Tav) are given
with the profile data in appendix B. However, as pointed
out later, the velocity profile might be considerably distorted
by fréé 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

LB/ afee, = - (a4 gy ar/ay (4e2)
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where ¢(y/R) represents the heat flux distribution across

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

r/R
s(y/R) = f )d ) (4 3)

av o
for constant heat flux. The heat flux at the wall is given by
a/pe, = o (aT/dy) (4o k)

and substituting this equation into (4.2) gives

\
/e zds) 'g - (.5)
(o]

where SYASO is the ratio of the slope of the temperature profile
at y to the slope at the wall. If¢(y/R) is cvaluated from
equn. 4.3 by using the universal velocity profile for the term
u; as shown in Appendix D. 23, 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, so that Sy/so may be
evaluated,

| In order to determine the correct temperature profile, the
results of different workers are most readily compared by
plotting the profiles on the usual dimcnsionless basis (TW; T)/
(TW- Tc) vs. y/R. Normalising the plots in this way does not
affect the applicability of equn. 4.5 since the ratio of the
slopes will remain the same., Typical temperature profiles,
obtained in mercury and alkali metal, are shown in Fig. 22

for Re ®#10%, and in Figs. 23 and 24 for Re ~ L x 10%. It

is apparent that large differences exist between the profiles
at the lower Reynolds number and,valuss of the eddy diffusivity
calculated from these profiles would therefore also show wide
variations. At Re =4 x 10*, good agrecment is found for the
NeX profiles (Fig. 23) but it is evident that differences still

exist for the measurements made in mercury (Fig. 24).
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2, Carr (78);  Re = 44,000; Y = 0,11
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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
corvection and deduced that, in turbulent flow, the free
convcction term in the flow equation would become significant
when the group ,
Y = Gr / Re* (£/2) (14.6)
was of the order of unity or greater. (This group has been
transcribed from the terms used by Yantovskii into the terms
used.in this work). Support for the numcrical magnitude of
this criterion comes from the work of Schrook (37) with Nak
in a horizontal tube, in which appreciable asymmetry of the
temperature profile was found at Re <10* where a typical
value of Y is 2.6 (for Re = 9,8005 sec Appendix C.14)s no
distortion was found at Re > 2 x10%and typically Y= 0,19
(for Re = 36,000).

Valucs of the Yantovskii criterion have been calculated
and are shown in Appendix C.1. Applying this criterion to
the profiles in Fig. 22 gives a Y value of 6.6 for the Nak
curve and values of 64 and 94 for the mercury curves shown,
thus showing that free convection effects are significant.

The presence of such effects would distort the velocity profile
in comparison with the case of pure forced convection; this
would in turn change the heat flux distribution and accordingly
the. temperature profile. According to the Yantovskil criterion,
a free convection effect would therefore also exist for the
mercury profiles of Fig. 24 wherc Y= 5.1 and 17.5. For the
profiles of Fig. 23 the Y valucs are 0,11, 0.14 and 0.9.
resﬁectivelys and the absence of a free convection effect is -

confirmed by the excellent agreement of the curves.
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CHAPTER

CORRELATION OF DATA

5.1 THE EFFECT OF FREE CONVECTION

Application of the Yantovskii criterion has indicated
that free convection effects can be significant in forced
convection heat transfer to liquid metals,; particularly
mercury, for Reynolds numbers up to at least 50,000. This
effect has not ﬁp to now been recogniscecd 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 velocify
profile in evaluating the mean cup temperature from equn. 4.1
can lead tc errors in the heat transfer coefficients the eddy
diffusivity of momentum is very sensitive to the shape of the
velocity profile, 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 convection on velocity and temperature prefiles,
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 convections
in laminar flow, have been made, by Hallman (66) and others.
Heat transfer rates have been measured at low Reynolds numbers
by workers such as Bckert 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

convectilon in turbulent flow, whercby velocity and temperature
profiles may be predicted for Pr > 1, but no thecoretical or
experimental information 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 effedt of free convection on the
reported temperature profiles, it is necessary that each curve
should be identificed with a suitable paramefer indicating the
relative magnitude of the free convection effect. The Yantovskii
criterion is useful in indicating the existence of such an
effect, but, 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 informaticn,

a correlating paramcter of the form

Ra
z = i'é.'% (5¢1)

is proposed; as discussed below.

5.2 CHOICE OF A CORRELATING PARAMETER

5.21 Rayleigh number

The Rayleigh number, Ra,; is the product Gr*xPr
and occurs naturally in frce convection problems. The
Grashoff number was originally concerned with the
condition of freec conyection from a surface to a fluid
at rest, and the temperature difference occurring in
this dimensionless group was defined as ( TW-'PW )

where T, is the temperature of the undisturbed fluid.
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In applying the Grashoff number to flow in pipes, the
temperature difference has becen variously interpreted to
be (T ~T _)or (T =T ). These definitions may be

w av W ¢ -
satisfactory if some form of universal temperature
distribution exists, but it is easily scen that if the
velocity profile, and hoence the temperature profile, is

distorted,

(a) the centre temperature 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
v known.,
For these recasons it is therefore desirable to employ a
temperature difference term which will not be affected
by the temperature profile and it is proposced to use

an "axial difference!" of the form
AT = (aT/dx) D (5.2)

which was first used, without explanation,.by Hallman (61).
This term, which will be constant under conditions of
constant heat flux, may be readily evaluated from inlet

and outlet temperatures on the test section, and is

easily shown to be related to the usual radial temperature

difference by a simple heat balance; i.c.
= AR oL
(dar/ax) DV =z o (T,~T,.) (5.3)

An asterisk is used to distinguish the Grashoff number
using the "“axial difference'" from the Grashoff number

using a radial temperature difference.
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5.22 Prandtl number

The effect of the Prandtl number is usually correlated
in natural convection problems by 2 term of the form
Gr Pr'" where 1 <n <2, 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 bn natural convection in mercury, for the
reasons that much>of the experimental work on more
conventional fluids uses the form Gr Pr and it is not
possible to draw any firm conclusions Tregarding an
appropriate value for n from the limited Prandtl 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.

5.23 D/L Ratio

The effect of the D/L ratio in correlations of combined
free-andvforcedvconvection is uncertain. Various powers of -
the D/L term, in combination with the Rayleigh number,
have been suggested by different workers (73, 74). The term
Gr Pr (D/L) was used in the theoretical 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



employed or not. In the present work the use of the D/L
ratio was found to improve the brderliness of the
correlation between the results of different workers,
particularly at the higher Reynolds numbers, and it has
‘been included in the definition of Z. Much more
experimental work will be required before a closer estiﬁate

of the effecct of this ratio can be made.'

5.24 Reynolds number

The Grashoff number is of the form of a2 squared
Reynolds number, and a ratio of the form Gr/Re?
may be used to provide a measure of the relative effect
of free and forced convection (77). The mass flow rate,
G, 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 number is accordingly divided by a further
Re y so that Z provides a relative measure of free and

forced convection.

53 VALULS OF Z,

Values of Z have been calculated for the mercury runs
reported here, and are given in Appendix C.2. Typical values
for other workers are also given. While the criteria Y and 2
are not strictly comparable, it is convenient to note that
the limiting condition of Y¥Y=1 corresponds approximately to
7% =20 x 107%  Values of 2 for the NaK runs of Carr (78)
are very small in.comparison with those for mercury and are
| all much lower than Z2 = 20 x 10~ﬁ' They may thus be considered

to reprcsent the case of no profile distortion.
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5«4 FORM OF CORRELATION

The shape of the dimensionless tempcerature profile varies not
only with the superimposed free conwection effect illustrated in
Figs. 22 and 24, but also with thc Reynolds number. A profile
in general becomes more convex as the Reynolds number increases,
and, for the mercury profiles reported here, a larger free
convection effect; indicated by the parameter Z, also produces
a more convex shape, It therefore becomés very difficult to
compare a large number of profiles on one diagram, 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, as the Reynolds number
or the free convection cffect increases., By plotting the
dimensionless temperature against the Reynolds number, with Z
as a parameter, the behaviour of the profile at that radial
position may be clearly observed; at the same time the plot will
allow smooth curves to be drawn through the experimental points,
for constant values of Z,; 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 temperature profile,

5.5 THE CORRELATION OF FIG., 25.

A plot of the dimensionless temperature versus Reynolds

number, withvparameter Z x10* is shown in Fig. 25 for the-
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0 This work, Hg, . ® Carr (78) NaK,
X Subbotin et al.(25) Hg, A Schrock (37) NaK,
o 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, or horizontal, and since
most of the profiles reported have been measured in vertical
upflow, 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) arc
for downward flow but, as mentioned above, these 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 10¢

L

(for NaK horizontal flow) all have % <20x10 ‘and may also be
~ considered unaffected by free convection. hese two sets of
data are therefore included in Fig. 25.

Values of Z have been calculated for the profiles of the
various authors, as shown in Appendix C.2 and data points
in Fig‘0 25 are labelled with the parameter 2 x10%. 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 large scatter exists in the temperature profiles measured
at the lower Reynolds numbers. The dotted lines indicate the
trend of the data points with Z, and it appears that the
dimensionless temperatures increasc with Z, at d given Reynolds
number, i.e. the profile becomes more convex for a larger frec
convection effect. At the samc time it is clear that more
experimental data are needed before the exact effcect 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 50,000. The extent of the distortion at any
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Reynolds number will depend on the heat flux and other factors
in the parameter Z, and may be estimated from Fig. 25,

At higher Reynolds numbers, a more orderly progression
of the data is apparent, and the values of the parameter Z for
most of the data are below 20 x 1dqt It is therefore postulated
‘that the high-Re mercury data prescented here, together with the
previously mentioned NaK data, rcepresent a limiting case of no
free convection effect and an average of thesc data is
indicated by the solid line. This line is passed as well as
possible through the NaK data, but is slightly biased in
favour of the lower lying mercury data points. It is not
possible to extend the line with any confidence %o values less
than Re = 3 x 104,

Experimental data that lie considerably below these
limiting curves have not been included in the correlation.
These are the profiles of isakoff (17) and Brown et al (19).
The profiles of the latter sre generally for Reynolds numbers
considerably higher than those considered here, and cocoling
instead of heating was used (see Table 1.1} which should have
the effect of reversing the free convectlon effect. Such an
effect should be small, however; as evidenced by the relatively
small values of Z applicable to thesc date (see Appendix C.24),
The poor agrecment of the data of these two workers with the

other data reportcd herc rcmains unexplained.

5.6 UNDISTORTED TAMPARATURE PROFILES

The solid lines in Fig. 25 represent data points on the
average, undistorted dimensionless temperature profiles,; for
Reynolds numbers in the range 3 x 10* to 3 x10°, Such profiles

may therefore be reconstructed from Fig. 25, as illustrated in
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Fig. 26. With the data available, it is not possible to
predict undistorted profiles for Reynolds numbers lower than

30,000,

Since fhe profiles of Fig. 26 are based on the results
of a number of workers, they are less subject to cxperimental
error and therefore preferablec to individual experimental

profiles for the evaluation of heat transfer characteristics

of liquid metals.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 THE EDDY DIFFUSIVITY RATIO, €g/€y_

Calculation of fH/ € Tequires a knowledge of
the velocity and temperature profiles measured under the same
conditions. Thus when a temperature profile is distorted by
the effect of frec convection, it is neccessary to know also
the forin of the corresponding non-isothermal velocity profilee.
In the absence of such velocity data, it is not possible to )
usc the low - Re temperature profiles reported here for the -
.dete;mination ong/EM s since they have been shown to be
distorted. The profiles measured at Re » 50,000, however,
appear to be undistorted aﬁd they may thérefcre be used in
conjunction with the universal isothermal velocity distribution
for the.calculation of the eddy diffusivity ratio. It is |
proposed to use the averaged profiles of Fig. 26 and thus
obtain representitive average valugs of gH/EM. l

The eddy diffusivity of heat is obtained from equn. 4.5:

o/a = g%}' . )

Values of ¢(y/R) were computed by using the universal velocity
profile as adjusted by Hinze (48) and are given in Appendix D.23,
Slopes were evaluated from the dimensionless temperature profiles
of Fig. 26, as midpoint derivatives of a second-order rcgression
on five points in the immcdiate vicinity of the point under
considerationy; in the same way as for the veldcity prefiles

of Chapter 3. The sloﬁe at the wall, which is of particular

importance, as & normalising factor, was obtained by fitting a




78

o o2 o4 06 o8
S o 707

FIC. 27 * BATIQ"OF EDDY DIFFUSIVITIES.

