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SUMMARY

In almost all heat transfer equipment the fluids involved
must pass through changes in section of the flow passage which
are generally unavoidably present because of constructional
requirements.

A survey of previous work has shown that the effect of these
changes in section upon the heat transfer coefficient between
the heating surface and the fluid have been studied for the
cases of simple geomeiries with a single phase fluid but not
at all for the case of a two phase fluid flowing through an
annular flow section with a step change in the flow area.

An experiméntal arrangement to measure the heat transfer to
water/steam flowing through an annulus with an electrically
heated inner wall, and a step change in the flow section, was
constructed. Results were obtained for the effect of both a
convergent and a divergent step change in section, upon the heat
transfer coefficient between the heating surface and the fluid,
for both single and two phase flow,.

In developing this experimental equipment a new type of
radiation thermocouple was constructed to provide a continuous
axial temperature profile of the inner surface of the heating
tube, and a computer programme was written to demonstrate that the
axial conduction of heat in the heating tube was negligible.

The heat transfer results were supportied by flow visualization
studies using air bubbles in water and also by using a schlieren
optical system with colour filters to demonstrate the behaviour

of the boundary layer.



The effect of the step change was compared with results
obtained by previous workers from measurements taken with water
flowing through a tube of cicular section.

Additional to the step change in section the equipment was
modified to measure the effect of swirl upon the heat transfer
coefficient for both single and two phase flow. The resultis

were 'plotted graphically and the effects explained.
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INTRODUCTION



Chapter 1.

1.1, SINGLE PHASE CONVECTIVE HEAT TRANSFER.

The mechanism of convective heat transfer has been long established
as a two process mechanism where first, heat from a hot surface is
transferred to the fluid boundary layer by conduction, and that there
then follows a macroscopic exchange of elements of fluid between the
hot boundary layer and the cooler bulk of the fluid. This interchange
of mass and momentum between the stationary or slowly moving elements
of fluid of the boundary layer and the faster moving elements of fluid
of the main stream results in a loss of kinetic enmergy by the bulk of
the fluid flowing over the heating surface. The fact that the heat
transfer rate from the hot surface to the fluid bulk and the kinetic
energy loss from the fluid bulk both depend on the same mechanism of

\
mass and momentum transfer between the fluid boundary layer and the
fluid bulk, formed the basis for Reynold‘s analogy between the friction
factor for a fluid flowing through a heated tube and the heat transfer
coefficient between the tube surface and the fluid bulk.

This two process mechanism of heat transfer between a hot
surface and the fluid flowing over it means that the rate of heat
transfer will be a function of the properties of the fluid, particularly
conductivity and specific heat during the first process of conduction,
and upon the intensity of the turbulent interchange of mass between
the hot boundary layer and the bulk of the fluid during thé second
process of mass transfer. Dimensional analysis applied to the results

of heat transfer experiments between a hot surface and a fluid flowing

over it has produced the well known Dittus—-Boelter equation,

$th - C f?bgﬁg E;0.4-



from this equation it can be seen that to increase the heat transfer
through a given heating surfacé, to a given fluid, with a given
surface to fluid témperaturé difference, it is simply a matter of
increasing the velocity of the fluid over the heating surface. It
can be expected that the heat transfer rate will increase by a factor

8

proportional to (Velocity)o' , but on the other hand it can be also

expected that the kinetic energy loss from the bulk fluid and thus the

frictional loss will increase by a factor propertional to (VeloCity)2°0,

1.2. METHODS OF INCREASING TURBULENCE.

The aim of increasing the rate of mass exchange between the hot
boundary layer and the fluid bulk can be effected by turbulence
promoters attached or held near to the hot surface, for example trip
wires to break up a laminar boundéry layer, changes in section of the
fluid flow path to induce additional turbulence in the £luid, and
swirl vanes to produce an artificial gravitational field in the fluid
and thus a natural convection mechanism to assist the forced convection
mechanism. All of these methods are accompanied by a frictional
pressure drop penalty but can be used never the less to provide a more
compact heat exchange surface. Indeed the mechanical design
requirements of a heat exchanger generally introduce changes in
section, for example at a tube entrance,where the effect must be
known and allowed for in the design.

The other mechanism which can be used under certain conditions
is that of a liquid boiling on a hot surface, this effect can be
additional to the forced convection heat transfer mechanism and

need not incur increased frictional pressure loss.



1.3. NUCLEATE BOILING MECHANISM.

The boiling process has been used, until comparatively recently,
primarily as a means of changing the phase of a liquid to a vapour,
rather than as a means of increasing the rate of heat transfer to
the liquid and it is only during the last thirty years that real
efforts have been made to understand the mechanism of the boiling
process and to produce data correlations suitable for usein designing
heat exchange surfaces where boiling is present.

It has been shown that the latent heat of evaporation supplied
to evaporate a bubble of vapour at the heating surface accounts for
only a small part of the increased heat transfer consequent to the
boiling of the liquid at the hot surface. The greater part of the
heat transfer increase due to boiling is due to the additional
turbulence induced in the hot fluid boundary layer by the mechanism
of vapour bubbles growing on the heated surface and by their
subsequent collapse or their departure from the heated surface into
the cooler bulk of the liquid.

If this boiling is increased in intensity then the turbulence
it introduces into the hot fluid boundary layer progressively
overshadows the forced convection turbulence and the heat transfer
becomes independent of the fluid velocity.

I1f the heat transfer rate is increased further then the vapour
bubbles leaving the surface coalesce into a vapour blanket and do
not allow the cold bulk fluid to reach the surface, the nucleate
boiling mechanism then breaks down and the heating surface
temperature rises dramatically often to the melting point or "Burn

out" of the metal.



1.4. PRESENT WORK.

In the present work the aim was to invéstigaté the effect of a
change in section of the flow area upon the heat transfer coefficient
using first single phase conditions and then extending the tests to
conditions of subcooled nucleate boiling. This aim was later
extended to include some tests on swirl flow.

The experimental equipment available for the tests which are
described later was able to provide conditions for heat transfer
tests from single phase forced convection to forced convection with

;Jrface nucleate boiling with water, but the tests were conducted
well below the "burn-out" point,

The basic configuration of the test section was an electrically
heated metal tube surrounded by a concentric glass tube providing
an annular section for water to pass through. Tests were carried
out with single phase and nucleate boiling conditions with a step
change in the annulus section and then with swirl vanes in the
annulus,

Finally,a small Freon II test circuit was constructed to
attempt to visualise the flow pattern at a step change of section,
In this case,the flow section was rectangular with a heating strip
on one side and two sides of the section were made from glass to
permit observation through the flow.

The tests performed involved combinations of turbulence
induced by forced convection, turbulence induced by the nucleate
boiling mechanism and turbulence induced by a change of section in
the flow path. Considering the difficult progfess made so far
towards obtaining general correlations for boiling,without the
complication of change of section,it could be reasonably thought
that the information these experiments would produce would give

some insight into the mechanism of the flow at the change of



section with and without boiling present, whilst it might be also
useful to attempt to verify existing correlations with the data

obtained from the plain sections of the test piece.



PREVIOUS WORK



2. 1. INTRODUCTION

In making a survey of previous work in the field of this
research topic it became apparent that there were essentially
two references which were directly relevant in that the effect
of discontinuities in the flow section on the heat transfer
coefficient had been studied, although only for a single phase
fluid R 1, 1956 and R 2, 1962. No references to work dealing
witﬁ the effect of discontinuities in two phase flow on the
local heat transfer coefficient were found, although work on
the pressure drop at flow section discontinuities had been
carried out by a number of workers, R 3, 1958, R 4, 1966.
Since the work described in this thesis did not involve the
study of two phase pressure drops these references have not

been included in the following survey:

The survey has been divided into sections dealing with;
2.2. Single phase heat transfer in an annulus
2.3. Boiling heat transfer mechanisms and correlations
2.4, Measurement of temperature
2.5, Photographic techniques used in the study of boiling
2.6. The effect of discontinuities in the flow path on the

single phase heat transfer coefficient.



2. 2. SINGLE PHASE HEAT TRANSFER IN AN ANNULUS.

The work has been treated with reference to the case of
heat transfer to a fluid flowing through a duct of circular
section, so that correlations of the same form are obtained but
with the ratio of the inner and outer diameter of the annulus as
an additional factor. The general form of the heat transfer
corrélation being:

Nu = C Re & of (%e,\%

L

Wiegand and Baker, R 5, 1942, produced a survey of work
carried out from 1907 on laminar and turbulent flow and
accepted the equivalent diameter defined as, d_ - di to be used

in calculating the Reynolds and Nusselt number.

Monrad and Pelton, R 6, 1942, carried out experimental
work with water, and also with air flowing through an annular
section. For heat transfer from the outer surface of the
annulus they confirmed the use of the Dittus - Boelter equation
modified to include a term involving the ratio of the inner and

outer diameters.

0.83
o ) 222

No = 0.02 Re?g PrM (—d_‘_

For heat transfer from the inner surface of the annulus
they suggested that a constant involving the ratio of the

velocity gradients at the inner and outer surfaces be used.
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Davis, R 7, 1943, took the data of several previous
workers and using dimensional analysis produced a close

correlation which held over a large range of diameter ratios

0% 032 0Md [ 4 0.\S
NU = 603\ RQ_ ?-g- L‘) —2° 224

AL

the diameter used in the Reynolds and Nusselt number was d.
1

rather than d_ = di’ because it gave a tighter correlation.

McMillen and Larson, R 8, 1944, carried out a series
of experiments with water flowing through an annulus. In
calculating the heat transfer coefficients they did not use
measured values of surface temperature but by keeping the
heating fluid flowing through the inside tube at a high velocity
and thus maintaining a nearly isothermal surface and a high
heat transfer coefficient they were able to deduce the annulus
inside wall heat transfer coefficient from the overall heat
transfer coefficient. They used, do’ in computing the
Reynolds number. Their results could be expressed by the

equation proposed by Davis with little error.

Carpenter, Colburn, Shoenborn and Wurster, R 9, 1946,

carried out a series of tests on water flowing through an



annulus, Théy uséd the same method as McMillen and Larsen
to calculate the heat transfer coefficient from the inside wall
of the annulus, from the overall heat transfer coefficient
between the heating water and the water flowing through an
annulus. They restated the appropriate equivalent diameter to
be do - di since from their pressure drop results the transition
from viscous to turbulent flow occurred at Re = 2000 and by
using this defined equivalent diameter the friction and heat
transfer correlations obtained could be compared with those
existing from flow through a round tube. The heat transfer
data was plotted as a comparison with correlations obtained by

previous workers which were shown to be somewhat optimistic.

McAdams, R 10, 1954, has usefully summarised the
correlations proposed for heat transfer from the inmer wall to

the fluid flowing through an annulus, all of the form;

P
St R_“ _ C-—BDK 2.2.5
Re

with a recommendation to use

0.14
St Pro.m _ 0.023 P 228

R&O'z

for design calculations.

In summary, this work has been extensively reported and
at the small values of temperature difference normally used with
heat transfer to water, all of these equations predict nearly

the same value of heat transfer coefficient.
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' 2.3. BOILING HEAT TRANSFER MECHANISMS AND CORRELATIONS.

When a subcooled liquid flows over a heated surface,
heat is transferred through a thin liquid boundary layer by
conduction to the fluid bulk. The heat flux can be plotted
against the difference between the heating surface temperature
and the fluid saturation temperature. G.2l, section A to B, and

the heat transfer can be correlated by,

0% 0.4
Nu = C Re, - 28

If, by increasing the heating power the temperature of
the hot plate increases to a certain minimum value above the
saturation temperature of the fluid then the graph will follow
the path B to C. The boundary layer of liquid is superheated
above the liquid saturation temperature and at nucleation
centres on the hot surface surface vapour bubbles grow and
collapse repeatedly, this mechanism reduces the resistance of
the liquid boundary layer to heat transfer by apparently
introdiicing micro-convection currents in it, by the growing
bubbles displacing hot liquid from the heating surface, and
also transfers some heat from the hot surface as the latent

heat of evaporation in the bubbles.

A further power increase will increase the temperature
of the hot surface still further and the bubbles form at an
increasing number of nucleation sites on the hot surface and
grow larger to the point where they are detached from the hot

surface by their own bouyancy and the fluid bulk flowing over



"

them, the graph now follows a steep line C to D,

Further increase in heating power to the hot surface
results in such a vapour bubble formation rate that the
necessary replacement liquid flow to the hot surface is blocked
and the mechanism of nucleate boiling breaks down to be replaced
by film boiling, with the heating surface completely covered by
vapour, then the operating condition will flip from D to E with
a large temperature increase of the hot surface. This
temperature at E may be sufficient to melt some heating metals

and flux at point D would then be known as the burn out flux.

log ¢ F:

log Z\fx

Characteristic boiling curve, log @ - 1og£§tx

G241
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If the metal of this heating surface will stand this
temperature without failure the power may be increased further,

E to F, to give stable film boiling.

On reducing from the film boiling level the hot surface
temperature will reduce below the burn-out point before the

operating condition flips back to the nucleate boiling curve.

A second hysteresis effect is also present when reducing
the power from the subcooled boiling level to that for single
phase, in that nucleate boiling will persist to a lower level

of heat flux than that with the increasing power.

The dotted line is an unstable condition in that a
reduction of heat flux may be accompanied by an increase in

temperature.

In the experimental work presented here the operating
conditions ranged from single phase to nucleate boiling in an
almost saturated £luid and in the following survey only this

area of the boiling curve will be considered in detail.

The existence of subcooled pool boiling and the
accompanying high rate of heat transfer has been long known in
the process of quenching hot metal in water, where the rate of
cooling increaséd as the metal temperature was reduced, that is
as the initial film boiling was replaced by subcooled nucleate
boiling before finally reducing to single phase cooling.

However, the main experimental work has been concerned with



steady state conditions, Mosciki and Broder R 11, 1926, performed
some experiments with electrically heated wires in water and
compared the heat fluxes obtainable with boiling against single

phase values.

Nukiyama R 12, 1934, used an electrically heated
platinum wire in saturated water to explore the boiling modes
and demonstrated saturated nucleate boiling, film boiling and
conditions for burn-out. He gradually increased the
temperature of a platinum wire immersed in a pool of saturated
water and observed the rapid increase in the heat flux until,
at a limiting value, the mechanism of nucleate boiling broke
down and the wire was completely surrounded by a vapour blanket.

The temperature of the wire having increased suddenly by .-

approximately 700 K.

Farber and Scorah, R 13, 1947, carried out experimental
work on subcooled pool boiling of water. They refined their
equipment to measure the surface finish of the heating wire
and used a number of different metals for comparison purposes.
Also the experiments were carried out at a number of different
pressures. The results confirmed the existance of a
characteristic boiling curve which can vary with the pressure
level and can show variations with different heating surfaces.
In these experiments the temperature of the heating wire was
measured by spot welding a Chromel/Alumel thermocouple junction
to the surface. The leads from the surface would interfere
with the liquid flow pattern and also cool the heating surface

at the point of attachment with the effect that the

13
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Flow through annulus, McAdams et al, R14, 1949.
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temperatures given could well be below the true surface

temperatures.

McAdams et al, R 14, 1949, carried out experimental
work with subcooled nucleate hoiling of water flowing through
an annulus, electricaliy heated at the inner wall. They
plotted their data as log ¢ against log (ty — tf) and measured
the effect of fluid velocity and subcooling. Assuming the
driving force behind the boiling heat transfer process to be
the boiling potential, t_ - t, = Atx, they replotted their data
as log ¢ against log Aty and thus obtained an approximate

correlation which was independent of velocity and subcooling.

¢ = C A‘tigs 232

They showed that the transition between single phase
and subcooled nucleate boiling heat transfer was not a sudden

step but that a transition area existed.

In these experiments the surface temperature of the
tube was measured on the dry side, a calculated correction
being applied for the temperature drop through the tube wall,

and can thus be expected to be accurate.

Krieth and Summerfield, R 15, 1950, R 16, 1949,
carried out experimental work with water, aniline and n-butyl
hro
alcohol flowinghgg electrically heated stainless steel tube, to

further confirm the boiling characteristics.

16
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Whilst the heat transfer characteristics of the boiling
process were confidently known for the range of parameters
employed, further work towards obtaining a correlation was seen
to depend on a detailed knowledge of the mechanism of vapour
bubble formation in a liquid on a heated surface, and Rohsenow
and Clark, R 17, 1951, studied the high speed cine record of the
boiling process produced by McAdams et al, R 14, by measuring the
bubble sizes and the frequency of bubble formation. The heat
required to produce a vapour bubble can be expressed with fair

approximation as,

Tt

Ch = \3}3 % 0 233

this by counting the rate of bubble formation on a given area of

heating surface and by considering the heat required by each,
the heat transfer due to bubble formation alone was calculated.
This amounted to only a small fraction of the power imput to
the heating surface, thus it could be said that the latent heat
of evaporation of the liquid played only a small part in the
heat transfer process and that the physical agitation of the
fluid boundary layer by the forming and departing bubbles was
probably the reason for the high heat transfer rates associated
with boiling. Again using the results of McAdams for heat
transfer with aerated water, the increase in the heat flux
comparéd with that from dearated water under the same
conditions was accompanied by the appearance of air bubbles
coming out of solution at the heating surface. Here no latent

heat was involved and the observed increase would seem to confirm



that the boundary layer is subject to turbulence caused by the

forming air bubbles.

Gunther, R 18, 1950, Gunther and Kreith, R 19, 1950 used
a Kerr cell in conjunction with a high speed film transport to
photograph flow boiling at 20 000 frames a second. From the
analysis of the films taken they were able to present graphs
showing the variation of bubble radius with time and of the
effect of subcooling, f£luid velocity, and heat transfer rate,
on bubble population, size, and lifetime. They also observed
that with a large subcooling the bubbles would slide along the
heating gurface rather than detach from it. The results
confirmed the idea of boundary layer turbulence due to bubble
growth as the main mechanism augmenting the heat transfer, with

quantitative figures to support it.

A further empirical correlation of flow boiling heat
transfer data after the manner of McAdams, was produced by Jens
and Lottes, R 20, 1951, using collected data for water over the

pressure range 34 to 136 bar,

ot 025

At, =446 e @ 2

Rohsenow, R 21, 1952, sought to extend the dimensionless
correlation used for conditions of single phase forced

convection heat transfer,

No = $(Re, &) s

18
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to the case of pool boiling by arguing that the heat transfer
was still dépendent on liquid properties and liquid velocity but
that in the case of boiling the velocity could be related to the
boundaxy layer conditions rather than the free stream velocity

of single phase forced convection heat transfer,

NULU = ‘[;‘ LRQ,L“ , Pt-) 2.3:6

where Nubu and Rep, are appropriate numbers.

Using the work of Jacobs, R 22, 1949, the heat transfer

to bubbles of vapour on the surface can be expressed as,

3
iju_-. n¥ (W6d50) Pq \n;a 237

The diameter of the bubble as it leaves the surface is given by

Fritz, R 23, 1935 as, 1

= (4
(iknx FS ”\/rc\i (fQF. eri) 238

where B is the liquid/vapour surface angle

liquid vapour /

77 777 777 7 77777777

It was shown by Jacob that for water and carbon tetrachloride
the product of bubble diameter and frequency is approximately

constant,

f d,, = Constork 239
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Inspection of these equations showed that for a given operating

pressure,
¢b XN 23.10
u

since all other quantities were constant or a function of

saturation pressure.

It had been previously observed that the rate of heat
transfer to a boiling liquid is proportional to the number of
vapour columns leaving the surface. This was later confirmed
by Donald and Haslam, R 24, 1958, who measured the percentage of
the area of a heating surface which was covered with bubbles, by
measuring the change in conductivity from the surface to a fixed
electrode through water with a small addition of hydrochloric

acid to improve the conductivity of the water.

Thus,
™ d

QSo( ¢x,u=' Cnf

where C is a function of pressure.