70



79

109
AV 3
/ A
Ny : (}"b

' A A

10 Qo L sl A\

=T o—b— ' 5
/

o 102 Pe 10% 107

“ FIG. 28 PLOT OF NUSSELT NUMPERS OBTAINED IN THIS INVESTIGATION.

1. Martinelli-Lyon equation 2, Nu based on undistorted
temperature profiles of Fig, 26 O Experimental
' results, Runs 1 - 18a.

rd



80

(sce appendix G.2) and valucs bascd on the recommended profiles
of Fig. 256 arc also shown in Figo 28, | |

The data are in good agrecment with the Martinelli-Lyon
equation at low Peclet mumbers (ca. 100), fall below the line
at intermediate Peclet numbers, and then increase ot a faster
rate than the Martinelli~Lyon equation so that Mu valucs lie
above that equation at high Peclet nunmbers. The latter is
in agreenent with the fact that the eddy diffusivity ratio
exceeds unity at high Reynolds numbers (Fig. 27). Agrecement
of the data at low Peclot numbers with the Martinelli-Lyon
cquation is in contrast to the overall measurements of
Johnson et al. (15) and may be duc to higher accuracy
obtainable by profile measurements. Two factors, however,
should be kept in mind when interpreting data obtained at low

Reynolds numberss Thege arc

(i) the velocity profile might be distorted by

free convection effects,

(ii) +the universal velocity profile might not be

applicable at low Rcynolds numberss

The exact effect of suporimposed frce convection in
turbulent flow on the velocity profile is not knowng but if
it is assumed that the frec convection effect will increase
the velocity in the vicinity of the wall, moderate increcascs
in the calculated valuc of Nussclt numbers would occur; in
comparison with calculations carried out using the universal
(von Karman) velocity profile. This effect is illustrated by
an example in appendix G.3. On the other hand, it is noted
that the universal velocity profile curve used in Eig; Gol,
appe Ge3, crosses the line u/hav= 1.0 at y/R = 0.19,
whereas Preston and Norbury (80) indicate that the average

velocity should occur at approximdtely' y/R = 0,25, If this
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is taken as an indicaticn that the von Karman rélations do
not apply at low Reynoclds numbers, and that the curve near the
wall should be lowercd, the average temperature and
accordingly Nu would also be lower.

Heat transfer coefficients at low Peclet numbers must
thérefore remain tentative while uncertainty over the low-

Reynolds number non-isothcermal velocity profile exists,

6.3 SUMMARY OF RESULTS

Tempeiature profiles have been mcasurced in mercury, over
a range of Reéynolds numbers from Re = 3,800 to Re = 254,000.
It is shown that temperature profiles in liquid metals may
be ‘distorted by superimposed free gonvection cffects up to
Reynolds numbers of at lcast 50,000, Velocity profiles will
also be distorted by free convection and the use of the
isothermal universal velocity distribution in conjunction with
distorted temperature profiles will lead to crroneous conclusions.

A criterion Z is proposed as a measurc of the magnitude
of the free convection effoct and it appears that such effects
will be negligible for Z <2O><1O-4; The correlation of Fig. 25
allows prediction of the amoumt of distortion caused by frce
convection, as well as prediction of the shape of the
undistorted temperature profiles, The latter have been used
to calculate valucs of the eddy diffusivity ratio and the
Nusselt number. The values of GH/%M increase from the wall
to the tube centre and exceed unity for the higher Reynolds
numbers. Nusselt numbers lie above the Martinelli-~Lyon
equation at high Peclet numbersg, fall Below predicted values
at intermediate Peclet numbers, and agrecment is indicated

at low Peclet numbers. The latter statement is qualified by
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a lack of definitive knowledge of the non-isothermal velocity
profile ot low Reynolds numbers.

For the evaluation of‘sM, the existénce of a universél
veloeity profile has been assumed. The data of most
investigators agrce for y/R < 0,50 but above this value, the
most accurate data available are those of Nikuradse (9) and
in the absence of other evidence, €M'values based on his

work must be accepted.

6.4 RECOMMENDATIONS

As a result of this investigation, it is recommended '

that further work be undertaken in the following directions:

(a) Velocity profiles should be determined under non—
isothermal conditions so as to cvaluate the effect
of superimposced frec convection on the forced
convection turbulent velocity profile. For the
purpose of developing a general theory, work should
be extended to the common fluids as well., On the
theoretical side, thc work of Ojalvo and Grosh (71)
forms a convenient starting point. Experimental
data will, however, be nceded to check the assumptions
which will neccessarily be involved in such a theoretical
apalysis, '
Availability of a mcthod of predicting the non-isothermal
velocity profile under given conditions would have .
allowed calculation of the ratio of eddy diffusivitics
directly from the distorted temperature profiles
obtained in this investigation.,
If any experimental investigation is to involve the

use of a total-head pitot-type velocity probe, the
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usa of a pioezometer ring for the static pressure
measurement is strongly recommended. Special
consideration must also be given to the pressure
measuring syétem, since measurement of very small
pressurc differences will be involved, particularly

at low Reynolds numbers.

A review of the correlations for a universal velocity
profile is long overduc, A corrclation is needed
which not only predicts the correct velocity profile,
but also gives the correct eddy diffusivity of
momentum on differentiation, Hinze (48) has
introduced a coxwrcction factor to the logarithmic
veiocity distribution, to account for observed
deviations, but the resulting curve of €y does not
agree with mensured values towards the tube centre.

A "defect" profile is often used for the central
portion of the tubé, but no universal form, which
also fits the data, has so far been proposed.

The eddy diffusivity values of Nikuradse (9) show

an unexpected shape, decreasing toward the centre,
and the velocity and shear stress distribution should
accordingly be checked by careful velocity and static
Dressure measurements in the Vicinity of the tube

centre,

Further measurements of temperaturc profilés are
Tequired to supplement the information contained in
Fig. 25. Readings at high heat flux for the higher
Reynolds numbers, and at low heat flux for low

Reynolds numbers are required, in the first place to
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gauge the degree of persistence of free convection
effects to high Reynolds numbers, and secondly to
allow prediction of the undistorted tomperature
profile at low Reynolds numbers. The latter would
also allow determination of the Nusselt number, from
equn. 6.2,

In order to allow opcration at high heat fluxes, the
experimental apparatus should be designed for a

basic operating tomperature as high as possible.

Other methods of evaluating €4 and €y should be
investigated. The presecnt method of diffcrentiating
sxperimental profiles is open to error and 2 check
by another méthod is desirable. One method that is
envisaged is evaluation of the eddy diffusivity as a
parameter in a theoretical model of turbulent
transport, by suitable correlation of the turbulent

fluctuations at two positions in the fluid.

Questions of which temperaturc to us¢ in evaluating
physical properties, and the exact éffect of Prandtl
number, Reynolds.number and D/L ratio, in heat transfer
by mixed free and forced convection; remain to be

elucidated,
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NOMENCLATURE,

Constant

Heat transfer area, f+°
Constant

Constant

Constant

Constant

Orifice discharge coefficient
Constant

Specific heat, BTU/1b,°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

Mass flow rate, 1b/hr.ft2

Grashoff number, D3 pzfa’g(TW- Tc)/u2

Grashoff number, D®p?fg AT/ where AT = (dT/dx)D
Gravitational acceleration, ft/sec? : 4
Gravitational constant, 32.2 ff.lbm/lbf.sec2
Heat transfer coefficient, BTU/hr.ft?,°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, cpp/k
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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/ or Duavp/u

Radial distance measured from pipe centre, 't
Slope of temperature profile, °F/?t

Slope of dimensionless temperature proflle
Stanton number, h/cG

Temperature, °F (unless °C specified)
Temperature of undisturbed fluid, °F
Velocity, ft/sec

Friction velocity, u V??@? £t/sec
Dimensionless ve1001ty, w/ut

Volume of unit mass of fluid, ft2

Distance measured along tube axis, ft
Yantovskii(65) criterion, Gr/Re?(£/2)
Radial distance measured from wall, f't

Dimensionless distance from wall Sy
b

Natural convection criterion, %%' %

Thermal diffusivity, k/bcp, £+2 /hr
Coefficient of cubical expansion, op~"
Ratio of orifice to pipe diameters
Head difference, ft '
Temperature difference, °F

"Axial" temperature difference, (dT/dx)D, °F
Differential axial increment, ft

Thickness, 't
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€ Ratio of eddy diffusivities, §H/6M

S Eddy diffusivity of heat, ft2/hr

S Eddy diffusivity of momentum, £12/hr

] Dimensionless temperature, (TW— T)/(TW— Tc)

L Viscosity, centipoises

v Kinematic viscosity, £+ /hr

I Density, 1b/f+°

T Shear stress x g_, (1bf/ft2) x 32,2 ft.lbm/lbf. sec?

iel]

Dimensionless average temperature, (TW— Tav)/(Tw- Tc)
$(y/R) Heat flux distribution, equn, 4.3
¢(y/R) Shear stress distribution

Subscripts

av Average

c At pipe centre
cale, Calculated value
in At inlet

out At outlet

W At wall

At radial position y or y/R
0 At radial position y = O (i.e. wall)

1y 2, ete. TFunction value at position, or temperature, 1, 2, ete.
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APPENDIX A

VELOCITY  PROFILES

The calculation procedure for a typical velocity run is
given below.

The run ¢hosen 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 and the velocity profile is shown
in Fig A.l. Results are summarised in Table A.l.

Radial position is tzken as the centre of the pitot tube,
which is 0.008 in., i.e. y/R = 0,0099 from the wall with the probe
in the zero position. No correction for displacement of the
"effective" centre was made. Preston and Norbury (80) indicate
that the displacement error is very small for sharp-lipped pitot
tubes,

For a typical radial position

e.g y/R = 0.104, Ah = 3,55 cm water

u=v 2 ghh

<2 % 32,2 x 3.55 >1/2
13,6 x 2.5 x 12

= 0.743 f£t/sec.

The average velocity was obtained by integration from

1
r _,r
Upy = 2 [u"ﬁd(‘ﬁ) (4.1)
o
using Simpson's rule in the same way as described for the

average temperature in app. B. 26,
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For this run, the value obiained is u .
a

A."‘ 3

= 0,812 ft/sec.

Re = Dup 1,624 x 0,812 x 848 x 1488
T - 12 x 1,55
= 0,897 x 1P
“/E/2 = 00477 .« u* = 0.0387

Now for any radial positvion, u’ and y+ may be evaluated:

e. g

Radial
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/R

0.104

v (y/R) (Re/2) VE/2

1

H

= 222

i)

ut w/(u, vT72)
0. 743/0.0387

0104k x 0.5 x

1

- TABLE 4,1

w/u”
19.2

VELOCITY PROFILE, RUN V.7

Differential

pressure, Velocity,

cm. water ft/Sec
2,18 0.583
2.28 00596
235 0,605
2.45 0,617
2.53 0,627
2,81 0,661
3.12 0.697
5°55 00743
4,18 0.806
5010 0.891
5.68 0.940
5.79 0.950

25,7
27.8
29.9
36.4
42,8
6845

118

222

450
1090
1720
2140

0.897 x 1® x 0.0477

1

20,8
23,0
24,2
24.5



APPENDIX B

TEMPERATURE FPROFILE MEASUREMANTS

B.1 RESULTS

Test recadings and calculated results are summarised in
Tables B.1l and B.2., The calculation procedure is outlined

in the next section.
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TABLE B.1 - TEMPERATURE PROFILE MEASUREMENTS,

Run Number
Temperatures,’F:
Test sectlion inlet
outlet
‘Inside insulation
Qutside insulation
Heat input:
Upper circuit, KV
Lower circuilt, K7
Auxiliary circuit, W
Retio upper/lower
% Auxiliary/main
Heat loss, % of input

Net heat flux BTU/hr. £42

Mass flow rate from heat
balance, 1b/hrft?x10 °

% from orifice meter
lean cup temp., °F _
Reynolds Number x 10 3
Prandtl Number
Temperature Profiles:
Wall temp,, °F

T-T at y/R = 1,00
0.95
0. 90
0. 80
0. 70
0. 60
0. 50
0. 45
0. 40

COLLLLLLL
o
3

T -T__,
wooav’,

0. 09

il

59.0
123.7
115.1

7.3

0. 472
0. 452
2.1
1. Oy
0.23
5.6
430

0. 097
98. 4
117.9
3.8
0. 021

119,53

1.82

1. 81
1.82
1,76
1,67
1,72

1,60
1.50
1.45
1.32
1.14
1.07
0.67
0.28
0.15
0. 09
0.07

-

1.40

la

58.9
127.6
116.6

70. 2

0. 514
0. 490
2.1
1. 049
0. 21
5L
470

0. 099
98.8
122.4
4.0
0, 021

123, 8
1.77

1.79
1.77
1,86
1,70
1.66

1,66
1.47
1.4
1.26
1.12
0. 92
0, 62
0, 24
- 0.17
0. 11
-0, 01

0. 0l
1.56

2

e

h 7
122.2
117.2

85.6

0. 372
0. 356
1.7
1. 045
0.23
5.2
340

0,104
109.0
118.7
L.2

0. 021

120, 1

2,09
2,07
2.10
2.00
1,91
1,8
1.72

1.55
1. 47
1.30
1.19
1.05
0. 81
0. 60
0. 36
1 0.16
0. 04
0, 03

0. 00
1.38

2

60.5
129.0
126.1

7.7

0. 723
0. 690
3.7
1. 048
0. 26
4o
670

0.142
98.6
123,
5.7
0. 021

125.5
3,00

COFPANPPNPIPNY
VMIVONNOO="WNEHEUI~ 5 0w
OF 2 WA~ OW O, O]

LY .

(3

0.12

28

59. L
129.6
125.8

75.8

0. 761
0. 725
3.6
1, 050
0. 24
4.0
700

0,145

98.6
124. 8
5.8
0, 021

127.2
3435

3,32
3.26
3.30
3. 21
3.13
2,93
2,72
2.55
2.2k
2.02
1.85
1.33
1,02
0. 51
0.27
0. 02
0.18

2.36

&

60. 2
125.9
130.1

69.5

1. 008
0. 968
5.0
1. 044
0,25
3.6
9L0

0,208
100.2
)‘19.8
6.3

0, 021

122.7
L, 2k

L, 22
413
4. 07
3. 96
3.63

3.35
3. 00

2.87
2.45

2.28 -

1.72
1.09
0.52
0. 37
0. 24
0. 00

0. 14
2,84

0.57
0. 40
0.26
-0,19
0.07
2.83
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TABIE B4 ctd. ~ TEWPERATURE PROFILE IFASUREMENTS.

Run Number
Temperatures, °F :
Inlet
Qutlet
Inside insul.n
Qutside insul.n
Heat dnput:
Upper circuit,X#d
Lower circuit,K7
Aux, circuit,’y
Ratio unper,/lower
% Aux. /main
Heat loss, 5
Net heat flux
Hags flow r-aﬂc_g‘g
1b/hrf 2 x10
Orifice meter %
Hean cup, temp,°F
Re x 10

Pr

0,289
106. 1
119.2
11'}‘1'
0. 021

Temperature Profiles:

Wall temp, °F

T ~T at y/R=1,00.
0,95
0. 90
C. 80
0,70
0. 60
0. 50
0. 40
0. 35
0. 30
0.25
0,20
0.15
0.10
0. 05
0. 03
0. 02
0. 01

0. 005
0. 00

T~T , 9F
Wwooav

122,6
}+o 88

L. Ok

NP~ oW
cpf:xn4rcnkn53

L

2,16

OCLpoo0”
[@F)] Ul Oy
\l\»l\ﬁO\\oCD

1
>e
Q Q
NI

8

79.8
127.9
176. 9

. 80,9

2.585
2.470
13.5
1. 047
0.27
2.3
240

0.737
103.8
123,8

29- 6
0. 021

131.1

11.28
1. 31
11.30
11.03
10.85
10, L

- 9.56

8. 43
7.99
7.38
6.47
5. 80
L. 99
3.60
2.0L

0. 41

-0, N
731

2

O PN

*
\OO—“COO\N-E\)
O —=\wv~JNN [0}

~0.33
8. 76

19

97.5 100.4
116, 1147
205. L4 201.9
105.4  99.0

3.315 3,270
3.180 3.154

17.6  17.6
1,042 1.037
0.27 0.27
1.9 2,0
350 3410
2,42 3,17
101.2  95.4
113,9 112.,8
95.5 124

0,021 0,021

19.1 117.3

8,32 6,80
- 6.85
8,20 6.83
8.08 6.59
7.75 6.55
- 6.19
€.79 5.9
- 5.22
5.22 4.5
- 3.96
L.05 3.4
- 3,01
2.93 2.53
1.71  1.68
1.13 -
0.77 0.84
0. 61 -
- (0.11%
~0. 34 =0, 06)
5.2h b 46

100, 4
117.1
263,14
113.6

5.350
5.100
29.5
1.049
0 28
1.9
5070

ko35
96.5
115.6
172
0, 021

121.7°
9.09
8. 95
8. 80
8. 01
6. 94
5.92
5.20
L.
3,36
2,66
1.85
1.0l
0.75
-0, 2
6. 08
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Run Number
Temperatures,®F:
Inlet

Qutlet

Inside insul,n
OQutside insul.n
Heat input:
Upper circuit,kW
Lower circuit, K’
Aux. circuit, W
Ratio upper/lower
% hux, /main

Heat loss,%

Net heat flux

Mass flow rate,
1b/hrf+2 x10
Orifice meter %
tlean oup, temp,°F
Re x 10

Pr

13

100,0
115.2

312.3
118, 8

7.02
6. 7
1.9
1. 042
0. 31
1.9

6670

6,37
98. 1
1141
251
0. 021

Temperature Profiles:

Fall temp, OF

T-T at y/R= 1. 00
0.95
0. 90
0,80
0.70
0. 60
0. 50
0. 45
0.40
0. 35

O
N
o

000000000
- [ ] [ ] L} -« . 1) -
SR/ IIH O OWL

QOO0 =>=MNMN

119.3

13a

99.9
115.0
313.5
120, 0

7.09
6.79
M.4
1. Oly
0. 30
1.9
6730

6.16

9%. 8
114.0

254,
0, 021

119.3
7.43

7.43
7. 36
7.13
6.98
6.4,

5.73
5.47
5.3k
L. 96
Lo 48
3.85
3e 3k
2447
1.92
1438
0. 71
"'O. 26

5.22

Ak

76.9
176.1
185.1

86.7

1. 709
1,624
8.6
1,052
0. 26
3.6
%1590

0,233

102, 7
168. 8
10.1
0.018

172. 4
L. 92

4.99
4. 99
4. 81
4. 82
4.50
4. 25
3.9
372
3.32
2.90
200

[oReRe T
« ¢ & e
= N\ O O
CEN R aFe!

12

137.3
187.3
178.9
86. 8

1.037

0,982
5.0

1,056
0.25
5.6
9L0

0.276
99.9
181.6
12.1
0.017

183.8
3.36

3.37
3. 31
3.20
3. 08
3. 00
2.78
2,68
2,51
2.3
2.26
1,67
1.27
1. 04
0. 61
0.26
0,27

2,24

16

101.5
189.5
23341

9141

34139
3,036

174

1. 03
0.28
2.9
2960

0, 491
995
183.9
21.8
0. 017

189.8
8. 39
8. 26
8.37
8.33

TV, Y
NON> O~ OF G U
SREGLIIKREE B¢

* L]

O L
L] (]

O
N
[e¢]

~0.11
5. 9L

~ TEHPERATURE PROFTILE HMEASUREMENTS.

17

126.5
185.5
209.7
88. L

2,22l

2.123
1.9

1,048
0,27
3.5
2070

0,514
103, 6
182, 6
22.7
0.017

187.2
6.76

6.67
6.57
6. L
6.45
5.99

5.54

4.85
Le33
2,93
2.97
2.16
1.27
0.76
O. Ll
0. 37

L. 59

18

155.2
187.9
193.7

90,6

10523
1.438
7.0
1.059
0, 24
he3
1400

0. 627
99.9
183.7
27.8
0.017

187.6

6.0
5.98
5.97
5.95

5.79
5. 32

4.84
L. 35
3.93
3.35
3. 0L
2.4
1. 72
0. 89
0, 56
O, 4k
0.25
0.05

3.’ 91

158.2
190.3
193.1

88- )+

1.506
10435
6.7
1. 049
0,23

1390

0,633
99.7
186.7
28.2
U, 07

190.1
5. 14

5.40
5.24
5.20
5.05
4. 85
bo Ly
4. 09
3. 90
3.55
3.05
2.6
2.09
1459
0,64
0. 39
0. 32
0. 11
0.19

3o lidy
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TABLE B.2 = Wall temperatures

Run Number 5 6 8 9 10 11 12 13
Re x 10720 11.4 14.7 29.6 43.4 95.5 124 172 251
Heat flux, B/hrft® 1020 1230 2440 2930 3150 3110 5070 6670
AT over wall®*,°F 1,13 1.36 2,70 3.25 3.49 3.45 5.62 T.40

Wall temp, T , °F 122.6 127,9 131.1 116.8 119.1 117.3 121.7 119.3

. W

Wall thermocouples: '

123.8 128.,6 134.0 122.2 124.6 122.3 129.8 132.9
- 129.0 134.7 122.5 115.9 122.3 118.2 119.2

123.,6 128.6 133.9 122.3 117.6 122,1 121.8 120.4

123.6 129.1 133.4 121.2 119.3 122.6 124.1 122.5

Dowvnstream

121,3 128.0 132.2 119.6 122,0 119.3 126.7 126.8
122,0 127.7 131.5 121,6 123.9 122.9 130.1 130.8

[©20 W] M~ o

At probe

122,8 128,2 134.7 124.2 120.7 124.9 126.6 127.5
122,8 128,7 134.1 125.3 120.1 124.6 125.6 121.8
Dead - - - - - - -

0 123.0 128.3 135.4 124.9 127.4 124.8 136.7 140.3

Upstream

=0 o~

“Temperature drop over 1/8 iﬁ, wall. Exact depth of thermocouples
not knowne.

"Bo2 CALCULATION PROCEDURE

Run No. 10 will be used to illustrate the method of working

up the expsrimental data.
B.2l Heot flux

1.053KWH over 19,06 minutes
(1.053 x 60/19.06) = 3,315 KW
lower coil 3,180 KW
auxiliary heater = 1.56A x 11.3V= 0.018 KW
6.513 KW
Total heat input = 6,513 x 3412,8 = 22,230 BTU/hr

Heat input, upper coil

it
It

n
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Heat loss: Readings of thermocouples situated

on either side of 1" glass fibre preformed pipe

insulations

T inside

It

T outside

205.4 °F
105.1 °F, AT = 100.3 °F

Thermal conductivity date for the insulation were

obtained from the manufacturers and could be

approximated as followss

k
k

where T = temp., °C

0.01667 + 0.0000616 T, T > 92 °C
0.01878 + 0.0000386 T, T <92 ¢

Mean insulation temp. = 155.,3 °F = 69.0 °¢
& k = 0,0214 BIU/kr £t2 (°F/ft)

Log mean arca of insulation (3" I.Des 5" 0.D.)

Test section length '

* Heat loss = kA AT/Ax

1.024 £ /£t
16.3 ft.

0.0214x1,024x16,3x100.3x12/1

= 430 BTU/hr,
~ Net heat input = 21,800 BTU/hr.

Inside surface arce of test

= ( 7x0.1353%16,3)

« Heat flux = 21,800/6.93

B.22 Mass flow rate

i

scction = #DL

6.93 ft2

3150 BTU/hr ft?2

The mass flow rate mey be obtained by heat balance
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over the test section, or from the orifice meter reading,

Heat Belance: Nott heat input = 21,800 BIU/hr

Test section outlet tompe. = 116.4°F
97.5°F, AT= 18.9
Mean temp. = 107.0°F; oy 0.0331 BTU/1b. °F

i}

inlet temp.

21800/0.0331 x 18,9

34,800 1b/hr _
Tube cross-sectional arca = w(0.1353) 5/4 = 0.01437 £42
o Mass flow rate = 34800/0.01437 = 2,42 x10° 1b/hr ft2

1

. Flow rate = Q/CUAT

I}

Checks Orifice meter reading = 2.72 cm Hg(orifice

no. 1) at ambient temperature, 8l.1 °F _
 Mean of tost section outlet and cooling section inlet
tomps. = 115.6 °F

Manometer reading is equivalent to

p
zmwﬂ$~=zmx%ﬁz=zmmm

P115.6
From Appendix F.3, orifice coefficient = 0.616, 8= 0.6927
C

N B° R =
u, o= ET&rjgg-f g = 0.809 ft/sec.