(0‘3 % 2.3.11

The mass velocity of the vapour bubbles leaving the

surface was, - d
_ bu
Gbu = N & 3 2312
Thus the bubble Reynolds Number was defined as
I !
Gy, & &
Re‘buz ou B C E 2313

W iAENae

The bubble Nusselt number,

Nub - h dbu_. 2314
u
K,



which became by using equation 2.3.8,

26
PJLJbu.— ES 2.3.15
ke~ qlpe-py
and the correlation proposed was,

Nubu £ ( Rery > R) 2316

where, Cf. ‘Jf, 6, Pf, Pg’ were all evaluated at the saturation

temperature corresponding to the local pressure, and to account

for the effects of subcooling,

h=h,-= At,,, 2347

Since both Rebu and Nubu embodied the term ¢, the group,
Ry B | S O By 2318
Nog, hp%

was used to give,

Abx
pl ==, "
Neq

This correlation was applied to pool boiling data

2.319

g?ki\“* =

obtained by Addoms, R 25, 1948, (water on platimum), Cichelli
and Bonilla, R 25, 1945, (ethyl alcohol on chromium, benzene on
chromium, and n-pentane on chromium) and Cryder and Finalborgo,

R 27, 1937, (water on brass) to give,

033 N

. Atx‘: C d S % 2.3.20
e\ Beheglep) \ %

where wa had a value which was characteristic of the surface/

fluid combinationm.

21



The correlation when arranged to the form for single

phase heat transfer

) 08 w 04
ie. Ny =C R~ B’ 23.21

gave LY =]
NU Reg'k R— 1 2322

[
B C—m?

The value of wa ranging from 0.0027 to 0.015 for
ethyl alcohol and n-pentane respectively when boiling on a
chromium surface, showed that further information was needed on

the effect of surface/fluid combinations and pressure on the

value of the bubble angle B.

It was found, R 21, 1952, that for the forced convection
boiling of water at high pressure, 100-140 bar, this correlation
for pool boiling could be used additively with the single phase
forced convection heat transfer correlation to give the total
heat transfer due to the combination of boiling effects and

forced convection effects.

¢ ¢

convective * ¢pool
single phase boiling

total

in the subcooled or low quality regimes.

Forster and Zuber, R 28, 1955, developed an analytical
expression for the growth rate of a vapour bubble in a heated
fluid, from the Rayleigh equation. The growth rates predicted

were compared with the experimental results for bubble growth

22



obtained by Dergarabedian, R 29, 1953, and showed close

agreement,

Theyproposed an equation of the form,

a
Nu = C Reb ?rb 2.3.23

to describe the boiling process, but whereas Rohsenow in his
correlation had taken the characteristic length as the diameter
of the vapour bubble leaving the heating surface, and this
diameter multiplied by the bubble frequency as the characteristic
velocity, Forster and Zuber took the bubble radius and the

radial velocity of the growing bubble as the characteristic

length and velocity respectively.

The correlation was produced as,

Nu = 0.0015 Regu' Pfo'gz 2.3.24
which closely fitted the data of Cichelli and Bonilla for pool
boiling for n-pentane, benzene and ethyl alcohol all on chromium,
and water on brass. The correlation did not include a factor
for surface conditions and cannot be said to have been tested

against a range of surface/fluid combinations.

The derivation of bubble growth rate assumed a free
nucleus in a volume of liquid rather than at a solid/liquid
interface.However the predictions compared closely with the

measured growth of a vapour bubble on a surface, R 18.

The selection of the bubble surface radial velocity as

the characteristic velocity would seem more realistic than

23
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using thé bubble velocity particularly at a lower heat flux or

a high degree of subcooling where the bubble could grow and then
collapse without leaving the surface. The experimentally
substantiated predictions for the bubble growth velocity had
values of the order of 3 m/s which demonstrated the intense

turbulence caused in the thin boundary layer by ebullition.

Griffith, R 30, 1958, and Bankoff and Mikesell, R 37,
1958, subsequently extended the analysis of the formation of a
vapour bubble to that of a bubble forming on a flat heating

surface.

Levy, R 32, 1959, presented a correlation for pool
boiling which was based on the bubble growth equations derived

by Forster and Zuber.

The equation produced gave the heat flux in explicit

Ke Cs P{% | ( 33
95 = % Zﬁﬁt& 2.3.25

where -% varied with pressure and was shown to be a complex
f
function of o
Pg-hig

significance as the vapour escape velcecity from the heated

form,

which it was suggested had a physical
surface. The equation gave a satisfactory correlation of
data for pool boiling, from a number of previous workers.

The various previously proposed mechanisms to explain the

high heat flux obtained with boiling,

24
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Micro-convection in the boundary layer
Bubblés acting as surfacé roughnéss
Latént heat transport by vapour bubbles
Vapour-liquid exchange action
were critically compared against the experimental evidence
available, Engelberg-Forster and Grief, R 33, 1959. The
vapour—1liquid exchange mechanism was shown to be the most
probable since it could completely fit the experimental facts.
The experimental values of heat flux could be accounted for if
the forming vapour bubble could displace its own volume of hot

liquid from the heating surface.

When the liquid was subcooled then the heat flux,
3

¢ o/ ".il_,—(tl,,—t{:) Cq: *U';“ 2.3.28

if the degree of subcooling is increased then,

1. The temperature difference increases

2. The bubble period decreases

3. The maximum bubble radius decreases
by using the data of Ellion, R 34, 1954, for pool boiling, they_
were able to show that the effect of these variations on the
heat transfer were very nearly self cancelling. Thus the high
flux and insensitivity to subcooling could be theoretically

accounted for with the vapour-liquid exchange model.

Ivey and Morris, R 35, 1962, showed that although the
liquid-vapour exchange mechanism could well explain the

magnitude of the heat flux obtained in subcooled boiling in
water at atmospheric
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pressures it could not be extended to high pressures. They used

the dimensionless ratio,

M Vapour-liquid exchange heat tramsport _ Cffjf Atmean
Latent heat transport k‘
fg f>v
h At = by ‘tf
where At . 2.3.27

as a measure of the importance of the liquid-vapour exchange
mechanism and showed that it reduced from a value of, 3y AT

mean,

at atmospheric pressure to, 0.075 x AT at 70 bar. Using
mean,

experimental data from Cichelli and Bonilla, R 26, Addoms, R 25,

and Averin, R 36, they showed this to represent a reduction in

the value of M from 80 to 1.1,

Schrock and Grossman, R 37, 1962, carried out
experimental work with water flowing through an electrically
heated tube and used dimensionless groups, based on the

analysis of Sterman, R 38, 1953, to correlate their data.

No, = ¢ (Re, R, X Bo) 2o

where the Nu, Re and Pr numbers were evaluated using saturated

liquid properties at the local pressure.

They presented their results as a plot of,

Nu

Re,b'? PT 0.323

for a series of fixed value of Bo. The ordinate was

against X kL

alternatively expressed as the ratio between the two-phase and

single phase heat transfer coefficient.
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ht’ﬁ = ht’? N NU{.‘?
hs? 0.023 \j’- Re>FRO®  0.023 Re® poss

2.3.29

From the curves it could be seen that at low values of the Bo
number the heat transfer was a function. of the flow parameter
Xtt whilst at high values of Bo number the heat transfer was
independent of Xtt and depended solely on the Bo number. This
they explained by assuming that for low values of the Bo number
the flow pattern in the pipe was annular with a vapour core and
a thin layer of liquid on the wall. This being so then the
liquid could sustain a temperature which was enough to account
for the héat transfer by conduction and then surface
vapourisation, but not sufficient to produce nucleate boiling.
As the heat flux and the Bo number were increased then nucleate
boiling developed and at high heat flux to mass flow ratios

it predominated as the heat transfer mechanism and thus the

heat transfer coefficient became essentially independent of

Xtt L]

The final correlation fitted their experimental results

to within + 35%

Nu _ 15.10
g pom 0B e

2.330

Hsu and Graham, R 39, 1961, used a high speed ciné camera,

5 000 frames a second, to photograph vapour bubblés forming in
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water, pool boiling on an electrically heated strip of metal.
They used both Schlieren and shadowgraph systéms to show the
movement of the hot boundary layer from the heating surface by

the forming bubble.

Bennett et al, R 40, 1961, used an annular flow section
with electrical heating of the inner surface, to measure heat
transfer coefficients to water/steam mixtures. When the flow
was high enough to suppress nucleate boiling they correlated

their results by using the Martinelli two-phase flow parameter

tt —0.\ 0.714
hee 7 2 L)
' >< 2.3.31
sy th
which was gimilar to the form proposed by Dengler and Addoms,
R b4, 1953, and by Schrock and Grossman, R 37. For the tests
using low quality mixtures of steam and water they found that

the pool boiling correlation of Rohsenow, R 17, was adequate.

Papell, R 41, 1963, carried out non-boiling and boiling
heat transfer tests with water flowing through an electrically
heated Inconel X tube. The data obtained was used together
with data from previous workers to tést a boiling heat transfer
correlation, which was presented as the ratio of the Nu
numbers for boiling and non-boiling conditions against
dimensionless groups, relevant to the boiling process, as

proposed by Sterman, R 38.

The ratio of the Nu numbers was first plotted against

the Bo number and then two additional groups were added to

compensate for pressure level and the degree of subcooling.
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The final form of the correlation was,

1.2 (.08 701
NU bo C‘OG ¢ hrﬁ .&_
NUr\Bo hc‘i Pﬂ\l 5 Al i 233

whére the Nunbbnumber was calculated from the usual single phase

heat transfer correlation,
0.8 0.4
—_ * 2333
NUn\m CRe W

The correlation was restricted to subcooled boiling
since the second parameter became infinite at saturation

conditions,

The range of the experimental data was used to produce
this correlation was, pressure 1 = 150 bar, heat flux 42 -
91 000 kwjmz, bulk f£luid velocity 0.4 - 62 m/s, degree of
subcooling 3 - 187 K. The data was correlated with a spread
of + 127. Sharp, R 42, 1964, conducted an experiment
seeking to demonstrate the micro-layer of liquid existing below
a forming vapour bubble on a heating surface, and by measuring °..
the reduction in thickness of this liquid micro-layer with time,
to calculate the heat flux from the surface required to achieve
this evaporation rate and thus give support to the idea of the
evaporation of the liquid film under the base of the bubble
accounting for a substantial part of the heat transfer

associated with nucleate boiling.

Essentially the apparatus consisted of a methanol or

water boiling on a glass plate which was heated by a jet of
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hot air on its dry side. A beam of monochromatic light was
directed down through the bubble and reflected back both at the
top and bottom surface of the liquid micro-layer, thus
producing interference fringes which were measured to deduce
the thickness of the liquid micro-layer. The experimental
results recorded by a high speed ciné camera demonstrated this
micro—layer but the large bubblé forméd in the low pressure
£luid flattended by a transparent cover plate above it was far

from a typical bubble both in size and shape.

Blatt and Adt’ R 43’ 1964, used R-Ohsenow's additive
correlation, R 21, for heat transfer data obtained from boiling
Freon 11 and also Freon 113, flowing through a tube heated

externally by hot water. The experimental points showed a

maximum deviation of * 30%.

Bergles and Rohsenow, R 44, 1964, carried out boiling
heat transfer experiments with water using the same metal heating

surface for both pool boiling and flow boiling tests.

One of the objects of the tests was to ascertain whether
the fully developed flow boiling heat transfer curve could be
regarded as an extension of the pool boiling curve, G 2.7.

The results G 2.8, showed that the shape, slope and intercept
of the pool boiling curve vafied with the degree of subcooling
and the idea of extending the slope of the curve upwards to

represent fully developed flow boiling was shown to be

untenable.
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Aston University

Hlustration removed for copyright restrictions

Forced convection surface boiling and pool boiling data for
stainless steel tube, Bergles and Hohsenow 1964.

G 2.8

29c



Chen, R 45, 1966, im considéring upward two-phase flow
with net generation of vapour, proposed a correlation based on
the idea previously suggested by Rohsenow, R 21, of the
additive effect of the single phase heat transfer mechanism

and the boiling heat transfer mechanism for pool boiling, thus,

hbp = hbo +- \"\ch 2.3.34

Considering the contribution of the macro-convective
single-phase mechanism, Chen postulated that the Dittus-Boelter
equation modified to use two-phase values could be used,

Np = 0.023 (Re\i: (P«r):: %t_? 2325

and since for fluids normally encountered in heat transfer
applications other than liquid metals, the Pr numbers for the

liquid and the vapour were of the same order of magnitude,

B = W 23.36

The héat from the hot surface was assumed to be
transférred through a thin film of liquid so that the value of

k for the liquid would be appropriate.

If the ratio of the Re numbers for two-phase flow to

that for single-phase flow be designated as F,

Re 0.8
F = —= 2337
FZGis&;
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Temperature profiles for pool boiling and convective boiling
with the same total superheat, Chen 1966, ¢ 2.9
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then,
hmo 00').3( ) (PJM %ﬁ F 2338

The value of F , the only unknown in the equation was
shown by experiment to be a function of the Martinelli parameter

Xtt.

The contribution of the micro-conwective heat transfer
due to boiling was based on the analysis of Forster and Zuber,
R 28, for the case of pool boiling but modified to take account
of the more severe boundary layer temperature gradient which

would be present with flow boiling conditions.

In their analysis of pool boiling, Forster and Zuber
had assumed that the liquid surrounding the growing vapour
bubble was at the temperature of thé heating surface and while
this was a reasonable approximation for pool boiling, it would
not hold for flow boiling G 2.9, where the temperature of the
1iquid surrounding the bubble was at a value appreciably below

the heating surface temperature and was controlled by the bulk

flow rate.

From Forster and Zuber, using effective values of

superheat and vapour pressure difference,

045 049
e = 0.00122| k‘ Ce  Pe
bo ~ 029 \f\ 0.24 _ 0.24
" T e 9

0.’2.4- 0N5
. Obg

2338
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Chen defined a suppréssion factor S as the ratio of the mean

effective superheat to the heating surface superheat,

At,\ed 2.3.40
N v

S:

The power of 0.99 being included so that after the subsequent
analysis S would be expressed to the first power in the final

equation.

Using the Clausius-Clapeyron equation,
Q = At 024 [ Ap, 015
Nbg Dops

234

and,

0 045 044

h,-000i22| ke e N Do ® S

/o ‘3 2.342

S was expressed as a function of the two-phase Re

number and F was determined empircally from experimental data.

The final correlation was tested against a wide range of
experimental data from different sources, using water, methanol,
cyclohexane, pentane, heptane and benzene, and produced a close

fit,

This correlation was extended subsquently for use in the

subcooled region, R 46, 1972, with satisfactory results.
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Hodgson, R 47, 1968 obtained experimental subcooled
boiling heat transfer data for water flowing through an

electrically heated tube and applied dimensionless analysis to

correlate his results. The essential parameters he selected

were,

tube diameter
degree of subcooling

liquid specific heat
liquid viscosity

liquid thermal conductivity
latent heat

heat flux

and also two terms,
_ s X = - d(’%)
ap &?

to fully describe the effect of pressure.

The resulting dimensionless equation was,

S ¥4
st o REORS At || 8 Tl Zhg
k\;% \\p% (;' >( C

and assuming that the exponents of the Reynolds number and the

2,3.43

Prandtl number are the same for boiling and non-boiling, the

equation was re-—arranged as,

-—S—Eﬁ‘l = Conchon g . Ab,C : Z'th
St

' 234k

nbo
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Using the experimental data to determine the group exponents

gave,

Stre _ 14 (2 A,V (2 g |00
St nbo hF%G h\C% X C

2345

This equation correlated the data within 207. The low value
of the exponent assigned to the last group would indicate that

it was of little significance.

Robin and Snyder, R 48, 1970, following on previous work
developed an analytical equation for the mass transfer rate
across a vapour bubble from evaporation at thé base to
condensation at the crown. They showed that the bubble
growth prediction compared well with the experimental results
obtained by Gunther, R 18, and that this mass transfer mechanism

could account for the high heat transfer rates present with

subcooled boiling at low pressures.

Jacobs and Shade, R 49, 1969, used a Schlieren optical
system to visualise the bubble formation in pool boiling of
carbon tetrachloride. They positioned a micro chromel/alumel
thermocouple, 0.012 mm wire diameter, so that the rising vapour
bubbles sliced through it and showed that except for very large
degrees of subcooling the vapour contained by the bubbles remained

superheated until bubble collapse was well advanced.
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In summary, thé high héat transfér ratés associatéd

with nucleate boiling with flow, have been explained in a

satisfactory manner by different possible mechanisms,

(i) The mass exchange mechanism with the detaching hot
vapour bubble being replaced by its volume of cool liquid,
(Rohsenow) .

(ii) The mass exhange mechanism with the growing bubble acting
as a liquid pump forcing the hot boundary layer into the
bulk fluid. (Engelberg and Greif).

(ii) The mass exchange mechanism with the transfér of heat
from the superheated liquid at thé base of the bubble to
the cool liquid at the crown of the bubble by evaporation
and condensation respectively, the bubble acting as a

heat pump. (Robin gnd Snyder) .

w'1i.st Other workers have observed hot jets of liquid leaving
the heating surface following bubble collapse, an effect
which may yet be quantified to provide an additional mechanism,

(Villeneuve ,R 50, 1964.

These mechanisms are the basis of a number of design
correlations, the most recent being that of Chen, R 45, for
saturated boiling. This correlation was shown by Moles,
R 51, 1973, to be limitéd to saturatéd boilings, but more
recently Collier, R 46, has stated that this ¢orrelation can

be modified to extend to subcooled boiling conditions.
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The alternative approach to producing boiling heat
transfer design correlations, has been to use dimensionless

analysis on a range of variables chosen for their probable

significance in the boiling process. This has resulted in

useful equations, Papell, R 41, and Moles and Shaw, R 51, but
care is needed to verify the range of fluids and operating
conditions for which they are valid, Moles has usefully

reviewed these correlations.

e ek o
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2.4, MEASUREMENT OF TEMPERATURE .

The difficult temperature to measure in boiling heat
transfer experiments is the temperature of the heating surface,
and since the driving potential for the boiling process,
ﬁtx = tw - ts’ is usually the small difference between two large
quantities a small error in the measurement of surface
temperature can result in a magnified error in the value of

At .
X

Early workers used the heating tube as a resistance
thermometer or attached a thermocouple directly to the heating
surface on the fluid side, R 13, 1947, Subsequent workers
found that to obtain an accurate surface temperature without
disturbing the flow pattern it was necessary to measure the
heating tube temperature on the dry side, and to correct this
to the wet side value by subtracting the calculated radial

temperature drop through the tube wall.

The two experimental arrangements‘used in previous work
are, with few exceptions, fluid flowing through a heated tube,
or fluid flowing over an inner heated tube in an annular flow
section. The ohmic heating in both cases was provided by
either a D.C. or A.C. electrical supply. Since the tube
dimensions, the electrical and thermal resistance of the tube
material, and the value of the heating current could all be

accurately measured, then a precise temperature correction

could be made if the heating surface remained clean during the
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éxperiment. When deposits were built up on the heating
surface during the experimental programme then the value of the
radial temperature drop through the heating tube wall was

greatly dependent on the deposit thickness, R 15, 1950,

The method of measuring the dry side temperature of the
heating tube has been to use a thermocouple attached to the
surface, but electrically insulated from it to avoid voltage
pick up from the heating supply, this being particularly
important when a D.C. supply was used. The method of drilling
holes in the heating tube and brazing thermocouples in position
has been used, R 52, 1965, but the accuracy of temperatures

obtained in this way must be suspect,

The accuracy of the themmocouple temperature measurement
of the heating tube outer surface depended on the maintainance
of a good surrounding insulation or better still a guard heater

to maintain an adiabatic surface, R 47, 1968.