& Mass flow rate = (0.809x3600x841.6) = 2045X106 1b/hr ft3
This value is 101.2% of that obtained by heat balance,
and is e good check. The orifice meter reading was

used only for initial setting of the flow rate and was

only rccorded once during the run. The heat balance
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velue was considered the more reliable and uscd in further

c~lculations.

B.23 Roynolds rumber

The cexact Reynolds number at the probe depends on the
viscosity at thoe mcan cup temperaturc. Since this
temperature is at present unknown, and will in turn depend
on the Reynolds number (scc section B.25) a temperature is
initially assumed and the corrcct mean cup teﬁporature
cstablished by iteration.

.For this run, the mean cup temperature turned out to

‘be 113.86 °F | |
L at 113,86 °F = 1.422 c.p.
s Re = DG/ 0.1353x2. 42x10° /1. 4,22x2, ;2
' 95,500

1

B.24 Temperature profile

Temperature recordings were made using the millivolt
reccorder and voltage refercnce system. The profile
recording obtained for Run No, 10 is shown in Tig. 20, p. 56.
Use of the voltage reference systenm introduced an cxternal
resistance which changed tho rcecorder scale factor in

" the ratio

Internal R + External R (ﬁ”l)

Internal R
Opérating conditicns during Run 10 were as followss

"Rofercnos voltage = 2.481 nV,

Resistanes of thormocoupl: + rsfer~uce system = 1370 ohms.
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Recorder scale factor = 0.25 mV full-scale

(Internal Resistance = 2500 ohms)

Recorder zero position = 20%
~Effective recorder scale factor = 0,25(322%§%8l219)

0. 387 nmV full-secale
Taking =zs an example the temperature reading at
y/R = 1,00 (100%),
hverage chart rcading = 78.2% (From Fig. 20)

]

The exact value of the average is a matter of visual
judgement. It should be noted that the profile as
recorded is inverted, i.es lower temperature readings
appear closer to the 100% chart position. The chert
zero position of 20% represcenis a voltage equal to the
reference voltage, while higher readings represent lower

voltages and lower readings higher voltages.

Bffective chart reading = — (78.2-20) = =58.2%
This represents a difference from the reference voltage of

(-0.582x0.387) = —0,225 1V,

. Thermocouple voltage = (2.481 = 0.225) = 2.256 mV
Temperature = 110,78 °F '

(Iron—constantan conversion relationships appear in
appendix F)
Accuracy: It may be noted that 1% on the recorder chart

under the conditions ofvthis run represents 0.134 °F

Temperature readings for other radial positions are

obtained in the same way and are shown in Fig. Ded.
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Y/IR

0 0-0/ 0-02 0-03 004 005
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FI6. B.1 TEMPERATURE PROFILE: RUN 10,
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B.25 Wall temperature

The temperaturc rcading obtained with the probe
thermocouple in contact with the wall ﬁill not necessarily
be equal to the wall temperatﬁre, since thé probe would
also be partly in contact with the fluid. The truc wall
femperature was thercfore determined by fititing the data
in the vicinity of the wall to a second-order polynomial,
where the coefficicnt of the first—order term equals the
expected slope at the wall, as calculated from the heat
flux., The procedure is i1llustrated as follows:s

Assuming a laminar layer immediately adjacent to

the wall,

q, = -k (dT/dy)y=O (.2)

Ao(a/dy)y = - a/k (B.3)

Now if T = ay® + by + ¢ (B. L)
then (d7/dy)y = (2ay +b)y= b ==~ q /k (B.5)
Thus &y’ +c = T+ (o /k) ¥y (B.6)

In this case, qw./k = 3150/5.3%3 = 59.

This equation is set up for cach cxperimental point in

the vicinity of the wall and the resulting matrix inverted
by a standard computer routine using a least-squarcs
method. In practice this procedure was carried out for
the seven points at 0.02 intervals from the wall to 0,12,
based on the mean curve through the experimental points,
but the use of the actual measufed points would have

been more correct,

The polynomial obtained by this rcgression technigue
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is shown in Fig. B.l, and the wall temperaturec obtained
is 119.10°F. _

Readings obtained from the 10 wall thermocouples,
arc shown in Table B.2, It is apparcnt that fairly large
differences exist between the readings obtained. The
thermocouples were inserted into 1/16 in. holes drilled
in the 1/8 in. thick tube wall and the exact depth of
each couple was unknown, but the %total temperaturc drop
over the tube wall was approxinatcly

AT = gAx/k = 3150(0,125)/12x9. 4 = 3.5 °F.
( k for stainless steel = 9.4)

The wall temperaturces measurced were thus of the right
order, but obviously do not provide a sufficiently
accurate measurce of the inside wall surface temperaturc
on their own. Slightly better agrcement was obtained

at lower heat fluxes.

Experimental data for all runs are reported in
Table B.1l as (TW— T),  where T, is the wall temperature
determined by the rcegression method described above, Where
the cxperimental temperature is highor than the reference

temperature, TW s 2 hegative value appears in the table.

The dimensionless temperature profile is obtained by
plotting (TW—- T)/(TW- TC) vs. y/R.

B.26 Mean Cup Temperaturc

The mean cup temperature at the probe is obtainable

from the rélation
- 2. | X r
Tav = % /JR v T d(R) (4.1)
av g

- . + .
When u is expressed as u , this becomes

Ty 2\/'f'72‘0/)§u+ T d(-%-{') (B.7)
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Calculations are shown in Table B.3 where the velocity

at each radial position was evaluated from the von Karman
universal velocity profile, given by equn.s l.52, by, ¢, and
temperature readings were taken from the smoothed témporature

profile curve. Integration was carricd out by Simpson's Rule

] _
f: 3 h (fo+ W+ 2ok = = = = 4 2f o+ U+ fn) (B. 8)

for the two portions of y/R = 1,00 to 0,20 and 0.20 to
0.00, The integral for the last column in Table B.3 is

1193.8.

Re = 95,500 & VT/Z = 0.04765

.-.'Ta'v = 2x0,04765x1193.8 = 113.77 °F

The average velocity may be obtained from
" & T T ’
= = a(= A
uav 2 J u R.d(R) (A )

and thus .
' o= 2VF/2 § u+%d(§) = 1.0 (B.9)
6 ' :

but it was found that, particularly at low Reynolds
nunbers, and using Simpson's rule for integration,.the
term F' was not cqual to unity. This gave spurious
values fo: Tav,using equn. 4.1 The reason for this
discrepancy was not investigated but the calculated value
of Tav was divided by F',; the "normalised velocity
integral" so as to produce the more corrcct value of Ta

defined (81) by

v

.
r r
. JﬁuTﬂﬁ
r I
Jrua@

av (B.10)

For Run 10, F' = 0.9992
Thus T,, = (113.77/C.9992) = 113.86 °F.

av



y/R

1.00
0.95
0.90
0.85
0.80
0.75
0.70
0.65
0.60
0.55
0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

CALCULATION
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TABIE B. 3

+

y

2286
2172
2058
1943
1829
1715
1600
1486
1372
1257
1143
1029
914
800
686
572
457
412
366

OF MEAN CUP TEMPERATURE

+
U

24.83
24,71
24,51
24.43
24.28
24.12
23.94
23.76
23.56
23.34
23.10
22,84

22.55
22.21

- 21.83

21.37
20.81
20.55
20,26
19.92
19.54
19.08
18.52
17.80
16.79
15.G6

0.00

T, °F
110.77
110.81
110.88
110.96
111,07
111.2C
111.36
111.56
111,82
112.06
112.33
112.64
113.00
113.40

©113.87

114,38
114.91
115,17
115.45
115,69
115,96
116,25
116,63
117.06
117,61
118,29
119.10

(n/R)u+T

0
137
272
407
539
670
800
928

1054
1177
1298
1415
1529
1637
1740
1833
1913
1941
1964
1962
1994
1996
1987
1959
1896
1745

0
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The use of the approximate von Karman relations
(equn° 1.5) for tho velocity profile, rather than a
nore sophisticated one (48) means the calculated mean
temperature will not be particularly accuratc. However,
due to the uncertointy in regard to the velocity profile
for mercury, and the further expectation that, for many
of the reported runs, the velocity profile may be
distorted, great importance can not be attached to the
calculated mean cup temperature reported herc. The
value is accepted as a refercnce temperature for
calculation of physical propcrtics.

Bvaluation of u+, y+ and the friction factor '
requires o knowledge of the Reynolds number, which in
turn depends on the mean cup temperaturc. An initial
temperature is thercefore assumed, the physical propertics

and Re cevaluated, and Tav is cstablished by iteration.
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APPENDIX C

OF THE PARAMSTZRS Y AND 7

* 0.1 THE YANTOVSKII

CRITERION, Y

The Yantovskii

where

and values of this

criterion is defined as

Y

Gr

i

i

Gr/Re? (£/2)

3 A2 - m 2
D p* (T, - T )/k

(4.6)
(4. 6a)

criterion for the curves shown in Figs.

22-24, and refcrrcd to in the text, arc calculated below.

C.11 This work, mecrcury

Run No. 5H.:

Mecan cup tomp. =

Re = 11,400

From tcmp. profile, Tw-Tc =

~f = 0.,0074
4.88 °F
119.0°F (Table B.1l)

Physical propertics of mercury, from appendix H.l

p = 841.3 Ib/f

Pipe diameter

(0.1353)3 (841, 3)20, 0001 0x 32, 2( 3600)2xL, 88

13

u

1,407 cp; B = 0,00010
1.624 in. = 0,1353 ft.

Gr
= 3,07 x 107
2Gr
* T & st sn
k Re*f
Similarly
Run No.
Re
Tw-Tc
Tav

Y

(1.407x2,1,2)°
2%x3%, 07x1F = 6
(11,400)%0, 007, ~
9 14
43,400 10,100
14.39 4,92
108.7 168.8
17.5 94



Cel2 Garr (78), NaK ecutcctic

(a) Re = 39,5005 .« £ = 0.0055; (Tw-Tc) = 19.6 °F
Physical propertics arc obtained from appendix He2 |

Tav = 206.4°F; v= 0,022 ft2/hr.
g = 0,00016
Pipe diameter = 1,380 in. = 0,115 f4.

Cr = ,(9- 115)2 0, 0001 6x32, 2x( 3600)%x1 9.6
L= (0,022)2

4,06 x 1¢°

1

2 x 4,06 x 10P _
(39,5002 0, 0055 = 0.9%

~Y

(b) Similarly, for Rc = 44,0003
(Tw=Tc) = 5.,72°F; Tav = 92,5°F
o Y = Ogll

C.13 Kirillov ct al.(20), NaK cutcctic

Re = 13,700 & f = 0,00703 (Tw=Tc) = 8.1%Ce 1446 °F
The mean temperaturc is not stoted but Pr is given as
Pr'= 0,0263. Assuming that these workers would have
uscd the physical property data of Kutateladze (82), it
is inferred that Tav = 93 °C.

Thus v = 0.0225 12 /hr (appendix He2)

g = 0,00016
Pipe diameter = 40.0 mm = 00,1312 f%.
e - £0.1312)30. 00016332, 2(3600)2 14 6
, -~ (0,0225)2

433 x 1P

2 x he33 x 10F _ 6.6
(13,700)20,0070 = .

]
!