In the case of the annular flow geometry with an inside
heating tube the attachment of thermocouples to the inside of
the heating tube was mechanically difficult to achieve, and a
radiation thermocouple probe has been used successfully for this
application, R 40, 1961. This had the added advantage of axial
movement which enabled an axial temperature traverse to be taken.
The time constant of the thermocouple would restrict the speed

at which the traverse could be taken.
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Sone work on measuring the response time of thermocouples
attached to a heating tube has been carried out, R 53, 1964, but
since most measurements were made in the steady state condition,

thermocouple response time was not a limiting factor.

The metal thermocouple has been used to the virtual
exclusion of all other temperature sensors because of its
accuracy, very small size e.g. wire diameters of 0.025 mm,
repeatability and cheapness. The availability of high
stability, high input impedance, sensitive digital voltmeters
has confirmed this practice and led to data logging systems to
record temperatures, since themmocouples can be used to measure

all temperatures in an experimental system.:

Other forms of temperature sensor have been used only
for particular applications, e.g. temperature sensitive
crystals used to show the local cooling spots on a heating

surface due to the formation of vapour bubbles during boiling,

R 54, 1971.
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2.5. PHOTOGRAPHIC TECHNIQUES USED IN THE STUDY OF THE
BOILING PROCESS,

Photographs of the boiling process have been used;

(i) To indicate the fluid flow patterns.

(ii) To show the manner of bubble formation and to permit
bubble growth rates to be accurately measured.

(iii) In conjunction with a Schlieren system to show the
interaction of the heated fluid boundary layer and

the forming bubbles.

To indicate the fluid flow patterns a single black and
white photograph with an exposure time determined by the fluid
velocity, that is not éo short as to "freeze'" the bubble motion
but just of sufficient duration to allow the bubbles a small
movement and thus to produce elongated images which serve as a
vector portrayal of the flow pattern, has been found

satisfactory.

To show the manner of bubble formation a high speed
framing camera, 5 000 frames/s, has been employed, R 39, 1961.
The problem has always been to anticipate exactly the location
of an individual bubble just as it begins to form and to then
film its life history at high speed against a scaled grid
background for subsequent frame by frame analysis. For very
high speeds a Kerr cell was used as the camera shutter, R 55,
1948, R 56, 1949. This depended on the fact that some
chemical solutions would polarize light when an electric

field was applied to them. This polarization effect was used
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witﬁ an additional polarizing filter to give a combination
filter which was normally opaque, but which became clear
during the application of a microsecond electrical impulse to
the solution. With this device exposure rates of 14 000/s
were achieved with individual exposure times of 3 ps. Since
the film transport accelerated from standstill to operating
speed, only the last 107 of the film length was running at a

speed high enough to accommodate the exposure rate, R 18, 1950,

An important point in high speed photography was the
duration of the exposure as well as the number of exposures
per second, since it was the duration of the exposure which was
important in obtaining a "frozen" image. Flash synchronised
cameras were used as an improvement on the normal shutter
arrangement, as an example if a camera was running“at 1”000
frames/s then each framing time could be 1 ms, however if an
illuminating stroboscope was triggered to flakh at each exposure,
then at the same 1 000 frames/s the exposure time was 4 us,
that is the duration of the stroboscope flash. This would
give a sharpness of image equivalent to a normal framing speed

of 250 000 frames/s if such a speed were possible.

The initial high speed of vapour bubble growth rate made
demands on camera speed beyond the reach of a normal framing
camera and some success in measuring bubble growth rates was
achieved by simply dispensing with the camera shutter and

allowing only a thin slit of the image to focus on the film,
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the width of the line image giving a continuous record of the

bubble diameter, R 57, 1969.

An interesting application of photography to the boiling
Pfocess was the interference method of measuring the thickness
of the liquid layer beneath the forming vapour bubble, R 42,
1964. Here monochromatic light was projected through the
bubble to the heating surface and reflected back from both the
-top and the bottom of the thin liquid layer beneath the bubble.
The two reflections combined to give interference rings and
thus an accurate measure of the liquid thickness. The bubble
growth period was recorded by a high speed camera so as to

produce a time record of events.

The previous methods provided data on bubble formation
but were not able to show the interaction of the forming
bubble with the surrounding liquid. To demonstrate this a
Schlieren optical system, R 57, 1963, in conjunction with a
high speed camera was used with both black and white, R 39,
1961, and colour film, R 50, 1964. The colour Schlieren
system had the significant advantage that it could be roughly
calibrated, colour against temperature, and it thus carried more
information than the black and white system which indicated
flow patterns only. Against this, black and white film was
éhéaper and had a very much higher emulsion speed than colour
£film for which the camera speed was limited by the light

available.
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Thé light source for a Schliéren system must be as
near a point sourcé as possible, this requirement has been
met by a point source mercury vapour lamp with either a
smoothed D.C. supply or used as a pulsed point liéht source
with a thyratron repeatedly discharging a capacitor bank
through the lamp, R 58, 1969. More recently Xenon point

source lamps have been used.
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2.8. THE EFFECT OF DISCONTINUITIES IN THE FLOW PATH ON THE
HEAT TRANSFER COEFFICIENT.

The work carried out by Ede, Hislop and Morris, R 1,
and by Ede Morris and Birch, R 2, was concerned with the flow of
water through a step convergence, and a step divergence, in the

flow section.

At the values of heat flux used, 38 kW/mz maximum, the
flow was at all times single phase. The heat release was
constant over the length of the pipe, which was heated by the

passage of direct current through it.

The approach length to the step discontinuity was
greater than 100 pipe diameters for both the step convergence
and the step divergence and the effect of the step change

persisted for approximately 30 pipe diameters downstream in

each case.

The variation in the pipe wall temperature and thus
the heat transfer coefficient was plotted from values
measured at a number of discrete points along the axis, spaced by
one diameter near the change on section, but more widely

spaced away from the change in section.

Taking the accepted correlation for turbulent £low

through a straight pipe.

Ny = 0.023 Re>® R%*
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this can be arranged as

_ Nu
N . Reo.q Pr0.4

where the constant N should be independant of Re number and Pr

number.

Results of the variation in heat transfer coefficient
along the axis of the tube were plotted as a variation in the
local value of N. By using this method all results for
turbulent flow could have been reasonably expected to follow one
curve but the authors found that the results were too scattered
for this to be useful and in fact plotted the results for
particular Re numbers on separate graphs. The abscissae was

scaled in pipe diameters.

For each Re number used a number of tests were carried
out, each with a particular heat flux. From the results an
attempt was made to graphically estimate the variation of N for

the zero heat flux condition.

The results for the converging flowwere plotted as the

ratio

local measured

N fully developed plain pipe

against axial distance scaled in pipe diameters and shown to

have the same form as those of previous workers.

The Re numbers used extended from the turbulent through

the transition region into the laminar region where a similar
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experimental method was used.

A typical plot of the heat transfer coefficient
variation against axial distance is shown, G 2.1, transferred
from the data,R 1, for comparison with the results of the

Present work.
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Chapter 3.

3.1, INTRODUCTION.

It was thought at thé outsét that in studying two—phase flow
with heat transfer, particularly at discontinuitiés in the flow
path, that a visual picture of the flow would be extremely valuable.
Consequently the preferred geometry of the test section would be an
annular duct with the outside wall constructed of glass.

The simplest possible discontinuity, a step in the diameter,
was planned, and this led to the choice of having a step in the
inner heating tube, or in the outer glass wall, being aware that
the two alternative geometries would produce different effects on
the heat transfer coefficient and the pressure drop. Wary of the
differential expansion problems likely to be éncounteréd in a
fabricated stepped glass tube it did seem that a stepped heating
element would provide the easier golution to the problem, and the
construction of a stepped heating element was attempted, D 3.12
but later abandoned due to the difficulties experienced in placing
thermocouples inside the element. A stepped glass outer tube
D 3.13 was then attempted and after some initial failures a
successful tube was constructed.

Electrical heating of the inner tube was employed as the most
convenient and easily measured heat source and in practice it
presented no difficulties except that at the point of attachment
of the leads to the heating element regular cleaning was required to
maintain the required low resistance joint, D 3.3.

The upper limit to the temperature of the water leaving the
test section was set by the commencement of boiling in the reservoir
tank, D 3.1 where the water was at a lower pressure than that in the

test section. The water circuit was modified to include a
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recuperative heat exchangér which transferred heat from the
heated water léaving thé test séction to the cooler water entering
thé test section. This modification éfféctivély raised the upper
limit of the températuré at the test section.

All temperatufés in the circuit wére measured by Chromel-Alumel
thermocouplés referenced to an ice point provided by a "Frigistor"
solid state heat pump. The outputs from the thermocouples were
measured by a digital voltmeter controlled by a high speed data
logger which recorded thé data on éight hole paper tape. This
arrangement was planned to achieve almost simultaneous readings of
the temperature round the circuit and to permit the use of a
computer programme to convert thé millivolt output from the
thermocouples to températuré valués.

The flow rate of water round thé circuit was measured by a
rotating impeller type of flow meter coupled eléctrically to a
digital frequency meter. This type of flow meter was used as it
offered the possibility of having its output connected into the
data logger and a computer programme was used to convert the output
reading into the flow rate for use in subsequent calculations.

The use ofqcomputer programme to process the data was
eventually not proceeded with as it proved too inflexible for the
various tests carried out, and a calculating machine proved adequate
to process the results.

Later in the programme it was thought that a test channel
could be made up with glass sides to represent a section through
the annulus and at the same time permit the flow to be viewed in a
direction tangéntial to thé circular annulus. This section when
manufactured was used with schlieren equipment to visualize the

boundary layer.
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3.2, SERVICES FOR ANNULAR TEST SECTION,

WATER CIRCUIT.

The désign of the water circuit to support the investigation
was govérned by two limitations. One was the maximum electrical
power available to heat the test piécé and the other was the maximum
flow rate of water which would suppress boiling when the test piece
was operating at maximum powér.

The maximum electrical power available was accurately known but
the maximum water flow requirement was estimated and subsequently
proved to be adequate. Since it was inténded to carry out the
investigations at near atmosphéric préssuré no pressurising system
was necessary and the circuit was plannéd as a simplé, reservoir
tank, pump, test piece, cooler, circuit, D 3.1. This was entirely
satisfactory for the initial tests which were conducted with water
temperatures appreciably below saturation temperature but since,
because of the frictional pressuré drop in the cooler, the
saturation temperaturé in the test piecé was some 8 K above the
saturation temperature in the reservoir it was not possible to have a
liquid subcooling of less than 8 K in the test section without boiling
taking place in the reservoir tank.

One solution would have been to have a larger cooler and'at the
same time an electrical pre-heating section in the circuit downstream
of the pump but the additional electrical power was not available and
to achievé the samé effect a recuperative heat exchanger ﬁas fitted
into the circuit, D 3.1, and this modification enabled the liquid

subcooling in the test section to be reduced almost to zero.

FLOW MEASUREMENT.

The flow through the main circuit was measured initially by a

B.S. orifice plate and manometer but this was replaced by a rotating
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impeller type of flow meter which was calibrated, as installed, both
with hot and cold watér. Thé impulsés from thé méter wére totalized
by an electronic digital counter.
The flow of cooling water through the cooler was measured by a
rotameter calibrated in the installed position.
ELECTRICAL HEATING EQUIPMENT.
The electrical heating supply was taken from a single phase,
250 v supply through a variable transformer and a step down transformer
D 3.2. The control given by the variable transformer proved to be
too coarse and an additional boost transformer was added to the
circuit to give a fine control to the power supplied. Two voltage
output ranges were available from the step down transformers, 0 — 20
volts at 1250 amps or 0 - 10 volts at O — 2500 amps. Ideally the
test piece resistance should have matched one of the alternative
output ranges, i.e. 0.004 Q or 0.016 2, and this fully utilized the
power available. However in practice it was not possible to do
this exactly due to the limited range of metal wall thicknesses
available in the size of tube used for the construction of the test
element. It was found in carrying out the tests that the
transformer was conservatively rated and would accept a 257 overload
for thee hours withcout showing an excessive temperature rise.
The connection between the busbars and the test piece had
to be capable of carrying up to 2.0 kA and at the same time to
permit some mechanical flexibility. Heavy duty flexible copper
braid was used and it was attached to the test piece by wrapping it
round the copper ends and clamping it.
A point by point voltage drop round the circuit was taken to
check the electrical soundness of the connections particularly the
connection between the flexible copper braid and the test piece,

D 3.3. The clamps here demonstrated a tendéncy to relax over a
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périod of time and subsaquéntly two sensitive A.C. milli-voltmeters
were counéctéd across thésé joints to continuously monitor the
voltagé drop and'givé warning of any slacknéss in the clamps.
INPUT ELECTRICAL POWER MEASUREMENT.

Thé current passing through thé tést piece was measured by a
multi-range precision multi-purpose meter as was the voltage across
the test piece. The same meter also gave a direct reading of the
power input to the test piece, the accuracy of the meter was + 17
of full scale deflection and since the use of the range switches :

made it always possible to use the upper portion of the scale the

accuracy of the power measurement was taken to be + 27.

PRESSURE MEASUREMENT,

The pressure variation along the test section was measured by a
row of water manometers connected in series with a Bourdon tube
pressure gauge to measure the pressuré level in the test section.TFhis
proved satisfactory during singlé phase tests and with incipient
boiling, but with vigourous boiling at low values of subcooling,
surging in the manometer was expérienced and in some cases the

manometer bank was photographed for later reading.

WATER TEMPERATURE MEASUREMENT.

All temperatures round the circuit were measured by using
thermocouples referenced to ice - point in the "Frigistor" solid
state heat pump cooler, D 3.4. The thermocouple outputs were sampled
by a twenty channel data loggér and féd to a digital voltmeter. The
output from the digital voltmeter was recorded on eight hole paper
tape, D 3.5. |

With water flowing at 1 Kg/s, which is the order of flow
rate used in the tests, an error of 0.2°% in a water temperature

difference reading would result in an error of approximately 0.8 kW
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in the heat balance. This is typically 57 of the power supplied to
the test piéce and for this reason care was taken to achieve an
accuraté méasurémént of thé témpératuré of the water entering and
leaving the test section.

Assuming that the flow was symmetrical about the axis of the
pipe a five point sampling grid was arranged across one diameter,
D 3.6, D 3.7, this had been used successfully by Ede, R 21 ,
As a further improvement a wire mesh was placed upstream of the
thermocouple grid which had the effect of giving an extremely flat
water temperature profile at the grid location, P 3.1, D 3.6 over
the range of flowrates encountered in the tests. The maximum error
in read out from the digital voltmeter was + 0.002 mV which with
Chromel/Alumel thermocouples was equivalent to a maximum temperature
error of + O.OSOC, A3 . This value of maximum error on an
individual temperature réading meant that the temperature difference
between the water entering and leaving the test section was known
within an error of + 0.1 K.

Thé témperature of the watér at any point along the axis of

the test section was calculated from the inlet temperature by

considering the heat added to the water from the heating element, to
the point in question

X = tih\&k +_V§I-E;
account being taken of the variation in the specific heat of water
with temperaturé. Although the impellér flow meter had been
calibrated in a given time, it was felt that this could be judged to
be not better than + 27 of the true value. In considering the
equation for calculating the temperature at any point along the
heater axis, the second term was typically 15 K with small flows and
3 K with large flows, this would indicate a maximum possible error

in the temperature of the water along the test section axis of
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+ 0.65 K and + 0.17 K for minimum and maximum flow rates
réspéctively.

The températnré of thé cooling water flowing through the
cooler was measured at inlét and outlet by a singlé thermocouple

situated centrally in the highly turbulent inlet and exit flow paths.

3.3. SERVICES FOR RECTANGULAR TEST SECTION.

WATER /FREON CIRCUIT.

The circuit was designed to give comparable flow velocities to
those encountered in the annular test section. A centrifugal pump
was used to circulate the fluid through the test section and an air
cooled heat exchanger in parallel, this arrangement permitted full
flow to be maintained in the heat éxchangér even at low flow
velocities in the test section and thus its effectiveness was

maintained. D 3.8 and P 3.2 show the layout.

FLOW MEASUREMENT.

A rotameter was used with calibration curves supplied by the

manufacturer,

ELECTRICAL HEATING CIRCUIT.
This was single phase, 150 v with coarse and fine control as
shown, D 3.11. The power was measured by assuming unity power

factor and multiplying the measured voltage and current.

WATER/FREON TEMPERATURE MEASUREMENT,

The temperature of the fluid was measured at the entry to,
and exikt f?om, thé tést séction by single Chromel/Alumel
thermocouple junctions immersed in the fluid. It was assumed that
with the small éore connection,15 mmID, and the change of sectionm,

no temperature stratification would exist in the fluid and that the

thermocouples would effectively measure the mean values of the fluid
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temperature.

PRESSURE MEASUREMENT.

Although it was initially plannéd to measure the static fluid
pressure at a number of points along thé tést section this did not
prove to be constructionally possiblé and the test section static
pressure level was monitored at one point only by a small tube

pressure gauge.

3.4, ANNULAR TEST SECTION.

TEST PIECE CONSTRUCTION.

The aim in constructing the test piece was to provide an
annular flow section with the inner surface heated electrically and
the outer wall transparent to providé a visual picture of the flow
pattern with a two-phase fluid flowing through it. The annular flow
section was to be made with a step discontinuity and it was essential
to be able to measure the axial variation in the heating surface
temperature in the region of the discontinuity. The provision of a
step change in the annular section could have been achieved by having
a stepped heating element bk a stepped outer tube. In considering
this choice and bearing in mind that the outer tube had to be made
from glass, to enable the flow to be observed, it was thought that
the stepped heating element would be the easier solution, D 3.12.

A lin.outside diameter tube and a 0.5 in., outside diameter
tube were chosen with gauge thickness to give them the same cross
sectional area aﬁd thus achieve uniform ohmic heating along the axis
of the stepped heating element D 3.12. The problem of
instrumenting the combined tubes with thermocouples to measure the
variation in the outer surface temperature along the axis was to be
solved by welding the thermocouple to the inside of the tube and

calculating the radial temperature drop in the tubes to correct the



insidé surface témperature to thé outsidé surfacé témperature.
An altérnativé méthod of fixing thérmocquplés to the heating element
by drilling and silvér soldéring, was réjéctéd, for although other
workers, R52 , had émployéd this construction the precise point
of température méasurement was not known and the presence of the
thermocouple hole would distort the heating current locally. The
actual tube was successfully built with a minimal change of
resistance at the joint between the 1 in. and 0.5 in. diameter tubes
P 3.5. A long reach vice was constructed to place the thermocouples
accurately in position in the tube for welding but the results were
disappointing for despite a lot of time being spent in trying to
establish a set of optimum conditions, contact pressure, capacitance
value, and changing voltage of the capacitance discharge welder, the
thermocouples could not be attached with any degree of comsistency.
Failing to weld the thermocouples in position it was decided to
devise a clamp to hold them in position and a*bircliﬁ“with three
"Pufnol" shoes was first constructed to hold the junctions in
contact with the tube, P 3.3, and then an improvement was developed
in the form of a cast epoxy resinﬁbircliﬁ: P 3.4, with integral
thermocouples, however this still needed a backing steel circlip.
The 1ﬁrc1ip§‘were slid into position in the heating element where
a minimum axial spacing of 20 mm was achieved, but after repeated
temperature cycling an X-rayiphotograph, P 3.5, showed that the

.
‘¢irclips were creeping out qf position. In view of this it was
thought that a singlé thermééouple Eircliﬁ mounted on a sliding rod
would provide a more satisfactory solution foqfalthough it would not
permit simultaneous readings of the temperature along the heating
element axis it would provide infinite resolution. Consequent to

this decision it was further decided to use a single diameter tube

L7
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as the héating élémént and to providé a step in the diameter of the
outér glass tubé. Thé séction of thé stép in the glass tube
diametér is shown in D 3.13 whéré thé ovériding considération was to
avoid imposing any tensile stress on the glass. A joint piece was
cast in ﬂAraldité" on to the end of the small glass tube and then
bondéd into position in the 1argé glass tubé léaving an expansion gap
and "O" ring sealing. The glass tubé was drilled at points along its
axis to accommodate préssuré tappings which wére bonded into position
with "Araldite".

It was appreciated that a thermocouple junction in sliding
contact with a metal surfacé would not necessarily reach the true
temperature of the surface and to determine the correction needed an
investigation was carried out which compared the sliding thermocouple

 junction temperature with the known true metal surface temperature.

EFFECT OF THE THERMAL RESISTANCE OF A SLIDING CONTACT.

A thick walled brass tube was constructed in two halves and
thermocouple junctions wéré émbéddéd along a radius on the end face of
one half, D 3.14. Tﬁe two halves were tinned and then offered together
on a centering mandrel and soldered into one composite tube. The
thermocouple junctions were then effectively embedded along a radius
at the axial midpoint of the composite tube and by extrapolating from
a graph of the temperatures at these junctions to the surface of the
bore of /the composite tube, the surface temperature of the tube bore
could be very accurately determined.

The tube was reamed to give a smooth bore and was then mounted
in an asbestos box and provision was made to circulate hot air over

the outer surface of the tube, D 3.15.
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A three prong sliding junction thérmocouplé probé was made
to carry out an axial travérsé along thé boré of the tube. All
thérmocouplé output voltagés wéré référéncéd to icé-point and
&irectéd to a digital voltmétér by a multipoint switch, P 3.6.
Two évaluation tésts wéré carriéd out to attémpt to obtain a correction
factor to convert the thérmocouplé junction températuré to the trué

surface temperature.

EVALUATION TESTS.
Evaluation test 1.

The probe was traversed axially along the tube with the bore open
ended to allow a flow of cooling air through it. The tube metal
temperature was kept approximately constant.

The object was to compare thé threé thermocouple outputs from
the probe and to check that the contact thermal resistance did not

vary during the sliding.

Results from test 1.

Referring to G 3.1, the metal témperature is that measured at
the centre section. The cooling air was very slow moving, less than
0.1 m/s. The air temperature given is that at the outlet. The
thermocouple contact loading was approximately 1 N. The brass tube
had a smooth reamed finish and the thermocouple a polished head which
had been fused in an argon atmosphere.

It can be seen in G 3.1, that the difference between the
measuréd surface tempefature and the true surface temperature was
surprisingly large, typically 200°C léss 150°¢C giving a difference
of 50 K. Also the difference between the individual thermocouple
readings was large, typically 30 K. The output of each thermocouple

in the probe varied with axial position.
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Conclusions from tést R

Théré is a héat flow from thé métal surfacé to the
thermocouplé béad and thus to thé 1éads, thé point of contact being
an important barrier to this héat flow. In a préliminary experiment
oné thérmocouplé indicatéd a témpératuré only 10 K below the metal
surface témperature the othér two béing 30 K below, and this was
found to be due to a small blob of molten solder which had been picked
up, from the soldered joint in the brass tube, which was giving a
much improved thermal contact between the thermocouple and the tube.

Referring to D 3.16, and accepting that in any thermocouple
of finite size there is a flow of heat through the point of contact
and along the thermocouple wires. The resistance of the point of
contact and the thermocouple wires can be represented by two
electrical resistances in series and the heat flow by the current
through them. The voltage across this combination represented the
temperaturé drop and threé curvés are shown which represents the
form of the temperature variation with three metal temperatures but
with the same air temperature in each case. Here the point Z is the
required surface temperature the point Y is the indicated temperature
while the point X is the surrounding air temperature. If the points
X, Y and Z can be measured at any one metal surface temperature then
for any other metal surface temperature the point Z can be calculated
from the measured X and Y. To aghieve an accurate correction, the
condition of the air surrounding the therﬁocouples should be
constant (temperature, velocity) and preferably stagnant.
Evaluation test 2.

The probe was modified to include an extra thermocouple to

measure the air temperature of thé air surrounding the contact

thermocouples. The brass tube was loosely packed with slag wool to
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givé néar stagnation of the intérnal air, Thé probé was not
travérs;ad axially but was giw;.n a small move-zmé.nt, 1 mm, up and down
thé boré at régular intérvals ﬁo chéck on any changé in thérmal
contact résistancé during thé éxpérimént. The tube metal
température was cycléd ovér thé inténdéd working temperaturé range
of thé probé.

The object was to check whether or not the temperature
indicated by the thermocouple could be accurately corrected by using

a measurement of the inside air temperature,
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Results from test 2.

The thréé thérmocouplé juncfions gavé almost idéntical outputs,
G 3.2,within 2 K and thé méan of ﬁﬁésé thréé outputs followed the
truemetal surfacé témpératuré within 2 K, A small axial movement of
thé probé producéd no changé in fhé thérmocouplé output. It can be
séertC} 3:4 ‘that thé insidé air témpératuré follows the true metal
temperaturé in thé samé fashion as thé confact thérmocouples but with
a greater time lag. If the difference temperatures between mean
thermocouple less true metal are plotted and on the same graph,
G 3.2, the difference temperatures between inside air less mean
thermocouple are plotted using a constant reducing scaling factor
then two nearly identical curves result. From this it appears
possible to correct the contact thermocouple outputs to give the true
metal surface temperature with a high degree of accuracy. In this

case with a scale ratio of 1:5 the formula would be,

tt =1 +o02(L - T

Cindac) contak  Mside

merol "

omp . Tatmo, T i,

" The corrected thermocouple readiﬁgs are tabulated, T 3.2, ﬁﬁere it
can be seen that the maximum error between the corrected reading and
the true metal surface temperature is slightly greater than 1 K and
this at a severe rate of rise of metal surface temperature, considered

in the light of what may be expected experimentally.

Conclusions from test 2,

The accuracy of measuremént was a result of reducing the heat
flow through the thermocouple to metal interface by keeping the air .
inside the tube stagnant and allowing it to vary in temperaturé with

the metal.
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In a preliminary experiment the accuracy of temperature measurement
was substantially reduced when the prohé was mounted on a steel rod
instead of a "Tufnol" tubé, as the rod conducted heat away from the
trapped air surrounding the thérmocouplés.

It was thought that during the alternative héating and cooling
periods the thermocouple with the better thermal contact would have
the highest output of the three during heating and the lowest during
cooling. Looking at the low to high column in T 3.2, it would appéar
that junction 8 had the best thermal contact and 6 the worst while 7
being at the top of the section is subjected to an internal convection
current in the section.

In the actual boiling water test rig the heated tube had a
vertical axis and the internal convection currents shown to be présent,
despite slag wool packing, would affect the accuracy much more and
it was thought that it would be an advantage to eliminate them by
- working in a vacuum and thus, at a low Grashof number, It would also
reduce any tendency for the tube to form an insulating layer of

oxide during the heat test runs.

THREE POINT SLIDING THERMOCOUPLE PROBE.

Following the evaluation of the sliding thermocouple, a’ test
piece was constructed to contain a sliding thermocouple probe
designed to work in a vacuum, D 3.17, P 3.8, P 3.9. The probé had
three junctions spring loaded against the inside wall of the heating
tube and a glass tube moving through a multi '0' ring seal was used
to traverse the thermocouple axially along the heating tube. The
inside surface of the heating tube was cleaned and polished to
provide a good thermal contact with the thermocouple junctions and
the inside of the heating tube was continuously evacuated by an oil

sealed vacuum pump to a vacuum better than - 0.95 bar. To prévent



{REE POINT SLIDING CONTACT THERMOCOUPLE PROBE (End view) P 3.8
L]

THREE POINT SLIDING CONTACT THERMOCOUPLE PROBE (S:de view) P 3 9
’ .
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oxidatiopw of the inner surface of the heating tubé during
opération thé sliding gland was packéd with Argon.

In using this probé it bécamé apparént that as two of the
threé junctions wéré giving néar idéntical outputs and thé remaining
junction was giving a somewhat différént oufput, that the probé was
not remaining central in the tube and that one junction was not making
contact with the tube inner wall because of this. It was apparent
that a modification to ensure probe concentricity within the tuhe was

required.

SIX POINT SLIDING THERMOCOUPLE PROBE.

The end of the sliding glass tube was modified to carry a six
point probe which was fully floating D 3.18, P 3.10 = P 3.13. The
connection between the glass tube and the probe was a 1 mm bore 34
gauge stainless steel tube which though rigid in the axial direction
permitted the probe to float freely in the radial direction. The
argon packing of the sliding gland was discontinued as the inner
surface temperatures were low enough to preclude any appreciable
oxidation at this low partial pressure of oxygen in the tube. In
addition to two groups of three sliding thermocouples a free
thermocouple was fiﬁed to each end of the probe on the axis. 1In
operation this probe was successful in producing consistant readings
and although at some test conditions some differences in the outputs
from the three junctions were observed, the mean output from the
three junctions closely coincided with the output from the free
thermocouple on the axis of the probe.

This fact led to two questions, i.e. was the difference in
output due to variations in heating tube wall thicknéss or asymmétry
in the flow pattern of the water passing over the héating tube? and

secondly would it be advantageous to use only the central free
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thermocouple which would give a mean wall temperature directly?

A test was run to provide the answer to the first question.

CIRCUMFERENTIAL TEMPERATURE VARTATIONS.

Thé tést rig was run undér stéady staté conditions AE a typical
power level and water flow rate, 18.75 kW, 0.89 kg/s. The six point
sliding thermocouple probe was rotated sequentially into three angular
positions, 120° apart, with adequate time allowed between each position
to allow thermal equilibrium to be reached, D 3.19. During this time
the probe was kept in a constant axial position.

The probe was then moved axially upwards to that thé lower ring
of three thermocouples occupied the same axial position formerly
occupied by the upper ring of three thermocouples, D 3.20. The probe
was then again rotated sequentially into three angular positions 120°
apart. The outputs from the thermocouples recorded at the positions
detailed were converted to °C and presented in tabular form T 3.3.

Looking at this table the following conclusions can be drawn.
(i) The circumferential variation in surface temperature of the

inside of the tube does exist, it is not altered by rotating the
thermocouples, and this is thus due to either a circumferential
variation in the composition of the heating tube material, a
circumferential variation in the wall thickness of the heating
tube material or a circumferential variation in the flow of the
cooling water over the outside of the heaiing tube.

(ii) The temperature indicated by the free thermocouple positioned
on the axis of the tube was in all cases within 0.23°C of the mean
of the temperature indicated by the three sliding contact
thérmocbuples at the same axial position.

Considering conclusion (i), it was thought that due to the

method of manufacturing the tube, by piercing and drawing, a
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Plag view
240" clockwise

position A
read by 17 and 14

position B
read by 15 and 12

position C
read by 16 and 13

Plag view
120" clockwise

position A
read by 16 and 13

position B
read by 17 and 14

position C
read by 15 and 12

D 3.19




52.5 mm.

Measurement of the
circumferential
temperature variation

in the heating element

Second probe position

First probe position

D 3.20
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leasurement of the circumferential temperature variation

in the heating element ——~ thermocouple outputs given in °c

T g it skt T

Probe angular Angular reference line on the heating elemen'lj

position A 1 B 1 C | free
o Vig.2 ¥ o113.6 ¥V 11103 ¥ 1133 i
® 114.0 113.0 110.8  113.0 ©
[8Y]
o
+
() 113.8 113.9 110.9 122:1 I %
point mean ——e 114.0 113.5 111.0 112,7 9
" [o]
circumferential X g
rean » 112.8 &
+
I
(1) 114.8 113.2 111.4 113.45 i Q
==
!
& 114.4 113.1 111.4 113.20 o
© 114.6  113.2  111.2  112.50 |
point mean —= 114.6 113.17 111.33  113.05
circumferential ke f
s o 113.03
o — 113.7 111.6 114.05 |
e
™ 114.6 — 111.5 113.2
+
o]
'y 114.6 113.6 - 113.2 | 2
O ———— Dl Ty p——— A —— IO pl‘
3
point mean =—— 114.6 113.65 111.55 ~ 113.48 9
v o
circumferential H
mean » 113.3 2
+
)
(1) e 113.3 112.0 114.20 E
i
® 114.8 — 111.9 113445 o
) 115.3 113.8 — 113.60 |
point mean ——.-‘115.05 113.55 111 95, 113.75
circumferential s
mean = 113.52

CIRCUMFERENTIAL TEMPERATURE VARIATIONS

g

T 3.3
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circumferential variation in the composition of the metal was not a
possibility. A samplé léngth quf from thé samé ﬁubé was caréfully
measured to show any variations in wall thicknéss, B 3.21, théy
wére négligibl&.

The tests were repéated with six angular positions of the
thermocouple probe to verify this asymmétry of £low and gét a
precise measure of the circumferential temperature variation, T 3.4,
T 3.5, G 3.3, which was shown to be greater than 2 K.

Considering conclusion (ii) it was consideréd that this provéd
that the selection of a good insulator (glass tube) for the
thermocouple probe mounting rod, the use of 36 gauge wire for the
thermocouple leads and the operation of the thérmocouple in a vacuum
reduced the predicted correction, to a negligiblé value and
indeed the thermocouple mounted on the axis of the tube would provide
a simple and accurate temperature probe without the need for sliding
contact and a probe based on this idea was manufactured.

The implied asymmetry of flow of the water in the annulus
surrounding the heating tube was reduced to a low level by an
improved construction of the test section which allowed exact

centering of the element in the outer tube.

RADTATION THERMOCOUPLE PROBE,

The probe was constructed as shown, D 3.18, P 3.14, P3.15,
with three pairs of thermocouple junctions to give more rapid
readings and to give a check. The response time required was checked
by moving the probe rapidly from a hot region to a cool region and
then back to the hot region and on each test the time taken for
the thermocouple to give a constant réading was noted. The results
were plotted for use in all subséquént tests G 3.4, G 3,5, Thé

spaces between the junction pairs was filled with glass wool to
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Stainless steel '321' heating tube

Wall thickness as measured by using a micrometer, at two sections

1.190 mm

1.202 mm 1.175 mm

1,214 mm

1.205 mm ©1.182 mm
1.204 mm
1.180 mm
1.200 mm 1.180 mm
1.210 mm 1,186 mm

1 0184 mm

HEATING TUBE WALL THICKNESS VARTATIONS D 321
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PROBE EVALUATION TESTS

18.75 kW, 13.8 V, 1.353 kA.
Test section pressure 6,38 bar

Flow count 200

A1l readings in mVx 2 from Chromel/Alumel

*170240 @~ S0
00 400451 1 01
.. 05 +00528 1 06
10 +00064 1 11
715 ¥03754)1 16
%1705 ®-—>s0
00 -00490 1 01
05 -00526 1 06
10 -00064 1 11
15 378 1 16
*170735 ~s0
00 -00491 ! 01
05 -00528 | 06
10 -uunsg_l ié
15 -a3663)1
*171363”’%9-5o
00 +00491 ! 01
05 +00527 1 06
10 400064 1 11
15 +02982,1 16
*171231 Q-50
g0 +00450 1 0!
.05 +00527 1 06
~+'10 +00064 1 11
15 +03188,1 16
v x171505  ©-S0
“ pp =-00491 1 0!
05 =-00527 1 06
10 -00054 1 11
‘715 -03312.1 16
'*!71%06 € -50
00 +00490 1 0!
05 400527 | 06
10 400064 1 11
15 +a3634>1 16
*172133 ©-—50
00 -00491 1 01
05 -00527 1 06
--10 -00064 1 1!
415 -0340D>1 16
~~*172514 ©-50
700 +00450 1 01
.05 +00526.1 .
410" +00064 1 Sy
‘15 +03372,1 16
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+00489 1
+00527 1 07
+00297 1 12
-00752 1 17
-00489 | 02
-00527 1 07
-00296 1 12
-00735 1 17
-00489 1 02
-00527 1 07
-00298 1 12
+00759 1 17
+00485 1 02
+00527 | 07
+00297 | 12
+00750 1 17
+00489 1 02
+00527 1| 07
+00297 1 .12
-00734 1 17
-00489 1 02
-00526 1| 07
-00296 | 12
+00746 1 17
+00489 1| 02
+00526 1 07
+00297 1 12
-00762 1 17
-00489 1 02
-00526 1 07
-00298 | 12
+00753 1 17
1% Awp WM pewey
+00488 | 02
06.+00527 ‘1. 07
+00296 1 12
-00748 1 17

+00489

+00526
+00754
-00733

~-00488
-00527
-00745
-00756

-00488
-00527

-00732

“+00753

+00488
+00527
+00754
+00735

+00488
+00527
+00754
=00744

-00488
-00526
-00734
+00763

+00488
+00527
+00742
-00732

-00488
-00526
-00752
+00734

+00488

+00525_,

+00751
-00732

[ P paet Pt e Lol Y Dot s e et e et L P et e L

P s e

+00487
+00528
+00745
-00748

-00486
-00527
-00731
-00746

-00487
-00527
-00752
+00740

+00487
+00527
+00745
+00747

+00486
+00526
+00733
-00748

-00486
-00527
-00742
+00741

+00486
+00526
+00755
~00743

-00487
-00528
-00747
+00747

+00487
+00527

03

7137400742

18 -00744

e e P [ — P P f— — e — f— (o ot e e et e (e f— Pt et o

— e

P e e

04

09
14
19

04
09
14
19

04
09
14
19

04
09
14
19

04
09
14
19

04
09
14
19

04
09
14
19

04
09
14
1S

04
09
14

19

Note: testi!'173123' to test '172514' no change in angular and
axial position,has a 1% reduction in power which results in a

0.5% reduction in the inner surface temperature readings.

T

w27

‘+00490

+00527
+00731
-00753

-00489
-00527
-00752
-00745

=00489
-00527
-00745
+00747

+00489
+00528
+00732
+00751

+00489
+00528
+00742
-00748

-00489
-00527
-00755
+00744

+00489
+00528
+00730
-00751

-00488
-00527
-00733
+00752
+00487
+00526

+00729
-00749

3.4
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PROBE EVALUATION TESTS (continued)
(.. *172805 0. -1025... o i o .
00 -00490 1.~ 01H-00489'1 02:=00488 1 03 -00487. l¢~ﬂ4?-00488“l
!-- 05 =-00526 "1- “06('=00527 1 07 -00526 1"08-=00527" 1 09:200527 1
i .,lu -00064 1| 1] =-00298 | 12 =-00761 1 13 =00752 1| 14 =-00737 |
S15 =-01539 1 16 -00754 1 17 =-00738 1 18 =-00752 1 19 =-00756 1
S %173042° @ -102.5 :
.00 -00490 1 01 -00489 | 02 -00488 1 03 -00488 1 04 -00488 |
05 =-00527 1 06 -00528 1| 07 {00526 ] 08 -00526 | 09 =00527 1,
10 -00064 1 11 -00298 | 12 -00762 I 13 =-00738 | 14 -00749 | .
515 -a3126=1. 16 +00742 1 17 +no749 1 18 +00753 1 19 +00754 1
*175318 @ -io25 ;,
100 +00490 1 01 +00450 1 02 +00488 1 03 +00488 | 04 +00489 1]
) ‘05 +00527 | 06 +00526 | 07 +00527 1 08 +00527 | 09 +00526 |
10 +00064 1 11 +00297 | 12 +00753 1 13 +00734 1 14 +00760.1
LE)5 +q308ES] 16 -00739 1 17 -00764 1 18 -00751 1 19 =00751;1
4:-*l73515 @025 = : B
Jig+4 00 =00490 1 01 -00450 1 02 -00489 | 03 ~-00488 1 04 -004851
.;' 05 -p0528 { 06 -00527 | .07 -00528 | 08 =-00528 1 09 =-00527 1
!&. 10 -00064 1 11 =-00297 | 12 =-00738 1| 13 =-00746:1 14 -00763 1|
." 15 651 16 -00750 1 17 -00770 1| 18 =00746 1 19 -00749,1-
Zh *173744 ©-1025 e i
.:*, 00 -00490 ! Ol =-00450 | 02 -004895 1 03 -00488°1 04 -00489 1
W 05 =-00528 1 06 =-00528 1 07 =-00528 | 08 -00528;1 09 -00527.1}
ﬁﬁ; 10 -00064 1 11 -00297 1 12 -00734 1 13 =-00760:1 14 -00754 5
| <715 D>1 16 -00766 1 17 -00758 1 18 =-00745-1 19 -00752 |
P %174009 @ -1025
" 00 -00491 I 01 =-00450 1 02 -00485 1 03 -00488 1 04 -00450 !
%% g5 -p0528 1 06 -00529 1 07 -00528 1 08 -00528 1 09 -00528 |
'%n 10 =-00064 1 11 -00298 | 12 -00748 | 13 =-00764 1 14 -00735'1
é%é 15 =029€L 1 16 -00771 1 17 -00741 1 18 -00748 1 19 =00757 |
i%?ﬁ *174305 ©@-102.5 . -
""" ‘00 -00491 | 01 -00450 1 02 -00485 1| 03 -00488 1 04 -00450 |
? 05 -00528 1| .06 -00528 1 07 -00528 1 08 -00528 | 05 -00528 |
: 10 -00064 1 11 -00298 1 12 =00759.1..13.-00756.1 14 =00736 |
‘ ls(zggjgb‘i 16.-00759 1a3[3¢;pg75951‘ 18 =00753,.17°719 -00758 1!
g 2
; ' Channel identlflca'bl'dh M
“00 — 04 Inlet water.,
05 —. 09 Outlet water
» 10/11 In/Out coolong water %
| 12,13,14 Upper sliding thermocouples
! 15,16,17 Lower sliding thermocouples
18 . Upper free thermocouple
=19 Lower free thermocouple
|
T 3.4 cont.