C.14 Schrock (37), Nak - 56% K

Run No. 14: Re = 9760 .~ f = 0,0077
(Tw-Tc) = 9.2°F; Tav = 330.60F
Physical propertics are given by Schrock (37):
p = 53.0 1b/ft%; p= 1.03 1b/ft hr; B & 0,006
D = 1.0 ino = 000833 ft

(0. 0833)8 (53, 0)20, 0001 6x32, 2( 3600)2x9, 2

Gr = (1,03
= 9.4 x 1P
v _ 2.x 9L x 10
* T {9760)20, 0077 = 26
Similarly
Run No. 19 26
Re 36,000 41,400
Tw~Tc 9.2 8.57
Tav 238.6 262.5
Y 0.19 0.14

C.15 Subbotin ct al. (25), mercury

Run No. 19: Re = 45,500 o £ = 0.0052
(Tw=Tc) = 7.86°C= 14.15°F; Tav = 21.8°= 71.2°F,
Physical properties (appendix H.1)s
p = 845.4 1b/ft3; = 1.54 cp; B = 0.00010
Pipe diamcter = 29.3 nm= 0.0962 f1%

(0,0962)8 (81,5, 1.)2 0, 0001 0x 32. 2( 3600)2 11,15
(1.54x2.52)2

11

Gr

2.73 x 107

]

2 x 2,73 x 107
(45,500)2 0. 0052

Y

i}

= 5-1



C.2 THE NATURAL CONVECTION CRITERION, Z

Z 1s defined as

B Re
where the tonporaturo difforence in the Grashoff number

Gr® is defined as (dT/dx)D

C.21 Reclation between Z2 and Y

Gr* differs from Gr in the definition of the

temperature differcnce,; so that

Gr*¢ = Gr wSRLEOD (c.1)
(Tw— e
Now, from cgun. 5.3
(ar/ax)D _ Lk
T -_T T Ge (c.2)
av s) :
and if (TW—T&V)/(TW—TC) is defincd as &, then
Grk = Cr (%)@ . (c.3)
Assuning that the lMartinelli-Lyon cequation applics,
h = (k/D)(7 + 0.025 pe’- 8) (C.l)
Also G = Rei /D, and assuning that @ & 0.6
(=0.59 for Run No. 10), Gr* becomes
0.8
er* = Gr [ L‘kéj + Q.02 Pe lﬁjIO6
Re e
0.8
_ 2.4(7 + 0,025 Pe *°)
= Gr " Re Pr (005)
w g o 24(7x0.025 peC 8y o BAD/L
* = Re P¥ Re
0.8y D £f _Gr
= 2.4(7 + 0.025 Pe ") ¥ 5 3¢5 (c.6)

Gr . ’
where EE;?iZi = ¥ (4-6)



Typical length/diameter rotios used by various investigators

are as followss

Borishanskii ct al.(26), 255 Corr (78), T4;
Kirillov et al. (20), 203 Schrock (37), 483
Subbotin et al. (25), 32. |

In order tc obtain an approximate numcrical comparison
between a Y valuc of unity, and Z, a typical L/D ratio
of 50 is taken, together with a typical Prandtl Number
of 0.02. .

Then for Re = 40,000 and ¥ = 1

_2,4(12,2)0, 0054 N
Z —. 50 x 2 15.8 x 10
Similarly for Re = 10,000
Z = 50 x 2 = 15.9 x 10

and for Re = 100,000

Z - 20&‘120920‘0%5 - 19.3 x 10"')!'

 50x 2
While the criteria Y and Z are not strictly comparable,

1]

.

it appears from the above that a valuc of Y = 1 corresponds

L

approximetely to Z = 20 x 10 F and this value of Z nay
therefore be taken approximatcly as the value below which
- superimposed frec convection will not have an appreciable

cffect on forced convectione.

G.22 Values of Z for this work, mcrcury.

D = 1.624" = 0.1353 ft.
Total heated length

Length, inlet to probe

16,3 ft
14.2 ft3 D/L = 0.00952,

]

T, ) = 64.7 °F

Run No. 1: Re = 3,800; (Tout— in

s dT/dx = 64.7/16.3 = 3.97°F/ft.
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Tav = 113.4°F. Physical propertics (appendix Hol)s
p= 841.8 lb/ftjg L= 1.423 cps B = 0.,00010
~ Pr = 0.021

]

Gr .= D* p* B g (aT/dx) D / 2

- (0.1353)4(844. 8)20, 0001 0x32., 2( 3600)2x3, 97
(1. 423x2. 42)?

= 3.29)(163

z = Gr® Pr (D/L) / Re

3. 29%1 P x0, 021x0, 00952
3800

= 1730 x 1074

Values of Z for the other runs arc shown in Table 4.1

C.23 Borishanskii et al. (26), sodium

D=40 mm = 0,1312 £ v
Length, start of hezting to probe = 25D
Total heated length not stated

A1l operating details arc not giveny; but it is possible

to calculate Z2 from the information aveilable.
Re = 50,7003 g = 51,000 Kcal/m? hr; Pe = 400

From the given Pcclet number, it may be inforred that
Pr = (400/50,700) = 0.0079, and, using the physical
properties of Na given by Kutateladze (82), Tav &8 180°C
| vV =54 x 40_8m2/sec =0, 0209 ft2 /hr
k = 71 keal/m. hr.°C; B = 0.00016

It is rcadily shown that

AT | Lk e
L - kpe °F FRe cp uo (c.?)
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Using the first definition,

AT _ 4T _ 451,000

T & T T74x,00 <3 28) = 3.9% °F/ft.
ort = (0.1312)40, 0001 6x32. 2(3600)% 3, 9)
(0. 0209)%
= 1,78 x 10°
- 1. 78x1%Px0, 0079x0, 04 o 4=k
Z = 55,500 = 11 x 10

C.24 Brown, Amstcad and Short (19), nereury

D = 1.6" = 0,1333 ft :
Length, inlet to probe (Station 2) = 90 diamcters

A tomperature profile is given for a run at
Re = 660,000 and this will bo used.to calculatc =
typical value of Z for the results of these authors.
| Average temp. is estimated, from the profile, to
be approx. 137.4°F. Physical properties (app. H.1)s
p = 839,8 1b/Pt3; U =1.36 cp; Pr = 0,0196
Inlet and outlct temperaturss arc not available, but
the required temperature difference mey be estimated
from cgun. 5.3:

(w/wgp = g2 o) = S a-n) . (5
Nu may be evaluated from the given experimental results
at Pe = 660,000 x 0,0196 = 12,900 as approximatcly

= 50, '
Also, from the given profile, Tw = 124.50F and
therefore (Tw-Tav) = 12,9°F,

5 _ _4x50x12,9 ~
o (aT/ax)p = 260, 000x0. 0158 = 0.2 °r/rt

AT () 133:)3(839 8)20. 0001 0x32. 2(3600)20. 2
(1. 36x2,42)"

1)

1.29 x 1P

, . 1.29x108x0, 0196 -l
v B = TRE0EE0, 000 = %3x10




C.25 Carr (78), NaK cutcctic

D = 1.380" = 0.115 ft
Tot2l hoated length = 10.0 ft.
Length, inloct to probe = 8.5 ft.3 D/L = 0.0135.

Re = 31,4005 (T .~ T, ) = 47.8°F

(0]
~ (d7/dx) = 47.8/10.0 = 4.78°F/ft.

Tav = 144.7°F. Physical propertics from appendix Ho.2¢
v = 0,0266 £t2 /hr; Pr = 0,0232; g = 0.00016
(0.115)%0, 0001 6x32, 2( 3600)2 1, 78

ot = (0, 0266)2

= 70 87 x 1 04 »
. 70 87x10°%0, 0232%0, 0135 _ )
&z = 31400 = 7.8 x10

Similarly,

___Re Tout— Tin Tav, °F - 74X 104
39500 _ 48,2 206.4 Te3
44000 11.0 92,5 1.1
71600 6.2 89.3 0.4
71900 25.0 194.3 2.0
83300 S5e4 88.7 0.3
83600 - 15.5 126.5 0.9
97200 18.4 190.3 1.1
146000 3.1 88,1 0.1
153000 v 11.7 183,38 0.4

C;26 Kirillov ot ale.(20), NaK cutcctic
D= 40,0 nm = 00,1312 £t
Length, inlet to probe = 800 mm ~D/L = 0.05
Re = 137003 q = 22,200 Kecal/m?hr; Pr = 0.0263




As in Scetion C.13; it is assumed that

Tav = 93°C.

SV o= 0.0225 £42/hr  (appendix H.2)
k = 20,95 Keal/m.hr°c (83).

From equn. C.7,

AT o kg 4x22,200 1.8

LI ~ kRePr ~ 720.95x13,700x0, 0263 * 3,28

= 6.45 °F/rt.
ot - (0.1312)%0, 00016x32. 2( 3600)26. 1,5
(0.0225)?
= 2,51 x 10°F
.z 2,51X1S;T368263XO.Q5 - 20,0 x 1O~4
Similarly

Re q Pr Z X 104
17,330 | 16,000 0,0158 180
17,600 17,600 0.0154 190
33,000 20,900 0.,0132 80

C.27 Schrock (37), Nak - 56% K
D = 1.0 in. = 0,0833 f1 _
Length, inlet to probe = 48 in.; D/L = 0.0208.

Total heated length = 56 in,
Run No. T: Re = 54,4003 (Tout— Tin) = 13.3°F.
. (ar/ax)p = L2 52 12 . 2.8 °n/rt.

Tav = 220°F, Physical propertics are given by Schrock (37)
p= 53.9 Ib/ft®; p= 1.28 1b/ft.hr; Pr e 0,0247

Gr¥ (0.08333)4(53. 9320, 0001 6x 32, 2(3600)22. 85

(1.28)2

4,61 x 104
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1. 61x104x0, 021,7x0. 0208

VA 514,00
= 1.52 x 107%
Similarly

Run No. _ Re (Tou & Tin) T °F
21 49000 14,3 223
26 41400 16,0 263
27 65600 12.3 286
28 76800 10.7 296

Z x 104

1.88
2.48
1.24
0,87

hese Z values are all well below 20 x 10-4 and the data

points in Pig. 25 arc not labelled.

C.28 Subbotin et al. (25), mercury
D= 29.3 mm = 0,0962 £t _

Length, inlet to probe = 945 mnmj D/L = 0.0310

Run No. 193 Re = 45,5005 q = 17000 Kecal/m® hr
= 6270 BTU/f+3hr,

Tav = 71,2°F . Physical propertics (appendix H.1):
p= 845.4 1b/f4%5 W= 1.54 cp; A= 0.00010
c_= 0,0332 BIU/1b °F3; Pr = 0.0246,

p
AT _ _bag o _ L x 6270 .
L " Reo u ~ 15,500x0,0350x1, Sl 12 Lo U6 OF/ft.
| S GErY o= 8,15 x 108
and Z = 140 x 1074

Details of other profiles Teported by these authors

may be obtained from Ref (25) and values of % arc shown

in Fig. 25. Profiles for Reynolds numbers below 4 x 10

A



have approximatcely the same shape as those of this work,
but the Z parameters are appreciably higher, possibly
due to the relatively short tube length (35 diameters)

used; and these profiles have not been included in Fig. 25.

For the nercury data reported by Subbotin et al. in

Ref (22), the samc equipnent was used as in Ref (25).

It

Re = 204,00035 q = 41,000 Kecal/m2hr

| = 15,100 BIU/ f£t2hr
No average temperature is given, but aésuming that
approxinately the samce conditions. applied as in Ref (25),

Tav==28°c = 829%F and thereforc 2 = 17 x 10_4.

C.29.' Subbotin et al. (22)) NaK eutect%g

D= 31.1mm = 0,102 £t
Length, inlet to probe = 976 mm; D/L = 0.0319

Re = 24,7005 q = 39500 Kcal/m?. hr.

Tav is not given, but if this is assumed = 15000
then v = 0,0178 £+3/hr; ~ Pr = 0.0142 (app. H.2)
k = 21.3 keal/m hr °C (83) _
AT kg 1%39500 1.8 o
“ L T WPe 21 3x2h,700%0, 0152 ¥ 308 = 11-6 °T/ft

" GrY = 2,63 x10F and 7 = 50x1C—l'L-

Note: Liquid metal profiles are also réported by Subbotin
et al. in Ref, (21) but thc equipment is not described,

so that these profiles can not be used in Fig. 25,
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APPENDIX D

RATIO OF EDDY DIFFUSIVITIES

D.1 CALCULATED RESULTS

Values of the ratio of eddy diffusivitiecs, €H/€M’
calculated from the dimensionless temperaturc profiles of
Fig. 26 are shown in Table D.1 and in Fig. 27, for a Prandtl
number of C.02.