PROEE EVALUATION TESTS, : B L

Measurements off the circumferential temperature variation in the heating

L

element thermocouple outputs given in mv.x2 Ch/Al (’-“‘1"'“)
Probe angular Angular reference line on the heating el.ement
position A y B , C 1 D E F free ] .
O T 7,54 | 7.38 | 7.56 |
Q S 77.42 T.49  T.54
® 7.64 —— 7.39 7.50
0 7.70 — 7.50  T.49 o
o 7.66 7.58 —— To52 O
7-71 7041 ——— 7057 8
' point mean —— 7.650 7.705 7.560 7.415 7.385 7.495 7.532 | &
circumferential-{.: U - 7.535 8
mean . Gé
O C .54 LT85 . 77331 7.48 8
Q 7;5_4 7'33 704_2 To48 +
& 7.52 - T.45 77331 7.46 5
O T+55 T34 T.42 T.41 o &
o 7.52 T.45 T.32 T.40 3.
(N 7455 7.30 T.42  7.43 L
point mean —w 7.527 7.547 7.450 7.327 7.313 7.420, 7.443 .-
Py circumferential D1 ' h
»?%.  mean > 7.431 '
£ O 7.61 7.52 7.37 7.52 |
Q 7.62 7.38 7.49 7.53 - |
@ 7.60 7.53 7.34 7.50 @
(3] 7.63 7.38 Te46  Te46 8
) 7.60 T.54 7434 T.45 +. ©
Q T.64 T+35 T+48  T.48 £
point mean — - 7.603 7630 7530 7.310 7.350 T.477, 7491 1 8
circumferential VT
e — 7.493 g
o . — T 7052 7.33 7.53 M
QA e 7.34 .44 7.48 g
® 7.56 — 735 7.45 o
rrenie——. 7.63 —— 7046 7.44 o
) 7.59 7.53 o 7447
N 7.62 7.32 ——  T.51
point mean —— 72575 T.625 7.525 7.330 7.340 m7.450, 7.48 i
circumferential o
mean » 1474

T 35
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The circumferential temperature variation of the inside
surface of the heating element.

77 94
0
C
9?2

Ak

Ch/Al

mv 90

x 2 .

7.3

-

CIRCUMFERENTIAL TEMPERATURE VAKIATION

G3.3
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The change in thermocouple output is plotted against
time from a sudden movement of the probe into a new
axial position where the tube wall temperature has a

different value.,

0 0
i
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THE HESPONSE TIMES OF THE RADIATION THERMOCOUPLE PROEE
TO STEP CHANGES IN THE TUBE WALL TEMPERATURE
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The change in thermocouple output is plotted againgt
time from a sudden movement of the probe into a new
axial position where the tube wall temperature has a

different value. : e
(180) 100 - f ”_D‘T_o_ O
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minimise any possible convective heat transfer between junctions.

THE CALCULATION OF THE VALUE OF THE OUTER SURFACE TEMPERATURE OF
THE HEATING TUBE.

It can be shawn,A 5 , that for a tubé. with internal heat
generation and outside cooling thé radial témpérature drop can be
simply calculated providing that no axial or circumferential
condition of heat takes place.

Uncertain of the likely axial temperature to be encountered
during the tests, a computer programme was developed to predict the
outer surface temperature of the metal tube without the assumption
of no axial conduction, A® . The programme was run with a severe
axial temperature gradient of 1.5 K/mm and showed that the effect on
the radial temperature drop calculation was negligible. The basic

calculation only, A5 , was used during the subsequent tests.

CONSTRUCTION OF SWIRL VANES.

In designing vanes to producé swirl in the flow of water over
the heating tube, metal construction was ruled out because of the
possibility of electrically shorting of the heating tube. This left

some form of "plastic" as the constructional material and an epoxy

85

resin "Ciba Type 750/209" was chosen as having the necessary resistance

to temperature and water and at the same time it was castable. The
vanes were produced by spiral milling on an aluminium bar to give a
female form, and then casting the resin in the mould formed by the
milled bar and a copper foil sheath. A good deal of trial and error
was involved in ar?iving at a suitable mixture of hard and flexible
refins, 70% and 307 respectively and a suitable curing time of 2 hours

at BSOC, but finally this technique produced accuratély forméd

straight and spiral vanes which were wrapped round the heating tube to
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give a swirl to the flow of water passing up the annulus D 3,22,

P 4,23 .

In considéring the comparisons to be made between the heat
transfér ratés achiévéd with différént dégréés of swirl in thé
cooling water it was thought that the sectional shape of the flow
channels normal to the direction of flow should be similar and that
the velocity of flow measured in the direction of the vanes should
have the same value for each test. In the construction the flow
channel sectional areas and shapes were kept very nearly identical,
D 3.23, and during the comparative tests with different vanes the
water flow rate was adjusted to give the same flow velocity in the
direction of the vanes.

The variation in static pressure along the annulus was

measured by the same pressure sampling tube used in previous tests,

D 3.24.
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/ 7 0°
/ et
,V 10%/13,5°
/ //
/
/ 20°/271°
/ LS
/

The near identical general shape of the flow channels shown for
helix angles of 0°( straight axial vanes ), 10°/13.5°, and 20%/27°

SECTION THROUGH ONE FLOW CHANNEL

D 3.23
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3.5. RECTANGULAR TEST SECTION.-

Following the tésts on thé annular channel with the stépped
séction it was thought that furthér insight into thé béhaviour of the
fluid flowing through the discontinuity might be obtained if it was
possiblé to look through the fluid in a téngéntial direction. A thin
élémént of thé fluid boundéd by two slices in radial planés through
the annulus has an approximately réctangular section. Thus if a
channel of rectangular cross section has a heated surface on one side,
then the flow pattern of the fluid will be similar to that occuring in

annular flow with a heated inner tube.

TEST PIECE CONSTRUCTION.

The rectangular channel was manufactured from a "Tufnol" sheet
sandwiched between two glass plates, D 3.25, P 3.16. One glass plate
had a hole drilled at each end to take a connecting pipe, these holes
corresponded to the enlargement at each end of the channél milléd out
of the "Tufnol" sheet. A continuous groove was milled in each side
of the "Tufnol" sheet to take an "0" ring to effectively seal the gap
between the glass plates and the "Tufnol" sheet.

The heating element was a strip of stainless stéel bonded to
the straight side of the milled channel by an epoxy resin. Before
this strip was placed into position it had two copper lugs silver
soldered to it, one at each end to connect electrically to the

T Vo 713 1o INL IR, -.u... Frmsn s nevarp s

heating power supply. Also,’ 36 gauge Chromal/llumal thermocoupleul

- A r—-1v~;vt-r-pr-vv' roT ,1::—-74- e F,.._..‘c;‘_.-——-—-

were spot welded to the back of the strip along its length. The two

glass plates were held against each side of the "Tufnol" sheet by
minature "G" clamps which were tightened until it could be seen that
the "0" rings were sealing against the glass platés, P 5.16. The
complete assembly stood on the lower row of "G" clamps with the

heating strip on the floor of the flow channél.
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TEMPERATURE MEASUREMENT.

The outputs from the Chromél/Alumél thérmocouplés were
referenced to 0°c, by cold juncﬁions in a "Zeref" solid state heat
pump icé point unit, and thén féd Eo a digifal voltméter by a two
pole multipoint switch, D 3,10. Thé last digit on the digital

voltmeter represented a step of 10 uVv.

CALCULATION OF THE OUTER SURFACE TEMPERATURE OF THE HEATING STRIP.

It was assuméd that no conduction of heat took place along the
length of the heatéd strip, all conduction being normal to the
direction of current flow, with the values of electrical and thermal
conductivity taken from manufacturers data the température drop

across the thickness of the strip was calculated as a function of the

heating current, A 4 .

3.6. FLOW VISUALIZATION.

USE OF AIR BUBBLES IN ANNULAR STEPPED SECTION.

At the point immediately following the enlargement in the
annular section some flow recirculation had beén observed with boiling.
It was thought that air bubblés injectéd into the water flow upstream
of this point would provide a clearer picture of any recirculation
taking place. The heating element was replaced by a plain brass
tube for this test and fine holes were drilled round the periphery of
the tube, D 3.24, to allow air injection into the water flow upstream
of the change in section. The flow was photographed and by using a

range of éxposurés thé fluid flow pattern could be visualized.
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USE OF VAPOUR BUBBLES IN PARALLEL ANNULAR SECTION WITH SWIRL FLOW.

To gain an insight into thé pattérn flow of the water between
thé swirl vanés thé flow was photographéd at boiling conditions
using both micro sécond flash éxposuré and a timé éxposure. The
former showing the bubble size and distribution, the latter giving

a vector indication of the direction of bubble travel.

USE OF SCHLIEREN SYSTEM TO SHOW THE BOUNDARY LAYER IN THE

RECTANGULAR SECTION.

To investigate the possible disturbance of the héated boundary
layer as a result of the change in section, the flow path was set
up in the light path of a Schlierén system, D 3.26, and the changes
in deﬁsity of the fluid due to heating were used to produce both
black and white and coloured representations of the flow pattern.

The light source needed to be of very short duration in order to
"freeze" the fluid movement. To achieve this a microsecond spark
discharge through an argon jet bétwéen two electrodes, P 3.17, was
used when photographs were réquired. Otherwise for live obversation

a filament lamp was used.
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PRESENT WORK



101

4 INTRODUCION.

Thé présént work covérs an invésﬁigation of thé héat transfér
procéssés for a fluid flowing throﬁgh an annulus with a héatéd
innér wall. Thé tésts covér both singlé phasé and nucléaté
boiling conditions in the fluid and aré concerned principally with
the éfféct of a changé in the annulus géométry on the heat transfer
coefficient. Two aspécts of annulus géométry variation were
exploréd, first a stép changé in section, and then the introduction
of helical guidé vanes to pruducé swirl in the fluid. The work was
supported by flow visualization techniqués used to attempt to gain
some understanding of the effect of thése annulus geometry changes

on the heat transfer mechanism.
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[’.2 SINGLE PHASE HEAT TRANSFER CORRELATION FOR WATER FLOWING THROUGH

AN ANNULUS WLTH HEATED INNER WALL.
INTRODUCTION.

As a sfarﬁing point in the programmé of tests it was
décidéd to usé a plain annulus with singlé phasé conditions and
obtain a corrélation bétwéén Ré, St and Pr numbérs to compare with
éxisting data publishéd by othér workers , RG)R 19. These tests
would also sérve to prové thé instruméntation on the rig by

observing how closely and consistently heat balances could be

obtained.

PROCEDURE.

The 19.05 mm outsidé diamétér stainléss steel heating tube was
surrounded by a 38.1 mm bore "Pyrex" glass tube for these tests, and
the heat added to the water in the tést section was removed in a
counter flow heat exchange immediately after the test séction, D 4.1.

The twenty temperatures measured by Chromel/Alumel
thermocouples were recorded by the data logger in less than ten
seconds and a heat balance was calculated for each test.

The three point sliding thefmocouple probe, D 3.17. was used
to measure the heating tube inside surface temperature at an axial
position which provided the water with an approach length of
thirty equivalent diameters. It was assumed that entrance effects
would be negligible at this point, D 4.20.

1f the heat balance, T 4.1, T 4.2, was satisfactory (within
+ 4.57%) the water bulk témpérature and the heating tube surface
temperaturé were calculated at the measuring point and thus for

each test the Re, Pr, and St, numbers were calculated.
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The column of results, T 4.3, showed that they could be
forméd into four groups, éach group having a virtually constant 'Pr'
number. By plotting log St againsf log Re for constant Pr and
thén plotting log St against log Pr for constant Ré a currélation
was obtainéd hétwéén St, Pr, and Ré numhérs as follows.

Assuming an equation of the form

St.Pr® = clra.e"b

for '"Pr' = constant
log (St) = =b log (Re) - + 1log (C/Pra)

cF. vy =-mx+C

Groups of results with nearly constant 'Pr' were plotted as log

(St) against log (Re).

log (St) :
groups of results
with almost constant

lPr 1

log (Re)
The slope of the line gave the index 'b'

For a constant 'Re',

a —

log (St) -a log (Pr) + log (8102)

-mx + C

]

¥y

From points taken from the initial graph at constant 'Re', log (St)

was plottéd against log (Pr).
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log St \\M\\\“-\~\\

Log Pr

The slopé of the line gave the value of the exponent 'a'.
With 'a' and 'b' determined as 0.6 and -0.2 respectively

se.br’*® = cRe

log (St.PrO'G) = -0.2 log (Ré) + log C

0.2

1
log (St.Pro'ﬁ) was plotted against log (Re)

log (St.PrO'B)

log (Re)
Any point on this line can be used to give co-ordinate values to

substitute back into the equation

log (St.Pro’G) = -0,2 log (Re) + log C1
and thus give the value of Cl'
The complete equation was evaluated graphically as,
st.pr0+® = 0.0254 Re 02,

The experiments\data obtained was fed into a computer to obtained the
best least squares straight line fit, T 4.4. This produced the

correlation

0.6

St.Pr "’ ~0.1992

= 0.02516 Re

This result was compared with correlations of the same form

producéd by prévious workers.



TYPICAL HEAT BALANCE, Test 3, 11.2.71

Electrical Powér Supplied

Main Circuit Water

Flow raﬁé (#n)

Spécific heat (cp)
Inlét témpérature
Outlet temperature

Heat loss =

Cooling Water

Flow rate (in)

Specific heat (cp)
Inlet temperature
Qutlet temperature

Heat extracted (fn. Cp.

Heat in busbars

- dt

Upper = k.A. %
Lower = k“A.-gg
X

Net Input = 4,925
Net Output = 5,219
Misc. losses = 5,284

(fn. Cp. AT)

AT)
= 380 x 1
1544
= 380 x 1
1544
+ 0,359 = 5.284 kW
+ 0.004 = 5.223 kW
- 5.223 = 0.061 kW
= 1.27

.

= 8.40 % |
= 35.40 |
= 5219 k W |
0.48

0.20 |
3.00 | 0004k é
0.20 |

of electrical power input. ;
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4.925 kW

0.20 kg/s
4.18 kJ/kg K
37.01 °c

36.58 °c

0.359 kW

0.046 kg/s

4.184 kJ/kg K

T 4.2




SINGLE PHASE CORRELATION DATA.

Water inlet

Wall inner

Wall AT Wall outer m

Test g oc K. 0C kg/s P
1 35.35 81.02 4.9 76.1 0.52 4.18
2 36.29 105.03 5.7 79.3 0.34 4,18
3 37.01 112.06 4.8 107.3 0.20 4.18
4 39.44 74.49 4.7 69 .8 0.64 4.18
5 40.00 71.26 4.75 66.5 0.75 4.18
6. 40.37 68.01 4.75 63.2 0.87 4.18
7 40.74 65.78 4.8 63.0 1.00 4.18
8 41.35 64.04 4.75 59.3 1.18 4,18
10 41.96 62 .60 4.8 57.8 1.33 4.18
11 41.68 111.52 7.3 104.2 0.41 4.18
12 41.44 100,08 8.1 92.0 0.58 4.18
13 42,12 89.19 8.1 81l.1 0.81 4.18
14 42.68 86.35 8.1 78.3 0.88 4.18
15 42,92 82.49 8.1 74.4 1.03 4,18
16 42,57 79.02 8.1 70.9 1.17 4.18
17 42 .57 75.82 8.25 67.6 1.33 4.18
18 43.27 74,50 8.25 66.2 1.46 4.18
19 43.63 73.40 8.25 65.2 1.59 4.18
20 44,13 71.70 8.20 63.5 8.81 4.18
21 44 .43 71.15 8.20 63.0 1.94 4.18
A 58.44 104 .90 10.0 94.9 1.10 4,19
B 59.25 109.86 10.1 99.8 0.96 4.19
C 57.84 111.24 9.5 101.7 0.86 4.19
D 64.10 119.52 8.9 110.6 0.74 4.19
E 63.49 122.22 8.8 113.4 0.64 4.19
F 74.35 120.62 8.6 112.0 0.88 4.20
G 74.52 114.74 8.6 106.1 1.10 4.20
H 74.65 111.82 8.5 103.3 1.24 4.20
I 74.80 109.27 8.7 100.6 1.40 4.20
J 75.04 107.24 _ 8.8 98.4 1.61 4.20

T 4.3

106
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SINGLE PHASE CORRELATION DATA.

Heat . G

Test kW AT “‘%% Watgé bulk R Balance kg/mZS.
P € s s R error, %.

1% 5.00 2.30 3755 " 38.55 22 608.1
2 4.95 " 351 © 39.80 " 39.50 3.5 395.2
3 4,93 5.89 42.90 64.40 1.2 233.9
4 4.88 1.82 41.26 28.54 4.5 748 .4
5 4,90 1.56 41,56 24.94 32 877

6 4.90 1.34 41.71 21.49 3.5 1020

7 4,92 1.17 41.91 21,09 1.5 1172

8 4,91 0.99 41,36 17.94 1.4 1383
10 4,91 0.88 42 .84 14 .96 0.8 1555
11 7452 .44 46,12 58.08 1.6 473.6
12 7.90 3.24 44,68 47 .32 2.4 682.9
13 7.94 2.34 44 .46 36.64 4,2 947 .2
14 7.95 217 44,85 33.45 0.7 1023
15 7.97 1.85 44,77 29.63 0.1 1204
16 7.97 1.63 44,20 26.33 1.1 1368
17 8.02 1.44 44,01 23.59 0.5 1707
18 8.03 1.31 44 .58 21.62 2.4 1708
19 8.03 1.21 44.84 20.36 3.2 1859
20 8.00 1.06 45.19 18.31 3.0 2117
21 8.02 0.99 45 .42 17.58 1.8 2264
A 10.88 2.36 60.80 34.10 0.3 1286
B 10.95 2.73 61.98 37.82 1.5 1123

C 10.63 2.95 60.79 40.91 2.7 1006
D 10.25 3.29 67.39 43.21 0.5 870
E 10.20 3.83 67.32 46.08 1.9 743.7
F 10.10 2.73 77.08 34.92 0.5 1031

G 10.07 2.18 76.70 29,40 3.0 1286

H 10.05 1.93 76.48 26.82 2.5 1450

I 10.16 1.73 76.53 24.07 1.0 1642

J 10.20 T.17 76.21 22.19 B 1883

T43



SINGLE PHASE CORRELATION DATA.

108

T 4.3

Test b x 10°  Re, Pr, - G T B
mZK" . - G C'p
1 682 16 986  4.50 3.329 0.00131 0.00322
2 652 11 547  4.30 3.217 0.00195 0.00467
3 618 7 210  4.02 1.963 0.00201 0.00462
4 635 22 452 4.17 4.385 0.00140 0.00330
5 631 26 477  4.14 5.043 0.00138 0.00323
6 632 30 745  4.13 5.853 0.00137 0.00321
7 629 35 495 4,11 5.988 0.00122 0.00285
8 634 41 555  4.15 7.025 0.00122 0.00286
10 619 47 856  4.03 8.425 0.00130 0.00300
5 581 15 529 3,89 3.324 0.00168 0.00379
12 598 21 755  3.91 4.285 0.00150 0.00340
13 600 30 074  3.91 5.559 0.00140 0.00317
14 595 32 753  3.90 6.101 0.00143 0.00323
15 598 38 355  3.90 6.905 0.00137 0.00310
16 602 43 290  3.92 7.765 0.00136 0.00309
17 605 53 749  3.94 8.727 0.00122 0.00277
18 600 54 217 3.91 9.528 0.00133 0.00302
19 597 59 320 3.90 10,118 0.00130 0.00294
20 591 68 238  3.87 11,215 0.00127 0.00286
21 590 73 100  3.84 11.703 0.00124 0.00278
A 459 53 373 2.92 8.190 0.00152 0.00289
B 450 47 540  2.88 7.432 0.00158 0.00298
c 460 41 612 2.92 6.667 0.00158 0.00300
D 417 39 745  2.64 6.089 0.00167 0.00299
E 418 33 894  2.64 5.682 0.00182 0.00326
F 365 53 810  2.30 7.424 0.00172 0.00284
c 367 66 753  2.31 8.788 0.00163 0.00269
H 368 75 061 2.3l 9,619 0.00158 0.00261
I 368 85 000  2.31 10.835 0.00157 0.00260
J 369 97 212 2.31 11.799 0.00149 0.00246
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DATA ILOGGER OUTPUT, Test 3, 11-2-T1.

e,

TRl .
11 FEBRUARY 1971

TEST 3
Time
011708 :
00 +002995"-1
01 +00297 |
02 +00297 1|
03 400297 |
04 400297 1
05 +00218 1
06 +00222: 1
07 +00235 1|
08, +00259 |
03h+00880 1
10400067 1
|
1
1
1
1
1
1
1
I,

Inlet water, mean temperature 37.01°C

Upper busbar

Lower busbar
} Free junction
» 11 +00284
12 +00295
13 +00295
14 +00294
2715 +00292
“ 16 +00293
17 +£00860
, 18 "+00907 }
C o 19” +00913ﬁ

-

Cooling water heat exchanger

Outlet water, mean temperature 36.58%

~ Probe, mean temperature 111. 26°C

Channel mv 2 from Range
Chromel/Alumel
thermocouples

T 44
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- DEGREE OF POLYNOMIAL 1
; ; c

- m0,15992398068D 01 =

X Y
7 A0 DATA Eauatxon-ff‘
¢ Re St. P06
£ 15529,0000 -=%0,0038 0. 003? . 0,000
T 21755,0000  7..0,0034 0.0034%° ®0,0000
~ﬁ*:soo?a,oooo- 070032 70,0032 w0 0001
%2753,0000 0,0032  0,0032 0,0001
v 38355,0000 0,0031 " 0,0031 o.oooo-
43290,0000 0.0031  0.0030 , 0.0001
~ 83749,0000 0,0028  ~-0,0029 . '%0,0001
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;o 593¢0,0000 0,0029° 0,0028 = 0,0001
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297212,0000 ©  0,0025 20,0026 < -.-m0, 0001
.[?iﬁbZ,oooo - 0,0033 0,00%4  =0,0001
w2 26477,0000 0,0032 0.0033  =0,0001
- 30745,0000 0.0032  0,0032 = =0,0000
2% 41555,0000 0,0029  0,0030. . =0,0002
 47856,0000 0,0030 0,0029 __  0,0001
RMS DEVIATION _ 0,0001 _ R
14 ~ {L 2 -
- g - =
i) LS

1 =0,19920901187D 00
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4_:3 TWO-PHASE TESTS IN A PLAIN ANNULUS.

INTRODUCTION.
Following the single phase tests in the plain annulus, the

next stép was to incréésé the héating powér to producé nucleate
boiling in the tést séction. Thé aim of the tests was to fully
tést the rig undér boiling conditions and to noté thé maximum
power level for satisfactory operation of the copper braid
connections from the busbars to the heating tube. The three point
sliding thermocouple probe was again used to measure the inside
wall temperature of the heating tube during these tests.

PROCEDURE
The first set of tests was carried out with a constant heat

flux, 445 kW/m?, and near constant inlet temperatures. The flow
velocities in the test section varied between 1.7 and 0.2 m/s.

Héat balances within + 1.85 and =~ 0.67 were obtained but
repeat tests showed the heat transfer coefficient to have a reduced
value and it was noticed that a discolouration of the heating surface
was taking place. The tests were discontinued and the rig was
given a long run under boiling conditions to allow the heater
surface to reach a stable condition.

It was noticed during these tests that the three point
thermocouple probe was not always contacting with all three
thermocouples and this led to the design of the six point
thermocouple probe with a fully floating head D 3.18. The power
supply was also improvéd by the addition of a boost transformer fed
by a "Variac" to givé fine control of the heating power.

When the surfacé conditions of thé heating tube had stabilized a
series of tests was carried out with a constant input power of
280 kW/m? and a constant mass flow raté of water through the annulus.

During the tests results were taken to enable the heat transfer
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coefficient to be calculated for différént values of water inlet
témpératufé. The tests were thén répéaféd for different values of
mass flow raté of watér through fﬁé annulus. Having concluded
thésé tésts, thé wholé sériés was répéatéd at a highér powér lévél,
520 kW/mz.

Thé résults wéré préséntéd és a plot of héating tube outside
wall températuré against the fluid bulk témpérature, G 4.4, G 4.5,

0.8

and also as a plot of Nu/PrO'4 against Re with an overplot of

water temperatures, G 4.6,
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SINGLE AND TWO~PHASE TESTS WITH WATER FLOWING THROUGH AN ANNULUS

WITH A HEATED INNER WALL AND A STEP REDUCTION IN SECTION.

INTRODUCTION.

Considéring a smooth réduction in diamétér of an annular
flow channél, the fundaméntal flow pattérn of thé fluid would be as
drawn, D 4.2, and sincé no ré*éxpansion occurs then the pressure
losses would be minimal. The heat transfer coefficient for the
inner wall to the fluid could be éxpected to increase smoothly
from the value in the large section to that in the small section.

If however the reduction in diameter is abrupt then it
could be expected that a vena contracta would be present downstream
of the step in section and that since this would be followed by an
uncontrolled divergence then an additional pressure loss would occur
and also an improvement in the heat transfer coefficient would be
expected to exist in this length of chamnel at the vena contracta

and just beyond.

PROCEDURE.

Tésts weré carried out with watér flowing upwards through a
step reduction in flow section, D 4.3, both for single phase and
boiling conditions, additionally a careful pressure traverse, D 3.24,
G 4.13, was taken along the axis of the test section without heating. .
Foordifferent flow rates were used and for each one a test was
performed for a number of constant water inlet temperatures.

Thé outside wall temperature of thé heating tube was
calculated from the inside temperature as measured by the radiation
thermocouplé probe. The témperature of the bulk fluid was
calculated from the measured témpératuré at inlet to the tést
section and the méasuréd heat réléasé to the water up to the

measuring point on the axis of the test section.
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Thé héat transfér qoéfficiént was calculatéd at a number of
points along the axis and plottéd,againsf axial distance along the
test section, D 4.4, G 4.7=,12.

Photographs of thé watér flowing through thé tést séction
wéré takén at a rangé of tést coﬁdifions, D 4.5, P 4.1 - 11,

Thé objéct of thé tésﬁs was to méasuré fhé éfféct of thé stép
changé in séction of thé flow channél on thé préssuré drop and the
heat transfér coéfficiént.

The following table T 4.5 shows the range of flow rates and
The bracketed figuré

fluid temperatures covered by the tests.

indicates a photograph taken at that bulk fluid temperature.

T 4.5
Flow (approx) 0.22 0.44 0.66 0.88
kg/s
. [Velocity (approx) 0.2 0.53 0. 1.06
iy R T 408
| + 50 - (54 | 59 P- -
§ + 60 68 - (65) 67 61
j + 70 76 (75) 75 72 74
© - 84 (85) 82 (80) -
o1 + 80
3 87 - 88 87 (85)
o
51 + 90 - (90) | 90 (95) 95 (90) 97 (93)
- %‘ (95)
[ + 100 - 102 - -
Area contraction 1:3.86 Pressure = 0.38 bar.
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A

Stroboscope
upper position

Camera

»~\ Stroboscope
,z’ \ lower position

T

=

Two exposures taken at each flow rate and water inlet
temperature

Kodak Tri-X 35mm film, £ 11, 1/25 s.
Patersons Acuspeed developer, 6 min.

Dawe stroboscope Model 120 3 B

D 4.5
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A 5 SINGLE AND TWO PHASE TESTS WITH WATER FLOWING THROUGH AN ANNULUS

WITH A HEATED INNER WALL AND A STEP INCREASE IN SECTION.

INTRODUCTION.

If a smooth transition from oné flow séction to a 1argér
séction wéré pqssiblé thén tﬁé fundaménfal flow patférn of thé fluid
would bé as drawn, D 4.2. Thé héat transfér coéfficiént would
réducé smoothly from thé valué in thé small séction-to that in thé
largér séction. If the change in section was abrupt then a
sécondary'flow pattérn would be présent which could alter the heat

transfer coefficient.

PROCEDURE.

Tésts were carried out with watér flowing upwards through a
step increase in flow section, both for single phase and boiling
conditions, additionally a careful pressure traverse. D 3.24,

G 4.i9, was taken along the axis of the test section without heating.
Four différent flow rates were uséd and for éach one a test was
performed for a number of constant water inlet temperatures.

The outside wall temperature of the heating tube was calculated
from the inside temperature as measured by the radiation thermocouple
probe. The températuré of the bulk fluid was calculated from
the measured fluid temperature at inlet to the test sectioﬁ and the
measutred heat release to the water up to the measuring point on the
axis of the test section. The heat transfer coefficient was
calculated at a number of points along the axis and plotted against
axial distance along the test section, D 4.6, G 4.14-18.

Photographs of the water flowing through the test section
weré takén at a range of tést conditions, D 4.5, P 4.12 - 22.
The objéct of the tests was to measure the effect of the step

change in section of the flow channel on the pressuré drop and the



heat transfer coefficient.

The following table T 4.6 shows the range of flow rates and

fluid temperatures covered by the tests. The bracketed figure

indicates a photograph taken at that bulk fluid temperature.
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T 4.6
Flow (approx) 0.22 0.44 0.66 0.88
kg/s _
Velocity (approx) 1.02 2.04 3.06 4.08
w/s 0.27 0.53 0.80 1.06
(o]
|+ 50% - - 57 53
o | + 60% 63 (67) 61 68 63
S+ 70% 72 - - 76
2| + 80°% 86 (81) 86 (86) 81 86
@ (89)
%]
=}
31 + 90% 94 (93) 98 (97) 95 %0 96 (93)
2 | (95)
%- + 100% 105 103 (101) 105 (100)
e

Area enlargement = 3.86:1

Pressure = 0.38 bar
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[, § THE EFFECT OF SWIRL ON THE HEAT TRANSFER COEFFICIENT FOR SINGLE

AND TWO PHASE FLUID FLOW THROUGH AN ANNULUS WITH A HEATED INNER WALL.

INTRODUCTION.

Whén a fluid passing through a héatéd tubé is causéd to swirl
by helical guidé vanes then the céntrifugal force on the fluid
particlés due to the swirl motion will inténsiEy the buoyancy of hot
£luid relative to cold fluid. The relative buoyancy will speed
the rate of mass transfer of hot fluid from the héating surface into
the bulk of the fluid and thus increasé the heat transfer rate from
the hot surface. An additional pressure loss however will be
incurred by giving the fluid a swirl motion and this may not be
acceptable not withstanding the reduction in heat surface area for
a given duty. The same reasoning can be applied to fluid flowing
through an annular section provided that the hot surface is the
outside wall of the annulus,

If the heat transfer rate is increased sufficiently to
produce surface boiling then since the buoyancy of the vapour bubbles
relative to the cold fluid is very much greater than the relative
buoyancy of the hot fluid to the cold fluid,the heat transfer
should be improved by the swirl action to an even greater extent,
The increased force directing the cold fluid to the heating surface
should also increase the value of the critical heat flux,

In many practical cases of fluid flow through an annular
section the heating surface is the inner wall of the annulus, e.g.
nuclear fuel rods, and in this pasé it would seem that the effect of
producing swirl in the fluid flowing along the annulus would be to
inhibit the mass transfer rate of hot fluid from tﬁé heating surface.
It was thought that although this would cértainly be the case for a

singlé phase fluithowéver if the hotter boundary 1ayér would allow
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nucléate boiling to dévélop at a 1owér bulk fluid témpératuré, then
thé,résult could bé an improvémént in ﬁﬁé héat transfér raté for
unit surface area of the hot sﬁrfacé.

Thréé sériés of tésts wéré plannéd to invéstigaté this
possibility, in each sériés thé swirl rate had a different value.

Thé tést séction consistéd of a glass outér tubé (38 mmlD) and
a plain céntral heating tubé(19.1 mmID), thréé guidé vanes of
triangular section weré spacéd at 120° round the annular flow area
formed. In the first series of tésts théy wére straight and in the
second and third series of tests they were of helical form with
different 1éad angles in each casé.

The tests were arranged to enable comparisons to be made
between them on the basis of a constant 'Re' number for the flow
section and flow rates through the annulus wére adjusted to achieve

this.

THE EFFECT OF ALTERING THE HELIX ANGLE ON THE SHAPE OF THE FLOW
CHANNEL CROSS SECTION.

For straight axial vanes, helix angle = O, the channel section,
one of three, is of the shape shown in, D 4.7. As the helix angle
is increased then, since the inside angle of the helix is less than
the outside angle, the effective cross-sectional area of the flow
normal to the direction of flow assumés a more nearly rectangular
shape. Increasing the helix angle further givesthe shape shown
and in the limit will reduce to a triangular section when the

outside of the vanes contact,

The helix angles, P 4.23, used in the tests were:

Test 1 Test 2 Test 3
Inside 0 (axial) 10.0° 20.0°
Outside 0 (axial) $3,5° 27.0°

and the angle of the apex of the vane section was 60° in all cases.



165

N
f"\ ',"\
C\ (\ \
\
€, <’/ /
~ ~ F 4
v Ne
-~
CHANGE IN SECTION WITH INCREASING HELIX ANGLE
TEST 1
29.6 mm
20.0 mm
h“_8%53uan_2%mg
TEST 2
29.6 cosl3.5 = 28.8 mm (-2.8%
20.0 ¢0510.0 = 19.6 mm (-1.5%
Reduction in area is #=2%
Avea = 23640.98 = 231.4 mn?
TEST 3 29.6 c0827.0 = 26.4 mm (-10.9%)

20.0 ¢0820,0 = 18,73 mm (-6.0%)
Reduction in area is #8.5%
Area = 236x0.915 = 215 mm®

D 4.7

PERCENTAGE REDUCTION IN SECTIONAL AREMR WITH INCREASING HELIX ANGLE
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Thé cross"séctional aréa of oné vané was 49.1 mm; in éach casé and
thé cross"séctional aréa of thé plain annulus i.e. without vanes was
855 mm>. When the vanes were of helical form the new effective
séctional aréa of thé flow path; i.é. normal to thé diréction of
flow, was calculated by considéring the reduction of the léngth of

thé inside and outside boundaries of thé flow channél, D 4.7.

REYNOLDS NUMBER COMPARISONS FOR THE THREE SECTIONS USED,

From the section drawn, D 3.23, it can be seen that shapes of
the section normal to the direction of fluid flow are near identical,
sufficiently so for the conditions in each test to be dynamically
similar for a single phase fluid if the Ré number is kept constant
for comparative tests. Comparing the sectional areas 236, 231.4
and 215 mm? it can be seen the velocity of flow, measured in the
direction of the helical path, must be set in the ratio, 1.00,

0.98 and 0.915 for tests 1 2 and 3 respectively while the
temperature is kept to the same value for each test and thus the
values of p and u are constant for the comparisons.

Tests were carried out for six values of flow rate in each

case.

PROCEDURE,

It had been established that, for a plain annulus without
guide vanes, the entrance effect became negligible after twenty two
equivalent diameters downstream of the entrance G 4.20. With the
vanes in position the geométry was soméwhat more complicatéd due to
the necessary presence of three spacing bands along the axis P 4.23,
and it was nécessary to take both an axial préssure transvérse
G 4.29-31, dnd an axial wall témperature tranverse G 4.21, to

demonstrate that at the measuring point selected the éfféct of the
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bangs was negligible.

With a particular set of swirl vanes in position the flow
rate was set at a fixed value and, when the temperature at inlet
to the section had stabilized at a constant value, a set of
temperature and flow values was recorded. This was repeated for
a number of constant inlet temperature values and then the whole
procedure was repeated with a new value of meter flow rate.

The bulk temperature of the water at the measuring section
was calculated, and thus from the measured heating tube surface
temperature,the heat tranéfer parameters were calculated., Heat
balances were taken on the first tests in each series which used
a low value of inlet water temperature and were thus single phase
tests.

To support these tests a series of photographs P 4.24-26 of
the test section were taken to show the flow pattern of vapour
bubbles. Photographs were taken at selected tests, one of them
illuminated by a spotlight and with a 0.02 second exposure gave a
vector indication of the flow direction. The second photograph was
taken using a microsecond flash tubé for illumination and this
effectively "froze" the boiling to show the location of the
nucleation sites and the bubble sizes.

Following the heat transfer tests the heating tube was
replaced by a brass tubé containing préssure tappings, D 3.24, which
were connected to a water manometer. The variation in the static
préssure of cold water flowing up the annulus was measured, without
heating. The brass tube was constructed to slide axially in the
glass tube as this enabled a number of overlapping pressure
sampling locations to be obtained and the axial range was extendéd.
The pressure values at particular axial locations could be verified

by comparing readings taken at the same location but through differént
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sampling holes.

The results were presented as plots of tube wall temperature
against water bulk temperature G 4.22-24, and also a cross plot
from this to give tube wall temperature against mass flow rate,

0.4 against Reo'8 was

G 4.25. Further to this a plot of Nu/Pr
produced for each series of tests, G 4.26-28, and the axial pressure
plots were drawn to compare the axial pressure variation in each

test series G 4,29-3L.
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| 140

photographs

130
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TUBE WALL TEMPERATURE — WATER MASS RLOW RATE

E%?tr four set values of water bulk temperature
and three types of guide vane.
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L?F FLOW VISUALIZATION.

INTRODUCTION.

Having measured the effect of a step change in flow section
on the heat transfer coefficient and the pressure drop it was
thought that the visualization of the flow pattern at the change of
section would give some insight into the mechanism of heat transfer
in that area. The photographs of the two-phase flow through the
annulus had been taken using a microsecond flash light source and
although they gave a picture of the vapour bubble sizes they did not
give information on the fluid flow pattern. Two methods were
planned, one was to use air bubbles injected into the flow and
photographed with an exposure time of the order of milliseconds.

The second method planned was to use a Schlieren optical system to
detect the fluid boundary layer, this required the construction of a

special test section.

VAPOUR BUBBLES.