TABLE D.1 ~

Ratio of #ddy Diffusivities

Re x 1072 30 50
TVV- T . TW— T
y/R T T Slope &,/ T T Slope % S
0.90 0.988 0.20 0,70 0.990 0.19 0.64
0.80 0.961 0.36 0.62 0.962 0.36 0.56
0.70 0.918 - 0.53  0.55 0.919 C.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 1,10 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
0.00 0.000 2,37 - 0.000 2,77 -
For Re =-100,000 sec Table D.2
Ro % 107> , 200 300
y/R e Slope €_/¢€ o 31 € /e
T T B A O B N ope v u
0.90 0.990 0.13  1.73 0.992 0.09 2.78
0.80 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
10,50 0.860 0.56 1,08 0.890 0.47 1.44
0.40 0.793 0.75 0.97 0.833 0.65 1.26
0.30 0,706 0.98 0.91 0.756 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
0.00 0.000 8.40 - 0.000 12,92 -




D.2 CALCULATION PROCIDURE

The ratio of eddy diffusivities may be calculated from
equns. 4.5 and 6.1 '

¢(v/R
‘w* = 73 5. 1 (4 5)
€ .
74 2.
/€ = <M/P”$ Re Br VED (6.1)

Typical ealculations for Re = 100,000 are shown in Table D.2
and diseussed below.

TABIE D.2

Ratio of Bddy Diffusivities for Re = 100,000

T -7
Y/R Tg- T, Slope  #(y/R) A i
0.90 0.990 0.17 0.120 2.06 0.043% 1,01
0.80 0,966  0.32  0.238  2.32  0.0603  0.82
0.70 0.927  0.45 ~ 0.354  2.51  0.,0716  0.75
0.60 0.875  0.58  0.468  2.60  0.0776  0.72
0.50  0.812  0.72 0.578  2.58  0.0796  0.69
0.40 0.732  0.90  0.682 2,38  0.0773. 0.66
0.30  0.632  1.13  0.781 2,08  0.0703 0.63
0.20  0.512  1.52  0.872  1.56  0.0570 0.59
0.10 0.328  2.40  0.953  0.74  0.0350 0.45
0.00 0.000  4o46  1.000  0.00  0,0000 N

D.21 Slopes, Sy

Slopes of the dimensionless tenperaturec profile at
various radial positions werec determined as the derivative
of 2 least-squares second-order polynamial passed thrcugh
five points in the vicinity of the radial position under
consideration,; as discussed fer the case of velocity
profiles in appendix E.l, These slopes, obtained from the

dimensionlecss temperature profile are equivalcent to

R_ 4 4T
s = - (55 )& (0.1)
w c
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but they-will be divided by ths slope at thse wall, and
since the lattor will also be determined from the
dimensionless profiley; the ternm {*R/(TW~ TC)} will

cancel.

D.22 Slope at the wall, So

The above method is not satisfactory for dectermin—
ation of the slope at thc wally since data points arc
not available below y/R = O, The slope at the wall was
therefore obtained by fifting the data in the vicinity
of the wall (at 0.02 intervals fronm y/R =0 1o 0.12)
to a rational function of the from y/(ay + b). This
function is constrained.tO'pass through the point (0,0)
and to have the samc basic shapce as that of the
temperature prefile. It is believed to be superior to
an ordinary,polynomiai (79) '

Thus for cach of seven dota points,

= R | :
o ors (0.2)

& 0(y/R)a +ed = (y/R) (D.3)
so that seven simultancous cquations arc obtaincd, with

two unknowns, a and b, and this matrix is then inverted
by a least-squarces technique using a standard sub-routinc
on a digital comnputer.

Ths slopce is given by the differential of equn. D.2.

y
Thus for Rec = 100,000 the rclaticnship obtained was

o = (y/R)/0.363(y/R) + 0.361

and calculatced valucs arc shown in Tablc D.3,

ice. S = [a(y/RS’er]z and S = 1/b (Do)



TABLE D.3

Slopevfrom Zgun. D.4

0.00
0.02
0.04
0.06
0.08
0.10
0.12

8 8 oo, % Brror Slope
0.000 0.0000 0.00 44457
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 0.2760 -1.09 2.670
0.328 0.3265 0.45 2,392
0.372 0,3719 0.02 2.155

By comparison; the slopcs obtained by the methbd of
the previous section, for y/R = 0.04 to 0.12 are
3,410, 3.025, 2,685, 2,435 and 2.195.

Thus So = 4.457 for Re = 100,000 .

D.23 The heat flux distribution function, ¢(y/R)

The heat flux at any radial position is related to

the flux at the wall by q = ¢(y/R) Qe

Consider a differential annular section of the tubc
cross—section of width dr at radius r from the centres
_ Heat entoering the scction by convection :
= 27 rdrup ¢ T (base T=0) (D.5)
Heat leaving thoe scction

= 27 rdrup °y (T + (aT/ox)ax) | (D.6)
where Ox is the height of the. section in the direction
of the flow.

Now the total heat flux entering the scction at
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r equals the net heat lost by convection in the fluid
flowing between the centre and radius r, under stcady
conditions.

&g 2mr Ax = ofr 27r dr u p o, (oT/0x) Ax _(D.7)

and since 0dT/dx 1is a constant, and independent of x
for the fully developed profile under constant heat
flux conditions,

q
Also, the total hcat entcring the tube per unit length

Q>CP>§?T/be ofr ur dr (D.8)

equals the enthalpy gained by the fluid :

q, 2mR = 7R? Uay P O (aT/8x%) : (p.9)
so that
L =._¢(y/R) = ﬁf%;a-— ofr urdr
qw 2-av I‘/R v - :
= e, Jou § ag) (4. 3)

Similar derivations may be found clsewhere (17,84).

The velocity was evaluated using a thrce-layer

universal velocity profile *

(i) Laminar layer, y' < 5 : o= oyt (1.5a)
(ii) Buffer layer, 5 < y} < 30 :
u' = 51ny" - 3.05 (1.5b)

(iii) Turbulent layer, y' > 30 :

The rclationship given by Hinze (48) was used i.c.

uc+- ut = - 2.4 In(y/R) + 0.8 - h(y/R) (3.10)

where h(y/R) is a corrcction factor deduced from the
work of Laufer (45), and is a function of y/R.

In order to predict u from this cquation it is

' + A .
neccssary to evaluate u, - This is done by assuming
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that the turbulent and buffer layer cquntions predict
thc same value of ut at_y+ = 30,
+ -
=30 * ¥ y*a30 (p.10)
and u+y+=30 is given by (5 1n30 - 3,05) = 13,959

Thus u’ = (u¥=u*) 4
c c y

+ 13,959, (D.11)

+ +
sugo= (uo -u )y+=

30
Sinee y = 0.5 (y/R) Re (f/2)1/2, (A.2)

the first term on the right-hand side of equn. D.1l may

i
be evaluated from cqun. 3,10 above for y/R = 69/(Re (£/2)%

).

Thus equn. 3.1 becomes
W= uc+ + 2.4 1n (y/R) - 0.8 + h(y/R) (p.12)

+ .
where uc is evaluatcd as abova.

Calculations werc carried out on a digital computer
for the radial positions y/R = 1.00(0.05)0,20(0,02)0, 00.
Values of the corrcction factor h (y/R) were obtained from
Hinze (48) and fed into the program as data. Valucs for
y+ = 30 Wére obtained by interpolation. Integration was

carricd out by Simpson's rule.

Valucs of #(y/R)for a number of Reynolds numbers arc

shown in Table D.4. ‘

| Similar calculations using the rolationship proposed
by Lin et al. (43) for the laminar and buffer layers did
not differ by.more than 0,001 from the valucs given here
for Re = 30,000 and by not morc than 0,006 for Re = 5,000,
so that it may be s2id that ¢(y/P) is not particularly
sensitive to small changes in the velocity profile uscd.
D.24 ¢, and ;H/GML

Values of the cddy diffusivity of momentum-are taken



Rex10™> 5 1 20 30 50 100 200 300
y/R , |

1.00 0,000 0.000 0,000 0.000 0,000 0,000 0.000 0.000Q
0.95  0.067  0.064 0.062 0,061 0.061 0.060 (.05 0.059
0.9¢ 0,133 0.128 0.124 0,123 0,121 0.120 0.118 0,118
0.85  0.199 0,191 0.186 0,183 0.181 0,179 0.177 0,176
C.80 0,265 0.254 0.247 0.244 0.241 0.238  0.235 L.234
C.75 0,330 0.316 0.307 0.304 0.300 0.296 0,293 (€.292
0.7C 04394 0,377  0.367 (.353 0.358 0,354 0.351 0.349
0s65 04456  0.438 0.426 0.421 0.416 0,411 C.408  0.406
Ce6C  0.518 04497 04484  0.479 0473  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 04637  0.612  0.596 0,590 0.584 0.578  0.573  0.570
0ed5 0.693  0.666 0,650 0,644 0.637 0.631 0,626 0.623
C.4C 0,748 0,720  0.702  0.696 ©.689 0.682 0,677 0.675
C.35 0,800 0,770  0.753 0.746 0.739  0.732 0C.727 0.725
0.3C  C.850 0,819 0.801 0.794 0.787 0.781  0.776 0.774
C.25 0,897 0.866 0.848 0.841 0.833 0.827 0.823 0.821
Ce20  0.941 0,910 0.891 0.835 0.878 0.872 0.868 0.866
€.18 0,958 0.926 0.908 0,901 0.895 0.889 0.885 0.883
C.16 0,973 ,0.942 0.924 0,918 C.911 0,906 0.902 0,901
C.14 0.988 0.9586 0.940 0.933 0,927 0,922  0.919 0.917
C.l2 1.000  C.972  0.955 0.949 0.943 0.938 04935 0.932
0.1 1.010 0.986 0.969 0.963 0.957 0,953 0.950 0.949
¢.08 1.018 0.998 0.982 0.976 Co971  0.967 0.965 0.964
C.0 1,022 1.007 0.994 0.989 (.584 0.901 0.979 0.978
C.04 1,022 1,013  1.004 0,999 0,995 0,992 0.991 0,990
c.02 1,015 1.012 1,008 1,006 1,003 1.002 1.001 1.001
C.c0 1.000  1.000 1,000 1.000 1.000 1.000 1.000 1.000

TABLE D.4

D-7

Heat flux distribution function, ¢(y/R).
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from Fig. 19, duc to Nikuradse (9), and arec considercd
to be the best available for the reasons given in
Chapter 3.
Taking a typical liquid nctal Prandtl nunmber of
0.02; for Re = 10¢,0lC '
1/2

2/ (Re Pr (£/2) /°) = 0.0213

and €H/€M is obtained from cqun. 6.1 as:

€
3 .
= ond X O. y
v/ € /R % 00215



APPENDIX T

CALCULATION OF €y/Ru’.

E.1 VALUES OF ey/Ru“,

Values of the cddy diffusivity of nomentum in the
dimensionlcss form eM/Rw3 nay be obtained from measured
velogity profiles.

Using o lincar shear stroess distribution and assuming

€

TRl the sheart veloecity rclation 1.2 becomes

(r/p)(1 = 3/R) = ¢ &/dy | (B.1)

. 2 - _ us d(u/u® . :
. u® (1 - y/R) = %% “éjé%ﬁ% (B.2)

RN
foq/RuE = e (3.11)

Veloclty readings werovtakon fronm thce given profile at
intervals of y/R = 0,05 from the centre to y/R = 0.20 and then
at intervals of y/R = 0.02 to the wall. The slope of the
Velocify profile at a given radial position was determined by

‘fitting a scecond~order polynemial to the fiwve points in the
immediate vieinity of the point under consideration,; by a
least~squarces matrix inversion technique. Differcentiation of
the polynonial '

u = a (y/R)* +b (y/R) + ¢ | (2. 3)
gives aw/d(y/R) = 2a (y/R) + b, (B. L)
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from which the slopc at that point may be evaluated. A plot
of this straight line also gives a good indication of the
trend of the slope curve at the radizl position under
consideration. This procodure was found to compare well
with the Douglass-Avakian method (85), where a fifth~order
polynomial is fitted to seven data points at a ftime.

Calculated results are given in Tables E.l and E.2,

TABLE D.1

§/Ru* for data of Laufer (45)

Re = 500,000 based on u,
ot

y/R u/u, Slope, d(u/u )/d(y/R) /Rt
y/R~1 v/R y/R+1

0.00 0.0C0

0.02 0.655 ;
0.04 0,709 17.23 8,025 -1.182 0,0042
0.06 0.738 2.061 1.490 0.919 0.0222
0.08 0,761 1.283 1.C40 0.797 0.0311
0,1C 0.778 0,993 0.850 0,707 0.0373
.12 0.793 0.795 0.745 C.695 0.0416
0.14 0.807 0.737 0.680 0.623 0.0445
0.16 0.821 0.694 0,615 0.536 0.0481
0.18 0.832 0.611 0.560 0.509 0.,0516
0.20 0,342 0.527 0.496 0.419 0.0568
.25 0.865 0.490 0.421 G.351  0.0628
0,30 0.884 0,418 0.358 0,298 0.0688
0.35 0.900 0,348 0.308 0,268 0.,0743
0,40 0.914 00296 0.282 0.268 0.CT49
0.45 0.927 0.280 C.254 0.228 0.0762
0.50 €.941 0.261 0.230 0,199 0.0765
C.55 0950 0.233 0,202 0.171 0.0784
0.60 0.960 0,189 0.172 C.155 0.0819
0.65 0.968 0,178 0.158 C.138 0.0780
0.70 0.975 0,155 0.132 0.109 0.0800
0.75 0,962 0.136 0.110 0.084 0.,0800
0.80 0.986 0.111 0.088 0,065 0,080C
0.85 0.990 0.077 0.074 0.071 0.0714
C.90 0.993 0.073 0,070 0.067 0.0503
0.95 0.997

1.00 1.000
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IABIE E, 2
VALUES OF €M/Ru*
Laufer (45), Air Rein (51), Air
Re = 50,000 Re = 36,700

d<U/uC> . du - .
y/R u/uc Mdl(;/xfa eM/Ru“ u,ft/sec 7] eM/ Ru®
0,08 | 0.687 1.335 0,0288 30.05  5L.5 0.0310
0.14 | 0,745 0.820 0,0438 32,40 33.8 0, 0466
0,20 | 0.786 0.591 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 0,0693 37.80 14 0. 0765
0.50 | 0.909 0.322 ° 0.064L9 39 20 12,6 0. 0728
0.60 | 0.940 0.278 0,060 40, 35 1.0 0. 0567
0,70 | 0.965 0,200 0.0626 .40 9.8 0. 0561
] 0.80 | 0.980 0.128 0.0653 42. 30 7.3 0. 0502
0.90 | 0.990 0,102 0, 0041 42,85 b1 0, OLL7

1,00 | 1.000 0,000 ' 43,10 0.0

Sleicher(50), Air Stanton(49), Air
Re = 40,000 Re = 40,900

y/R u, ft/sec E&% €M/ Ru- | u,cn/sec W% €M/ Ru#
0,08 | 4,05 95.8  0.0264 1064 1765 0.0335
0. 14 | 48,30 59.5 0,0397 1140 1140 0., 048l
0,20 | 51.20 37.6  0,058L 1200 921 0. 0557
0.30 | 54.35 29.2  0,0659 1280 712 0. 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
0,60 | 61.15 16.8 0,0653 1435 382 0. 0672
0,70 | 62,60 1.3 0.,0575 1473 32l 0. 0594
0.80 | 64.00 10,6 0.0518 1500 230 0. 0558
0.90 | 64.75 L5  0.0610 1518 122 0. 0526

1,00 | 6490 0.0 1525 0




TABIE E.2

continued

Beckwith and Fahien (52)
Water, Re = 18,770

Page et al. (53)
Air in channels,Re=53,200

- +
y/R ut E%§7§> €M/Ru“
0.08 1 15.17 25.00 0.0368
0.14 | 16.28 14,93 0.0576

0,20 | 17.03 11.42 0,070

0,30 18,00 8,21 0,0852

0,40} 18,70 6,16 0,0974
0,50 | 19.22 4a85 0.1030

0.60 | 19.67 L.12 0.0971

0.70 | 20,05  3.14 0.0956

0,80 | 20.32  2.32 0,0862

0.90 | 20.50 1.39 0.0720

1.00 | 20,60 0.00

€X1 o g ‘,[/ Rut
3,33 0, 0256
7.37 0. 0567
9.66 0. 0744
10,61 0.0816
410,76 0. 0828
10. 45 0, 0804
10. 00 0.0770
9.69 0, 0746
9.52 0.0733

Sesonske et al.(35)
Mercury, Re=99,000

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

/R EM/ y eM/ Ru* .
0.10 102 0. OLL3
0,20 150 0. 0652
0. 30 186 0. 0808
0.0 208 0. 0904
0.50 213 0. 0925
0.60 203 0, 0882
0.70 183 0, 0795
0. 80 154 0. 0669

eM/ v eM/ Ru
68 0. 00
92 0. 0595
107 0. 0692
146 0. 0751
119 0. 0770
116 0. 0751
110 0.0712
97 0. 0627

This work, mercury
Run V.7, Re = 89,700

This work, mercury
Run V.33, Re = 89,200

y/R u,ft/sec EZ%%ﬁT €M/Ru*
0. 08 0.724 0.970 0,0367
0.4 0.768 0,630 0,0518
0,20 0,801 0,460 0.0673
0.30 | 0.837 0.324 0.0836
0. 40 0. 866 0,264 0,0880
0,50 0.890 0.216 0,0896
0.60 0.909 0,180 0,0860
0.70 0. 926 0,156 0.0745
0,80 | 0.9450 0,106 0,0730
0, 90 0. 947 0.050 O,0774
1.00 0, 950

u,ft/sec Ezgﬁﬁy {M/Ru*
0.715 0.995 0. 0359
0. 759 0. 680 0. 0490
0.795 0. 457 0. 0679
0. 832 0. 340 0. 0799
0. 863 0,284 0.0819
0. 889 0. 250 0. 0776
0.913  0.230  0,0675
0.935 0. 194 0. 0600
0. 952 0. 140 0. 0554
0.963 0. 07 0. 052
0, 966 '
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E.2 CALCULATICN MITHOD

The calculation method is illustrated for the results

Loufer (45), and rclevant details arce given for dther workers.

E.21 Laufer (45), air

Data at two Reynolds numbers, 50,000 and 500,000
(bosed on centre velocity), for air in a 10-in D. pipe
arc reported by Laufer, he latter run appears to be

acccpted as the norc accuratc,.

For Re = 500,000 (based on uc)s

Following the procedurc outlined above, Table E.l
shows the velocity data, as u/hc, read from Laufer's
curve, together with the slopc obtained, and two further
points, evaluated from the straight line of cqun. E.4,
on either side of the point under consideration., These
latter points enable the slope of the best—-fit sccond—order
polynomial to be plotted as a straight line, as shown in
Fig, B.l. |

The straight lines in this plot give a good indication
of the trend of the slope curve, as mentioned above. The
way in which the slope plot curves away from the direct
approach to zero ncar the centre moy te obscrved herce.

This is discussced in Scction 3.31.

The method usced here does not pormit the slope to be
calculated for the last two data points on cither cend of
the range.

Intecgration of the vclocity data to determine the

mecan veloclty gives

u o /uc = 0,855
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FIG. E.1  SIOPE OF LAUFER'S (L5) VELOCITY PROFILE AT Re = 428,000,
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and thus Re based on the average velocity is
Re 500,000 x 0.855 = 428,000

oof 0.0034; - VF/Z = 0,0412
+

. u
Thus -‘é—- 3-1‘1 VE/Z = 0,0352
c [+]

At any radial position, c.g. y/R = 0440
U

. 1 - v/R)ut
/R = dZ§l7uc§7dZy§R7 (E.5)

0.6 x 0.0352
0. 260 = 0,0749

]
il

I

Values of eM/Ru* arc given in Table E.l.
For Pe = 50,000 (bascd on uc), data are also given as
u/uce Integration gives u.av/\:c = 0, 8068,

 Thus Re = 40,300 and u /ﬁc = 0.0418
Calculation procceds as above and results are given in

Table E.2. .

E.22 Rein (51), air,

A number of profiles werc measured in a Z=-in I.D. pipec.

Re = 36,700, Y¥/8 = 0.0524
u ., by integration from profile = 34.99 ft/secc.
o u;:;: = 1083

o _ 1 - y/R) u“
Now eM/Ru = WAGR (E.6)

E.23 Sleicher (50), air.

Eleven runs are reported
Taking Run P6, Re = 40,000:
VE/Z = 0,052, u . = 52.8 ft/see, uF = 2,74

Thus eM/Ru* may be evaluated from cqune. E.G.
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E.24 Stanton (49), air.

Velocity profiles are reported invsmobth and rough
pincs.

For the smooth pipe, D = 4.93 cm. and centre
velocity = 1525 cm/sec. ' |

Average velocity, by integration is 1241 cm/soc

. Re = L. 93x1244 %0, 075x1 4,88 = 140,900 ,

(2.54x12)2 0,018
Assuming an air temp. of ca. 70°F

SVEY = 0. 0518, ut = 64,2 cm/sec.

GM/RW* is evaluated from cqun. E.6.

E.25 Beckwith and Fahien (52), water.

Four veloeity profiles are given. Data arc given
in the form u/uav and u* vsi (1 - y/R)e,
Values of eM/Rwifor the highest Reynolds number,
Re = 18770, are shown in Table B.2. These values of
€M obtained by the curve~fitting method; are slightly

higher than those calculated by the authors themselves.

E.26 Page; Schlinger, Breaux and Sagze (53), air in
channels.

These authors report a number of velocity profiles

measured in a channel about 0.7 iﬂo wide,. ‘

For Run 43 (isothernal), Re = 53,200;u__ = 88.7 f£t/scc.

Calculated values of eM are reported.

Toking R as half the channel width, R = 0.0285 ft.

VE/2 = 0.0515 .« Ru® = 0,0285x88,7x0.0515 = 0,130
g = 9-69 x 107
¢ /R = 9.69 x 1077/0,130 = 0,0746

Values at other radial positions are shown in Table B.2,

For y/R = 0.80, for example, e
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B.27 Sesonske, Schrock and Buyco (35), LETCUTY

Values of 6“/9 are given for four experimental rTuns.,
Two typical Reynglds numbers are
Re = 99,000; VE/Z = 0.0464; 2/Re/F/5 = 1.35 x 107%
At y/R = 0.0, eV = 208
e/RuT = 208 x 4.35 x 107 = 0, 0905
For Re = 62,000; V£/2 = 0.0498, 2/Rev¥/T = 6.48 x 10~%
€, /Ru’ is calculated in Table E.2.

E.28 This work, mercury.

Two velocity runs will be considered. These are
Runs No. V.7 and V.33, The former has been discussed in
Appendix A and is shown in Fige Asl, V.7 was measﬁred
with the gas pressuring system, while V.33 was measured

with the "Prandtl-type" gauge, discussed in Chapter 2.

Rm V.7 : Re = 89,700, vF/Z = 0,04,77
u. = 0.812 ft/sec, u* = 0,0387

RunVe33 : Re = »89,200, VT2 = 0, 0,8
U = 0. 809 ft/sec, uw = 0,0388
Values of GM/Ru* for both runs were evaluated fron equn,

E.6 and are given in Table E.2.



APPENDIX T,

BQUIPMINT DETAILS

F.l HBEATING COILS

Fell Main heating coil

Tape width = 0.499 in.
Tape thickness = 0,0305 in,
0.0375 ohms/ft.

i

Resistance

Angle of wire to pipe ca. 84% dege

Average gap between windings = 0.067 in.

Tube outside diameter = 1.900 in.
O0.D. of windings = 2.02 in.
areas covered by main windingss
Upper, above probes = 0.922 ft2
Upper, below probcs' = 3,140
Total upper = 4.062 ft2
Total Lower = 3.948 ft2
| 8.010 £t°
Resistancess Upper winding = 3.360 ohms

Lower winding 3,246 ohms

Zlectrical connections arce shown in Fig. F.l. The
wattmneter in the lower circuit was connected over the
coil only, so as to record only energy entering the

system; and not that dissipated in the control resistancc.
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F.12 Auxiliary heater

The area left uncovered by the main winding was
(i) the section opposite the probes, and containing
the static tap, 3.44 in. along the circumfercnce and

0.77 in. wide (= 2.65 &q. in,)

(ii) +the scction containing the probe nozzles, and
occupying the rest of the circumfercnce, 2.53 in,

1.40 in. wide (= 3,55 sq. in.).