The photographs of the stepped annular test section using a
flash source with duration of approximately five microseconds showed a
the presence and size of the vapour bubbles. Two photographs were
taken at each test one illuminated from above and the other from
below, to give as clear a picture as possible of the flow in the
large and small section of the annulus.

It can be clearly seen that the bubble size is inugrseAﬂ
proportional to the fluid velocity and for thé diverging upward
flow the effect of the step enlargement is still felt for five
equivalent diameters downstream as witnessed by the suppression of

boiling, P 4.12. For the converging upward flow a suppression of
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boiling can be seen immediately downstream of the step

convergence, P 4.3.

AIR BUBBLES.

The air bubbles were injected into the water flow at the
lower entrance to the test section, D 3.24, and the central tube of
the annulus was not heated during thése expériments. Three ratios
of air to water flow were used and for each ratio photographs were
taken for a range of exposure times. Only the step divergent
section was used in this way since the view immediately downstream
of the step cﬁnvergent section was masked by the epoxy resin joint

piece, D 4.3, which was translucent but not transparent,

The test conditions based on the water flow only were:

Annulus Flow rate Velocity Density | Viscosity| Re
0.D mm Rg/s m/s kg/ms Kg/ms |
25.4 0.914 4,115 1001 0.001136}23 000
38.1 0.914 1.07 1001 0.001136 |18 000

and the volumetric ratios of water to air employed were 20:1, 8:1

and 4:1,

The photographs P 4.27-29 show a recirculating hold up of

bubbles immediately downstream of the step enlargement and also flow

vortices developing further downstream.

SCHLIEREN SYSTEM.

The flow visualization by vapour and air bubbles whilst

demonstrating the fluid flow pattern cannot show the heat transfer

behaviour other than by inference.

If the flow could be viewed from

a direction tangential to the annulus section then Schlieren or

interferometry methods could be used to visualize the boundary layer

190
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and the pattern of turbulence in the bulk fluid, D 4.8. A test
section was constructed to simulate this view point and a §chlieren
optical system employed to illuminate it.

The system, D 3.26, P 3.17, was operated with a black and
white recording film, since this is more sensitive than colour but
although prints of good definition were obtained, P 4.30-31, it was
seen that a colour system would offer significant advantages in
detecting the fluid boundary layer.

The colour system used was arranged to indicate hot fluid
as red and cold fluid as blue this being psychologically correct
for viewing, whilst any vapour bubbles showed as black areas:

Photographs were taken with water flowing through the test
section both for a convergent step and a divergent step. Freon 1l
was used in the test section to achieve fully developed nucleate
boiling with the heating power available and photographs were taken
of flow through a convergent step with nucleate boiling present.

With both water and Freon %1 the boundary layer could be
clearly seen and also the turbulence in the cooler bulk fluid
P 4.32-38. The illumination was produced by an electrical discharge
through an argon gap and had a duration of approximately five
microseconds so that all fluid movement was effectively frozen. The
test section was used in the horizontal position as compared with
the vertical position of the annular flow channel used for all of
the previous tests so to this extent the processes of heat transfer

were not absolutely the same.
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Glass outer tube

Fluid flow

t— —~ - —

Heated inner tube

TANGENTTAL VIEWPOINT KEQUIRED TO VISUALLIZE THE
BOUNDARY LAYER

D 4.8
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TEST CONDITIONS FOR SCHLIEREN PHOTOGRAPHS

Ref. Shape Fluid P_owe§ Re
KW/m

P 4.30 Div. Water - -

P 4.31 Div. Water - -

P 4.32 Para. Freon 10 25 000
P 4.33 Con. Water 530 6 200
P 4.34 Div. Water 400 29 000
P 4.35 Div. Water 400 19 000
P 4.36 Con., Water 133 24 600
P 4.37 Con. Water 530 19 800
P 4.38 Con. Freon 58 25 000

T4.7
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5.1 SINGLE PHASE FLOW THROUGH A PLAIN ANNULUS WITH HEATING AT
THE INNER WALL ONLY

Thé corrélat:ion derived from thé é.xpé.riméntal results,
0.6 -0.199
St. R, = 0.025 Re

can be compared with the results obtained by previous workers.

Monrad and Pelton, R 16, found that for d,/dj, of 1.65 and

45 Se. R = 0,022y 7

where P = 0.87 (4, /d.g)o,ss

Substituting the value of the experimental, do/di, into this

expression gives,

g = 0.3 (2 Y52 = (257

b —0.
and . P\-G = 0.029 R °*

Wiegand and Baker, R 5/, proposed that over the range of

values of, do/di, between 1 and 10

\[) -‘:Ldo /dh)oq-s
thus for A /Ch. =2 ) P = {. 414

and g’t ?‘\' 0-tb = 00?)25 R@to.l

Thus the correlation obtained compared well with previous

correlations and could be expressed as,

-0.199 0.S3
0.b (do
S RO = 0.0MR Ry . ()
after the form of Monrad and Pelton, to extend its use to other

diameter ratios.

. —0-199 6.4S
or as %t . ?\rz . == 0 . 0\%3 er . QAO/AB

after the form of Wiegand and Baker, it being understood that it is
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limited in application to water .bhetween 20°C and 70°C which was the

rangé of bulk temperatures employed in the tests.
5.2 TWO-PHASE FLOW THROUGH A PLAIN ANNULUS

The results are presénted graphically, G 4.4 - 4.6, and
referring to, G 4.5, it can be noted that, although the area of
visible boiling is indicated, all wall temperatures are above
saturation temperature. The boiling process in its inception can
thus be said to be difficult to detect visually even with good
lighting and close scrutiny. The lineg for different values of mass
velocity merge when the boiling mechanism becomes dominant over the
forced convection mechanism, the wall temperature to the right of
this point is reducing slightly due to the increasing liquid and
vapour velocity forced by the generation of vapour.

The data of G 4.5 was re-used to plot G 4.6 showing Nu/Pro'4

against Reo's. Here the boiling mechanism appears as two regimes,
the first, represented by the lower portion of the cranked line haé
a slope which is similar to that for the single phase conditions, the
second regime has a very much steeper slope.

In the region of the first regime boiling is present but the
dominant mechanism of heat transfer is by forced convection. Above
thechohge in the slope, the dominant heat transfer mechanism is that
of mass exchange due to boiling. The lines can be represented by an
equation of the form, NU

Ps 04

where the value of C depends on whether the region is above or

- B Reu.8+ C

below the break point in the line, and on the mass flow rate. For
the case of single phase flow the value of C is constant for all

conditions.
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The method of correlating sub-cooled hoiling heat transfer
data for water flowing through a round pipe by an expréssion of a
similar form-has been used by Papell, R 4|, who gave the final form

as

12 0% 0.9
Mﬂoo/ R\ [ .ﬁﬁ_\?
vl v levse v

= % | 0.
Swce Nu%;: C Rlo & ¥

Nu el 0.

> - (:J \« u Y . e

It was thought that a comparison of the prediction of the Papell
correlation with the test results would be of interest.

The correlation developed by Papell by using dimensional
analysis to indicate the significant dimensionless groups had been
tested against a range of data on water provided by a number of
previous workers as well as his own experimental data.

The correlation is presented as a ratio of the experimental
sub-cooled boiling Nu and the calculated non-boiling Nu, given by

three dimensionless groups. The first group,

1
‘ar"%\!

which relates the volumetric rate of vapovization to the axial

h

fluid velocity was first used by Sterman, R 38, and substantiated

by Papell.
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was composed of the first term which was found empirically to
correct for the subcooling effect and the second term was used as a

multiplier to produce a non-dimensional group.

ﬁ 1.0%
Fr

was found to correct for the effect of pressure change.

The third term,

This correlation was chosen, in preference to a more
recently obtained correlation by Moles and Shaw, R §l), as it was
based entirely on data for water and had not needed to be widened to
accommodate other fluids. It was in fact fitted against some data
from ammonia with some success. The fact that the correlation was
produced for flow through a round pipe was not considered to preclude
its use for annular flow although some loss of accuracy may result.

All of the experimental data presented for the two-phase flow
through the annulus was taken at pressure level of 0.35 bar(gaugéx
(tS = 108.200) and at a constant heat flux, 515 kW/m2. Papell's

expression can therefore be simplified for this application.
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= KW We, = 1235 \J
S“h S1G WU | 9 ;\QQ
pq = 08 ey [t e = o0 g fud
Eo= be2c cy = 400 k‘S/\«bK
Nu bo SIS PRESS ‘1/0]% 1.0¥) 0.

= 10.0
Nu%o c{ 22035407 % N 4.7.?.&3-—'&; \CiBO

0]
& 5 0% L
N b = 0.025 Qe_o & 0(0.0(“ .

N, ,

Pr 0.4

l { 0-1
= 7.25 {0.2685.
v QQ

By first specifying the velocity, the value of 1\IL1,D'_J/P1.'0'£‘t can be..
evaluated for a range of bulk temperatures and a graph drawn for
comparison with the experimental results.

The comparison of the results predicted from the correlation
with the results obtained experimentally is shown, T 5.1,G 5.1, for
three values of mass velocity, 267, 770, and 1280 Kg/m%S. The c,\nm\cﬁe
in the s\ope: is shown by the predicted result and it is generally of
the same form as the experimental results but gives too high a value
of Nu/PrO'a, of the order of +207% at the c}mm& \l%ion‘ and the error

increases at higher values.
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Looking at the correlation it seems that in the first term
the vélocity in the denominator has a_fixéd singlé phase value
whereas in pracéicé thé valué would increasé due to the formation of
vapour. It seems that if a rélaﬁionship could be déveloped to
account for this velocity increasé the correlation would fit the data
more closély. Even as it stands the correlation is useful provided
that the bulk temperature of the fluid does not approach within 20 K

of the saturation temperature, and that . R&X- does not exceed 50,000.
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DATA USED IN PAPELL CORRELATION

Mass velocity = 1 280 kg/hza, Velocity = 1.33 m/s

T Re re0+8 b=ty u/prl 4
40 40 100 4 800 68.2 96
50 48 100 5 500 58.2 126
60 56 500 6 300 48.2 169
70 65 400 7 100 38.2 232
80 7450 7 900 8.2 344
90 84 100 8 600 18.2 520
100 93 600 9 300 8.2 1105

Yass velocity = 770 kg/hes s Velocity = 0.8 m/s

40 24 150 3 210 68.2 92
50 28 900 3 730 58.2 122
60 34 000 4 250 48.2 164
70 39 400 4 650 38.2 218
80 44 900 5 250 28.2 328
90 50 600 5 900 18.2 514
100 56 450 6 300 8.2 1080

Mass velocity = 1 280 kg/m°s, Velocity = 1.33 m/s

40 40 100 4 800 68.2 96
50 48 100 5 500 58.2 126
60 56 500 6 300 48.2 159
70 65 400 7 100 38.2 232
80 74 500 7 900 28.2 344
90 84 100 8 600 18.2 5P
100 93 600 9 300 8.2 1105

T5.1
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5.3 SINGLE AND TWO-PHASE FLOW THROUGH A STEPPED ANNULUS

Thé résults of ﬁhé éxpériméntal work.aré préséntéd as eight
graphs, four for fhé convérgént flow G 5.2 = G 5.5, and four for the
divergént flow G 5.6 — G 5.9. Each graph.répresénts a constant mass
flow raté of uatér.

The reduction of this information to one curve for convergent
flow and one curve for divergent flow would be a convenient way of
presenting the results.

For the single phase flow of water through a round pipe with
a step change in diameter, Ede, Hislop and Morris, R .1, attempted to

reduce their data to a single curve by using an N value where,

Ne = N R* Re?'%

for the case of flow through a straight pipe.
If the pipe contains a discontinuity in the flow area the
heat transfer coefficient and hence Nu will increase (or decrease)
of decrea’ .
as a result, and this increasejover the value for a plain pipe can be
accounted for by giving N an increased (or reduced) value. If the

experiments carried out at different flow velocities and

temperatures are to be reduced to one curve then the plot of,
Nu

“q = 0 0.
At R

should correlate the range of results.

oo ety e o
T TH £ %

s
)

 Ede, Rislop and Morris, were rot ablé to reduce their data to

a single curve by this method and they had to present their results

as & number of‘curves, each representing a different value of the

Re number. ~ C vvooooal & o % Wy
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PAPELL CORRELATION

In the éxpériméntal work described earlier the added
compléxity of sub—cooléd boiling was présént and any attémpt to
reduce the data to a single curve must rely on a sub-cooled boiling
heat transfér correlation. The two available correlations are that
of Papell, R4l, and that of Moles and Shaw, R Sp.

The correlation of Papell,

M . %x \f\;% 1.2 _‘%i; 1.o%\ 0.
Nu,, \‘Ca CREAS CEN F*

was simplified by giving values to the fixed parameters

T B0l W= 236 I/, S = 401 KTAK

Py =0T g Pp = qe0 kq/wd , = (0R.2'C

the variable parameters were, V m/s and t, °C N

{4

b

The correlation reduced to,

Nu | |
—DPk = )M -
Nuhbo 27 Voj ch__{:go.%%

Using the single phase correlation for the flow of water through an

annulus,

Nu s = 0.028 QG_OR R0'4

in combination with the Papell correlation gives,

0.

Re. P&O'(‘-
NEI e

If for each test, with twv’ts’ the experimentally evaluated

Nu, = 062

Nuexp is divided by the predicted Nubo, then for a straight annulus
the quotient should be unity and at a change of section the effect of
the disturbance to the flow pattern on the local heat transfer

coefficient will be shown by a departure from unity value of the



208

quotient. The dimensionless ratio can then he plotted against a

dimensionless axial distance expressed in equivalent diameters.

MOLES AND SHAW CORRELATION

The Moles and Shaw correlation,

My, 8.8 op | e\ (L% YA\
hhbo k el C? (ES—-E_Q S \\pﬁ Pu\[ 5 EF /

was simplified in the same manner as for the Papell correlation to

give,

b
¥\50-==: foQS? o \ l

.(jcs _tgu.s \‘on

The results from 6 5.2 = G 5.5, for convergent flow were used

for the analysis. The measured heat transfer coefficient two
equivalent diameters upsteam of the step convergence was taken in
each case and the value of the experimental Nu was calculated. This
value of Nu was compared with that value predicted by, the single
phase correlation, the Papell sub-cooled boiling correlation, and the
Moles and Shaw sub-cooled boiling correlation.

The results are tabled, T 5.2, for comparison, and it can be
seen that no sensible correlation exists to the accuracy required.
The experimental results are naturally higher than the predicted
single phase results since the heating tube wall surface temperature
was always greater than the saturation temperature. The Moles and
Shaw correlation gave a closer approach to the experimental values
than the Papell correlation but both gave excessively high values
at the higher values of water bulk temperature even though this

remained well below the saturation value.
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CORRELATION COLIPARISONS

°c  m/s Nu
tb i Re expt nbo boP bolIsS
9% 1,06 69 000 267 234 800 352
87 1.06 61 600 246 221 445 250
74 1.06 52 300 232 209 280 192
61.5 1.06 44 800 221 199 206 163
95 0.8 52 300 259 187 685 315
81.5 0.8 42 900 225 172 346 247
82 0.8 44 800 217 176 362 220
72 0.8 37 300 199 16l 251 174
66.5 0.8 35 500 191 159 221 167
102 0.53 37 000 280 135 12500 436
83.5 0.53 29 200 215 127 362 215
89.5 0.53 31 700 210 129 468 245
75 0.53 26 100 195 118 263 176
59  0.53 20 500 159 107 173 136
87 0.27 15 700 242 79 415 223
76 0.27 13 600 192 70 257 167
67 0.27 11 900 174 67 200 148

Nu, ye = 85 (‘f H) ( }\:{- tﬁ;‘(h fﬁ \Amm (‘-511)? T‘i_e

' T5.2
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The prohlém of finding a suitable correlation to enable the
variation of thé heat transfér coefficient to be p}otféd in
non—diménsional form as a singlé curvé fhus rémainéd unrésolvéd. A
simpler but practical altérnativé was to plot the variation in the
heat transfer coefficient as a ratio Yo its measured value in the
appropriate straight section of the annulus. This plot is presented
for convergent flow, G 5.10 and G 5.11, and also for divergent flow,
G 5.12 and G 5.13.

From these plots it can be seen that the effect at a
discontinuity is always smaller and of shorter length duration for

two-phase flow than for single phase flow.

EFFECT OF CONVERGENCE

The effect of a convergence is to increase the heat transfer
coefficient in the exit region of the large diameter section but the
heat transfer coefficient in the small diameter section is reduced
over the entry length. This contrasts with the effect of a convergence
in a round pipe, G 2.1. The colour schlieren photographs P 4.36~.38
give an indication of the closing up of the flow pattern immediately
upstream of the convergence and this increasing velocity would account
for the increasing heat transfer coefficient in this region. Just
downstream of the convergence there is a small drop in the heat
transfer coefficient before it begins to rise to the value
appropriate to the smaller diameter annulus, and looking at, P 4.37,
it can be seen that in this regién the boundary layer is disfinctly

different, appearing thicker and less turbulent, It would Beem. th&t
1". :

o

élthe flow is given a strong component radially inwards at tha changa .

.....

| b ;in section .and that thip’ inward directed flow is forcing hot fluid,
| f" .
'- 'hich haa juat 1eft the bounda:y 1ayor upstream, back onto the

T haating surface and thus reducing the heat transfer from the surface .

-

..1 ﬁat thia point, - due to .the reduced temperature - diffarence, j - tgﬁJi
: = Er oo ¥ waie e .

.

Y
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With boiling present, P 4.38, it can be clearly seen that the
convérgéncé of thé.floW'séction producés.only slight changé in the
appéarancé of the boundary 1ayér and this is corroborated by the plot
of thé héaﬁ transfér coéfficiént variation, G 5.10, %héré the éfféct
of thé convergéncé with boiling presént is only half of the effect with

single phase flow.

EFFECT OF DIVERGENCE

For a divergence in the flow section the heat transfer
coéfficiént maintains its value for approximately two equivalent
diameters then following a slight increase it falls gradually to the
steady value appropriate to the large diameter annulus. The flow
visufization photographs, P 4.27-.29, taken to support the heat
transfer measurements, show a band of recirculating flow occupying
approximately two equivalent diameters immediately downstream of the
divergence. It is this recirculating flow which could account for
the maintaining value,,and improvement, of the heat transfer
coefficient in this region. In the photographs of the boiling heat
transfer, P 4.14 and P 4.19, it can be seen that for two equivalent
diameters downstream of the step the velocity effect carries over
from the smaller diameter annulus. The colour schlieren photographs,
P 4.34 and P 4.35, and the black and white schlieren photograph P 4.31,
confirm that in this region there is no perceptible change in the

heat transfer process.

PRESSURE DROP
The variation in the static pressure was carefully measured
along the axis of the annulus in the region of the step change in

section, G 4.12, G 4.19, for single phase conditions without heating.
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For the convérging.séctions thﬁré.was a fall in pressure
to Ehé véna - contracta, 4 mm (0.6 dé?a doun.stréam of the stép
followéd by a préssuré récovéry ovér ﬁhé néxt 22 mm"3.5 dé). The
diamétér of thé vénﬂ-contracta was calculatéd as 0.985 of thé annulus
bore diameter. There was no obvious detailed relationship between the
heat transfer variation and the pressure variation.

For the divergence the static pressure continued to fall for
almost two equivalent diameters downstream of the step before making a
slow récovery. This was entirely in agreement with the variation in
the heat transfer coefficient and with the boundary layer patfern
shown in the schlieren photographs.

For both convergent and divergent sections the static pressure
variation followed the same pattern of variation over the range of

flow velocities used in the tests.

5.4 SINGLE AND TWO-PHASE SWIRL FLOW THROUGH AN ANNULUS

In making these tests it was appreciated that the effect of
swirl in an annulus with heated internal wall will be detrimental to
the heat transfer process for the same reason that swirl improves the
heat transfer coefficient when used with liquid flowing through a
heated tube, RS9, R, R bl and R (2.