The auxiliary heater was constructed of 24 SWG
nichrome wire, 1.634 ohms/ft., and consisted of two

sectionss

(a) the first scction covering the 2.65 sq. in. in .
part (i) above and with o resistance of 4.941 ohms

(b) the second section, fitted into the small arca
butween the nozzlcs. Resistance of total winding,

(2) 2nd (b) = 6.248 ohms -

It was decided to maintain a constant heat flux over
he area opposite the probe entry (sec section 4.1).
Thus the heat input over Scction (a) should be in the

atio of arcas covered by this prart end the main winding,
i.ee  2.65/(8.010 x 144) = 0.23%

of the main winding heat input. Accordingly the ratio of

heat input over the tctal auxiliary winding to that over
the main coil should be '

L 6.248 :
% Aux. /main = 0.23 x o = 0.2% .

Electrical connections are shown in Fig, F.l.
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F.2 THERMOCOUPLES

Iron-constentan as well as coppér—constantan thermocouples
were used. Tube wall couplcs and the couples in the cooling
water were copper-constantan, and the others iron-constantan,
Since it was thought desirable to be able to use the test |
section inlet temperaturc as a rcference pointy, beth iron and
copper couples werc installed at the inlets to the test
sections. The copper couples were covered by €Poxy resin

so as to avold amalgamation with the mercury.

F.21 Switching Panel

The thermocourle switching panel may be seen (partly
obscured) in the main view of the apparatus, Fig. 5, and
the wiring diagram is given in Fig. F.2. Thermocoupilc
leads from the apparatus were brought to multi-pole
selector switches on the panel; where the iron and
copper couples were kept sepasrate. The setting of switch
A determined whether the iron or the copper circult was

'being used. The reference selector allowed the
heated section inlet, the cooled section inlet, or ice,
to be selected as refercnce point. Switch B allowed
"calibration" of the above two ‘'references'" versus ice.
Switch D determined whether the iron or copper couple
was being used. As tﬁe inlet temperatures were found
to be unsatisfactory as reference points, in normal
operation the "reference" selecctor was on cither the
copper or thoe iron "ice' position and switch B on
"reference'". Only when it was desired to measure inlet

temperatures was B switched to Ycalibrate'.
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As mentioned in Scction 2.52; an external millivolt
reference source was eventually used. For this purpose
the "meter" position in Fig. F.2 was connected to the

"thermocouple emf" position in Fig. 9.

F.22 Calibration

Inlet, outlet; and probe thermocouples were calibrated
against a2 stendard thermometer in an oil bath. Fig. F.3
is a portion of the resulting calibration chart and shows
that the thernocouples arc in exocllent agfeement with
standard tables. he latter were therefore used in
calculations. For numerical purposes, the temperature
range was broken up into a number of straight lines,

and Table F.1 prepared as an aid to temperature conversion,

F.3 ORIFICE METER

he upper crosslirk was utilised as a flow meter. The

same 1.624 in., I.D. pipey, as in the test sections, was used,
with a straight meter run of 2.8 ft., providing 20 diameters
upstream and 7 dicmeters downstream bf the orifice plate.
Pressure taps were situated on the underside of the pipe,
1l in. on either side of the orifice plate.

Three orifice plates were manufactured, to BSS standards
(88). The meter aséembly was removed from the apparatus
and each orifice plate calibrated separately, with water, over

a range of Reynolds numbers,.

€oge Orifice No, l. Orifice D. = 1.125 in..
B = 0.6927, p* = 0,2303, Vi = g% =0,877
' , 20 ,
Ny = 74 =Per VZg bh (7.1)
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FIG, F,3 PORTION OF THERMOCOUPLE CALIBRATION CHART.

© Heated section outlet X Cooled section inlet
V Cooled section outlet
-—Temperature-emf relationship from standard tables(B?)



TABLE F.1 - TEMPERATURE CONVERSION
FOR COPPER-CONSTANTAN AND IRON-CONSTANTAN

[HERMOCOUPLES

(Straight-line approximations to data from standard tables (87).)

COPPER - CONSTANTAN IRON = CONSTANTAN
26 my 2c/my o mV o¢/mv
0 0, 000 0 0. 00
10 0. 389 | 10 0.50
1 25.13 - - 19.23
20 0. 787 20 1,02
> 24,57 - 19,23
30 1.194 30 1.54 A
, - 24,04 - 19.23
L0 1,610 L0 2,06
. - 23,53 = 19.23
50 2.035 50 2,58
- 23,15 - 18.87
60 2,467 60 3.1
- 22.68 - 18,52
70 2.908 100 5.27
- 22.27 - 18,35
80 3 357 140 7.45
- > 21 9% - 18.02
90 3,813 190 10,22
- 21.55
100 L. 277

Example: 1.900 mV (Copper-constantan)

T 40 + (1.900 - 1,610) x 23.53
4O + 6,82
46.82 9¢

1

I
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Typical runs
Water collected = 141.81b in 35.2 sec,
Manometer reading = 6.7 em mercury

(mercury-water manometer)

Fron equn. F.1, CD = 0.6153

Orificce Reynolds number = 8,3 x 104

For a number of further runs, Cp (average) = 0.615

Orifice no, 1 2 3
Dy in. 1,125 0.9375 0.3125
B 0.6927 0.5775 0.1925
VEIWE 0.877 0.943 0.999
CD’ average 0,616 0.617 0,622
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APPENDIX G,

HEAT TRANSFER COZFFICIENTS

G.1 NUSSELT NUMBERS

Values of Pe and Nu for the runs reported here are given
- in Table G.l.

The calculation method may be illustrated with reference
to Run 10:

Pe = Re x Pr = 95,50C x 0.0214 = 2040
. hLD D
Moo= 520 0= e x g
w av
2150 . 0.1355 _
5.5h X T 5.3z T 193
TABLE G.1 = NUSSELT NUMBERS
- Run No. 1 la 2 3 3a 4 Aa 5
Pe 80.9 82,3 &7.2 1186 121 173 174 241
Nu 7.8 8e7 6.2 802 735 8.4 805 708
Run No. 6 7 8 9 10 11 12 13
Pe 304 534 611 947 2040 2670 3650 5360
T 8,1 7.9 8.4 v 8.6 15.3 17.8 21.1 32.7
Run No. 13a 14 15 16 17 18 18a
Pe 543C 181 210 374 391 477 480

T s 32,8  10.5 S.8 11,5 10.5 8.3 9.3



G.2 NUSSELT NUMBER FROI DIMENSICNLESS TEMPERATURE PROFILE

The Nusselt number is expressed as
_ hD _ 2R Oy
A s A S (1)
. w av
- Now the slope of the dimensionless temperature profile a2t

y/R=0 is

So 2[

=

d(iz:;)] N -ﬁﬁj .(dT/dy)o (Ge2)

| a(y/R) —O
Alsoy
e, = =k (a/dy)e- (6.3)
Substituting G.2 and G.3 into G.1,
N r‘|2 Sm .
"= <lw_ ‘ay (6.2)
T -t

The term (T - T )/(T —T ) was evaluated for ecach of the

undistorted average prOLllPS glvon in Fig. 26 from the relation

<TW— Tav> BT (TW- T > |
7ot /) = ‘Z[u T =7 a(5) (6.2)
w ¢ 0/ ~av w ¢

in the same way as illustrated in app. B.26, and valucs of S,

were taken from Table D.3,

Values of Nu and Pe, assuning a Prandtl number of $.02,

are shown in Table G.2.

TABLE C2 - NUSSELT NUMBERS FOR DIMENSIONLESS
TEMPERATURE PROTTLIES

Re ~ Pe So 3 Nu
3C¢,000 - 600 2.37 0.575 8.22
50,000 1000 2.77 0.589 9.41

100,000 2000 4.46 0.627 14,2
200,000 4000 8.40 0,688 24.4

300,000 6000 12.92 0.733 35,3
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G.3 EFFECT CF VELCCITY PRCFILE ON NUSSELT NUMBE

The Nusselt number is dependent cn the difference TW- Tav .

Tav is determined by 1 7
T = 2Of -;;;l; T (3) a(F) - (41)
and is thus dependent on the velocity distribution,_particularly
near the wall where the factor r/R is large.
In order to obtain some imprcssion of the effect of the
velocity profile on Tav’ and henée on Nu, the above

integration was carried out using

(a) the temperaturc profile of Run 1

(b) the velocity profiles shown in Fig. G.lo

The profiie labelled 1 is based on the von Karmen relations,
equn., l.5. The other profiles incorporate increasingly

higher velocities near the tube wall, but all hav
’ .

- u r .r
2 | e G(=) = .
]‘u R d(R) !
o7 Aav
Resulting values of Nu arc shown in Table G, 3. The

Nusselt number is seen tc increanse with increasing distortion.
It may also be inferred that, if the velocity profile was
lowered rather than raiscd near the wally, lower values of Nu
would be obtained.

TABLE G, 3 EFFECT OF PROFILE DISTORTION ON
NUSSELT NUMBER,

Curve (T - Tavlgg _Nu_

4 1.400 7.80
2 1, 38l 7.89
3 1,370 7.97
L 1, 346 8. 11
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FIG, G.1  DISTORTED VELOCITY PROFITES,

1 Undistorted profilé, from equn. 1.5 for Re = 3800
2, 3, 4 Increasing amounts of distortion
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APPENDIX H

PHYSICAL PROPERTIES

H.l PHYSICAL PROPERTTES OF MERCURY

The physical properties employed in the calculations
pPresented here are shown in Figs, He1(a) and (b).

For data on the density of mercury, values from the
Smithsonian tables (86) were used. Thesc data are comprehensive

and in good agreement with other references (82, 83).

For thermal conductivity, specific heat and viscosity the

data of the Liquid-metals Handbook (83) were used, and Fig. H.1l(a)

also shows the data given by Kutateladze et al. (82).

The coefficient of thermal cxpansion may be approximated

as :
-2 -w) 1 ’
A = Vo, + 1 AT (H.1)

over a small temperature range, where

'V = velume of 1 unit of mass,

AT = the temperature difference over which

the volume change is determined.

From equn. H.1, g = 201/pe = 1/p, ) . L (H.2)

_ 2 o~ pa) 2 (4. 3)

P * pa AT

From the Smithsonian tables (86)
S.G. @ 40°C = 13.4969
S.G. @ 60°C = 13,4482
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Pt = p2 = 0.0L87, pro+ P2 = 26,95

2%0, 0187

“ B = = 1
" T 26.95x20x1.8 - T

0, 00010 °F .

This figure varies very little with temperature.

For use on a digital computer, the physical properties
of Fig. H.1l may be approximated by straight lines over the

range 60-200°F, as followss

Density: p= 851,412 ~ 0.0846 T 1b/ft3
Thermal conductivitys

k = 4.47 + 0.0075 T BTU/hr £t OF
Specific heatbs

¢, = 0.03348 ~ 0.0000036 T BIU/1bOF

Viscositys
60 < T <80, B o= 1,768 - 0,0031 T
80 «T <120, £ = 1.752 - 0,0029 T
120 <T <140, B = 1.686 = 0,00235 T
140 < T, B o= 1.6552 - 0.00213 T

Purity of mercury used:

A spectrochemical analysis was carried out on the mercury
used. Trace contaminants were present in approximately the
‘following quantities:

Ag = 100 ppm; Au, Ca, Mg = 10 ppm; Cu = 0.5 ppm.

.2 PHYSICAL PROPERTIES FOR THE NaX IUTECTIC MIXTURE

The physical properties used in processing the results
of other workers who uscd the NaK eutectic are given below.
In general the data given in the Liquid-metals Handbook

(83) for the NaK eutectic were used, and compariscns with the
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data given by Kutateladze (82) for 750K NaK are ma’e.
Density data from the LMH are very slightly lower than Xutatcladze

Vicosity data from LIH arc slightly below Kutateladze

Specific heat data from the LMH are considerably below that

from Kutateladze
f

Thermgl conductivity data from LIMH have a flatter temperature

slope than the Kutateladze data and are therefore
considerably higher at the lower temperatures.

Kinematic viscosity given by the two refercnces are comparable

and are shown in Fig. H.2. The curve is drawn through the
IMH data, and in the low-temperature region, where only
the data of Kutateladze are available; the curve is

drawn to follew the same slope.

The Prandtl number for the two references aiffers considerably

due to the differences in specific heat and thermal
conductivity, and values calculated from the IMH data are

given in Pig. H.2,

The coefficient of thermal expansion may be calculated from

the density datz given by the LIH:

p at 100 °C = 0,847 gm/cm®
p at 250 °C = 0.811 gm/cm®
2(0. 847 - 0.811) _ ___1 = 0.,00016 °F"",

B = =078L7 +0.811 150 x 1.8
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