With boiling swirl flow in a tube the increased bouyancy of
the vapour bubbles causes them to migrate into the cooler core of the
liquid and there they condense more rapidly, which can reduce the
pressure drop as well as increase the heat transfer coefficient. At
higher heat fluxes the swirl tends to maintain stable annular flow

and raises the burn—out point.
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o

C Re
87 6 ¢00 - 20 000
76 13 600 — 17 400
67 11 900 -~ 14 900

0.27 /1.02 m/s

0
d 10 20
? 3 3 e 3 M l L 1 L "y
¥ { — -1
o
!
OC | )
87 l
!
!
76
!
_ |
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VARTATION OF THE SINGLE-PHASE HEAT TRANSFER COEFFICIENT
ALONG THE AXIS OF THE ANNULUS

G5.2
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%6 Re
102.0 37 000 - 47 300
83.5 29 900 - 37 300
89.5 31 700 - 39 800
75.0 26 100 - 34 200
59.0 20 500 - 26 800
0.53 / 2.04 m/s
=
0
? :dé i ' l . 2?

VARTATION OF THE SINGLE-PHASE HEAT TRANSFER COEFFICIENT

ALONG THE AXIS OF THE ANNULUS

G 53
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20

15

10

%

95.0
8l.5
82.0
T72.0
66.5

Re

52 300 - 66 000
42 900 - 54 100
44 800 - 56 000
37 300 - 48 500
35 500 - 45 400

0.8 / 3.06 m/s

VARTATION OF THE SINGLE PHASE HEAT TRANSFER COEFFICIENT

ALONG THE AXIS OF THE ANNULUS

G 5.4
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°c Re
97.0 69 100 - 87 700
87.0 61 600 - 79 T00
74 .0 52 300 - 66 600
61.5 44 800 - 56 600
20 | 1.06 / 4.08 m/s
2 %
e ‘
kW
m2K
10 —
5 b=

VARIATION OF THE SINGLE PHASE-HEAT TRANSFER COEFFICIENT
AIONG THE AXIS OF THE ANNULUS

G55

216




25

217

P
°c Re
94,0 21 200 - 16 800
85.6 19 300 - 15 300
20 71.5 16 200 - 12 900
~ © 62,7 14 300 - 11 200
kW 1.02 / 0.27 m/s
m2K
15 L
19 50 0 . 5 0 a4
S —— — ﬁ
l »
l94.0
—19' l

VARTATION OF THE SINGLE-PHASE HEAT TRANSFER COEFFICIENT
ALONG THE AXIS OF THE ANNULUS

G556
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%] Re
104.8 48 500 -~ 37 300
98.2 45 400 - 35 500
86.0 38 600 -~ 29 900
60.6 27 400 - 22 400
20 2.04 / 0.53 m/s
B 0
10 15 5 10 d
r; :_ L 1 i i ? ! L i 1 | H 8 H
v I L] -

VARIATION OF THE SINGLE-PHASE HEAT TRANSFER COEFFICIENT
ALONG THE AXIS OF THE ANNULUS

G5%
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C Re

103 70 300 - 56 000

81 54 100 — 42 900

° 68.2 46 700 - 37 300
57 38 600 - 29 900

3-06 / 0-8 m/B

10

VARTATION OF THE SINGLE-PHASE HEAT TRANSFER COEFFICIENT
AIONG THE AXIS OF THE ANNDLUS

658
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30 -
°c
S
°C Re
96 87 700 - 69 100
s 76 68 500 - 54 100
2"' 63 57 900 - 44 800
7
4.08 /1,06 m/s
"‘--.__ g
20
A ;
15
kW
mzK

.10

VARTATION OF THE SINGLE-PHASE HEAT TRANSFER COEFFICIENT

ALONG THE AXIS OF THE ANNULUS

(5.9
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If the région_of incipient hoiling is considéreda then swirl
flow in an annulus could havé thé éffécﬁ of promoting.nucléaté boiling
at a lowér fluid ﬁulk.témpéraéuré.ﬁécausé thé.radial accélération
givén to the liquid will inhibit the mass transfer of hot 1liquid from
the boundary 1ayér to the bulk of thé liquid. If this is so then
because of the agitation of the boundary layer due to the boiling
process the effect could be an increased heat transfer coefficient
without the penalty of an increased pressure drop. The effect would
still be to reduce the heat transfer coefficient at higher heat
fluxes and the burn-out point would be lowered, so that it must be
clear that the effect was looked for only in the incipient boiling

region.

TEST RESULTS

The test results were first plotted as, the heating tube wall
temperature against water bulk temperature for a range of flow rates,
G 4.22-.25. The graphs showed that the effect of the swirl was to
increase the tube wall temperature for a given water bulk temperature
and visible boiling was seen to occur at lower water bulk temperatures
when swirl was present.

A cross plot was taken from these graphs, G 4.25,.showing
heating tube wall temperature against mass velocity for a number of
water bulk temperatures. It can be seen that at high flow rates the
swirl makes little difference to the tube wall temperature but as the
flow reduces then the swirl adversely affects the heat transfer and
then with a further reduction in flow rate the effect reduces until
at 700 kg/mzs and tb=60°C it gives a slight advantage over straight
flow. Following this, with swirl flow, the wall temperature rises
rapidly to the constant level for developed boiling.

0.4 0.8

A plot of Nu/Pr against Re ", G 4.26-.28, showed no

significant difference between the swirl, and straight flow.



PHOTOGRAPHS

Photographs were taken of the swirl flow in 'Test 3' with the
water velocity at 1.3 m/s, P 4.24-.26, G 4.25, they clearly show that
boiling dévélops along a narrow track in the centre of the flow area
and that this finé céntral track of bubbles broadens as thé bulk
temperaturé increases. This is contrary to what might have been
expected, in that the central area would have a higher velocity and
thus be the least favourable site for boiling to develop. The
direction of flow at the heating tube surface is clearly aligned to
the inner helix angle and the time exposure shows no circumferential
dispersal of the vapour bubbles which would indicate that circulation
currents normal to the main flow are not present. The localized
boiling could occur because of a band of hotter fluid or of lower
pressure fluid and additional experimental data would be needed to

go beyond a speculative reason for this.

PRESSURE DROP

Although the effect of swirl on the heat transfer coefficient
is small, the effect on the pressure drop is substantial. Comparing
the axial pressure traverses taken along the annulus axis, G 4.29-.31
fbr straight, single turn helix, and double turn helix, the pressure

drops are in the ratio, 1:2:4, respectively.

5.5 FLOW VISUALIZATION
BUBBLES

The use of flow visualization methods was very helpful in
understanding the behaviour of the fluid at changes in section. With
boiling present the vapour bubbles themselves provided markers to

trace the flow pattern but the size of the bubbles was dependent on
the boiling conditions. With air injected into the water flow, the

bubble size and number could be controlled to give the best detailed

flow picture, P 4.27-.29.
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SCHLIEREN

The use of a schliérén.oPtical systém gavé support in studying
the behavious of the boundary layer. With black and white the system
was véry sénsiﬁivé, P 4.30-.31, and films with véry fast emulsion
spééds are availablé to record the flow picturé. The colour system
has a decidéd advantage over black and white in that as well as
indicating density changes between one macroscopic area and an adjacent
area it will indicate the comparison between more widely separated
areas. Thus in P 4.33 the hot fluid from the boundary layer is shown
to retain its identity in the cooler bulk fluid for some time. With
still photography the movement of the fluid is judged by inference
from the photograph and to get full advantage from the system cin&
photography is needed. With the colour film emulsion speeds now
available, 500 ASA, and taking int; account that for the movement of
the fluid to be 'frozen', longer exposure times than the 5 us used in

these tests would be quite satisfactory, cwé s Leaseble .

5.6 FLOW OSCILLATIONS

At test conditions which approached the water saturation
temperature, flow oscillations could develop to such a magnitude as
to make data recording impossible. Flow oscillations also occurred
with high heat fluxes in conjunction with large values of subcooling
but these were less violent and could be passed through by making
quite small adjustments to the test conditionms.

An improvement would be gained by using a positive
displacement pump which as previous workers have shown, R 37

provides a 'hard inlet' condition.

e

o g
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5.7 METASTABLE CONDITIONS

Dépc.:ndi.ng on whether the heat flux was increased.to reach the
opéraﬁing 1évé1, or réducéd to thﬁ opérating 1&&&1, and on how long
thé boiling procéss had béén opéraiing, thé stablé staté in the
boiling proaéss can havé differént paramétérs. This hystérésis effect
has been réportéd by a number of workers eg.R 63, R 47. It does seem
that if the test conditions are held constant for a period of time
then a stable state will be reached as the hysteresis effect disappears.

It is also possible for a small change in system parameters
to precipitate the change from one mode of boiling to another, in
G 5.7, with the water at 104.800, at the step, there is an obvious
change in the heat transfer mechanism at 8.5 de downstream of the
expansion. In G 5.3, one curve, 75°C at the step, can overtake a
higher curve, 89.5°C at the step.

In obtaining test results it was invariably necessary to
overshoot, *5K, the final position while adjusting the cooling water
to get a steady operating condition. After achieving a steady state
operating condition the rig would be held at this condition for at
least 45 minutes to verify that it had indeed stabilised and in the
test which followed it would take approximately 90 minutes to
complete a temperature traverse, during which time any departure from
the settled position would have been noted. Experimentally it was not
possible to do any more than this although a control system could be
designed to be slightly overdamped and it would thus always control
the test rig to approach a new operating point from a higher level

(or lower level).

ot 2
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In considering the effect on the results, some tests wérs:a_
re-zpeat:e.d after an interval of five weeks and gave identical values,
which gives confidence but a more thorough approach of repeating

approach

all tests at identical conditions would be preferred. The ability

to do this must depend on the introduction of automatic control to the

test rig.




CONCLUSIONS
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The accurate measurement of the temperature of the

heating surface and of the fluid bulk is extremely important.

When flow oscillations were encountered they prevented
the accurate measurement of the opérating conditions and
restricted the range of the boiling tests. The flow
oscillations encountered in this work were observed visually and
in severe cases the test was abandoned because of dangerous
vibrations in the test rig. The impdler flow meter working
over a five second period of summation had too long a time

constant to indicate the presence of flow oscillations.

Data for the single phase flow of water through an
annulus, 19.05/38.1 mm ID., with heat transfer from the inner

surface only can be correlated by the equation,
St Pt = 0.025 Re M
The presently available correlations for subcooled boiling heat
transfer give predictions which are of the right order but
compare only approximately with data for water at low pressure,
particularly as conditions approach saturated boiling. Since
no system exists to classify commercial heating surfaces on the
basis of their boiling performance, this important parameter
remains unspecified in some boiling correlations, except as a
constant for a particular metal with a stated finish, and for

others not at all.
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The effect of step discontinuities in the flow
section of an annulus can be uséfully plotted as variations in
the local heat transfer coefficient compared with the heat
transfer coefficient in a plain annulus. Subcooled boiling
data correlations are not available with an accuracy sufficient
to permit the experimental data to be reduced to one non-

dimensional curve.

As fluid conditions vary from single phase to two phase

the effect of the step discontinuity progressively reduces.

In these experiments the use of swirl flow in an annulus
with an inner heated wall did not improve the heat transfer
coefficient (for radial accelerations up to 1 g.) but introduced

a pressure drop penalty.

Flow Visualization by vapour bubbles/air bubbles is a

useful aid in understanding the nature of a fluid flow pattern.

Schlieren optical systems can give a useful understanding
of the behaviour of a heated boundary layer., With a black
and white system the difference between turbulent and laminar
flow can be easily detected, P 4.30 and P. 4.31, and the general
flow pattern visualized. By using colour the information
produced is greatly enhanced, the local fluid temperatures can
be estimated and the easy indentification of the hot and cold
éléments of the fluid, P 4.37, give a more detailed

visualization of the convective heat transfer process. Since




photographic emulsions for colour are less sensitive than
those for black and white, the colour system needs a more
powerful light source if photographic recording is used,
The light source can become a limiting factor if a high speed

camera is used for recording the image.
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APFENTIX 1

OPTICAL LISTORTION DUE T0 THE LENS EFFECT OF THE

WATER FILLED ANNULUS

ball diameters ——-———-————- — 3, and 4.5 mm
Heating element diameter ———————= 19.1 mm

Glass tube inside and outsilie dia.-38 and 4% mm



AFFENDIX 2

5 February 1971
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9 May 1973

SURFACE PKOFILE OF THE HEATING ELEMENT MEASUKED EEFORE
AND AFTER THE TESTS (Talysurf)

The lower irace may be considered to be relevant to
all of the tests, and shows by the upward spikes that
some deposit has been laid on the heating surface
during the initial commissioning period when the

surface discolouration was observed to form.
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AFPELLIX 3

KSOLUTICL OF 1THk LIGITAL VOLILETek-=DATA LOGGEK SYSTLE USED
70 KuCORD THk THoHMOCOUFL: OUTERUTS

The normal four figure reazd-out of the LVt gave tens,
units, tenths, and bundredhs of millivolts, but with a w<
facility this sensitivity was doubled so that the last digit

moved in steps of 5 microvolts.

True VVL indication Leduced Error (mV)
value

mV X 1 x2 of x2 x 1 x2
1.40¢ 1.40 2.80 1.400 0 0
1.401 1.40 2.80 1.400 -0.001 -0.001
1.402 1.40 2.30 1.400 -0.002 -0.0C2
1.403 1.40 z.81 1.405 -0.003 +(0.002
1.404 1.40 2.81 1.405 ~0.004 +C.001
1.405 1.41 2.81 1.405 +0.005 0
1.406 1.41 2.81 1.405 +0.004 -(.001
1.407 1.41 2.81 1.405 +0.003 -0.0C2
1.408 1.41 2.82 1.410 +0.002 +0.002

The x2 millivolts facility was used to give a maximum
error in the read-out of =¥0.002 mV , when used with Ch/Al
thermocouples this was equivalent to a temperature error of

0.05°C.
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CALCULATION CF 1HE ThiPuRATURE DROP ACROSS THE HEATING STHIP

fluid/heater adiabatic

surface surface
B P
= &1 = 0 o
}1: k ¢ L~
2t 2
|~

A 9\—1—-& +® =0

D K o

wen  x=0, 15=0 ®=0 | E
L

2 fluid i il

t o M_.\. C.=0 -
K 2 ﬁ ”

- Q —

K 2

2 r \2
Wes - ‘O(QLQ ;
At = L .22 L 3

2% k

= b.8 mm o= 0% pQm =l 2 e

At = S T I

% R M |

-2

5.5 x 1 % T

€ogs for a current measured at 90 amps.

At = 05278 0" = 4.27°C
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APFPENDIX 5
CALCULATION COF TH& TELPKHATURE DROP ACROSS THE HRATILG TURE
Assumptions,
No heat transfer across the inner surface
Heat flow purely radial
Uniform heat generation across the section

Censtant conductivity of the tube metal

%2\: heat generated in tube metal [ W/wd]
qji = Beat into clement = W (v'= %) Y (W/w]
Qo = heat out of element = T (& +de) - 1) cﬁ i“f““]
qu= mean heat flow throu¢h element
= 0.8 (il" +—Cb°)

= o_g{%i({z__nz*_gi_g.-a‘- *—d\-"-—t‘;_z)
= C),é]\ Ows (Z{"' ._,71 *LL ~ {-\‘d§>
= rc{m ({-1--*%' . +d‘t>

a4t
e coadudiin; 4= KB TP

koo (& ,‘_% %&; =—Kch b‘_*fu-fMB
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dc = Q¢ (vav —a2 é?)
2k 5
L - 9@(1‘ A +c)
L\ 2
L=0 = 4 C-’Q‘-E\\ATL——E
) ) 2
R T, m)
K 2 s L1
The 0.4, 0TS W \YS Sb&‘i , 0.5 w \ouM&I
2600 N .
%QI_A'(G:\A.A oyea = b%,l}.{Q_L g—“«‘l
Qvu_. ‘ol = 07 KPQ/\\.I
Rastshance = 07¢ 0.5, 0 _ S.iRina]
0% 682
Powes ((€17) = SR 200 - 20.52 (kW)
\{U\ b pashed ~ 0.5 «(R2 xN‘-L: 34-‘1\0‘-’. S-__"‘;i]
P«&a—u/m}&uw&_ = O.BMKLG“ {\"\/W‘x]
+f = ((3-2..1‘“ ‘L‘s.dxtﬁgY = T G Twe|
K = \¢.b WwmX
C = ¥

n ()

= (0001 x @D« 688 ° | 54
\&

= )R.25°C

o\v\e( ALYy Wt 4(»\9. m\\



AFPELDIX 6

The following programme calculates by forward prediction the
temperature profile of the outer surface from the imposed

temperature trotfile on the inner

surface which is given an axial
temperature gradient
equal to the maximum
experimental

value

inner wal
profile

outer wail
jprorile

ThiiFrkATUNKY PROFILES IL THE WALl OF A hOUNU iUHL

Adiabatic inner surface, Internal heat generation in the tute

wall, varying heat transfer coefficient on the cooled outer
surface.

23%



239

LUBAICAL LiLIHOD 10 SOLVe »TrADLY STaTE CONDUCTION, halIal &WD
AXTAL, THROUGH A nCUMD TUBR wITH INTmHNAL HeAT GhlriATION

FIELD POINT 1 wI v 9=224; T=72,\1

Qo+ 0y +Q, v Qe+ Q=0

% 2 Ay (k)
Az,

— k. dnesdy) de (ki)
ar

Lx R1(G3) - k;;‘“ - Ra(x) - ‘SQ:{;AE‘_%

< R\ (T_\(‘c‘ 4.\:3__ 'ch,,} + R2 (1—:3(& fhs ¥ QZL‘LX tﬁf&“\

rea () =0
AU I et f&_\(“ﬂ(’lhvbrt_,‘\-\—\‘;&LIB(tb-EQ—-*RQ(IB
R2(T)

o 33 ) () R (20m )
~TEv, D=l D) + R(DH (TG, T)
(3, )= eq (=) / R2(x
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FIALD FOINT 2 T=l ., T=2,12

Th W casa. b=k, =T(T+\,IB:"‘\'(2JT_3

e (L, Te) = (LT + (BiE) e 200 (0 1)
Y v R Dt )
— RQ(=)) /r2 (@

FIELD FOINT 3 T=2s , L=2,\7

Tw it cosm k-, (1) - Tlee, o)

2. T(’zg)tq\ - —v(v_s,1>+((2\(t\*?_.s
»(tlas, T - T (24,1Y) + R2(x ) »
(s, D) =T ls, =) - ra (@) R2 (T

FILLD POINT 4 TL '_"_.5.

T=1 T=2,24

Quoot Qrot Rug* B = O

—¥K . 2xt é{ Q‘:u"t‘\
A2,
—oeoe (e BYag (o) | e der & ()
A

ar -
+ qﬁ_'htb_i d“é,—O

Az,
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et R4(T) = kb‘ii____ﬁ__i&

Loos RUE) haty- 26) + RALE Y5k,
+ 08 RQ (’\:} = 0

t,=k, 4 OS LQ\(&:\L‘?&O—&‘—\:Q *QQ(‘JB}
R4 ()

= T(‘&,z} = ’\'CS, \\ + 0S n(Q\(\B*
(20 o (7, = (T, ) =73,
— e ())/Ra (1.

FIELD POINT 5

T-1,T=0\

Tu ti Cots t\;—hz:”((”&\}x\_——((z,\\

e, (0,2 = T(\,\\ v 0.5 RV 20w (T
— (2, ) —ea())/ ra(y)

FILLD POINT 6 =0, T=|

Tu My cae b=k, ='T(T~\)r) =T (24, )
e TV(2s, z> - (2s,\) 4—0.5*(&\(\34 2.0 %
sy —Taa ) - Ra ()[4 1)

= Tles,)-0s- @) [Ra(1)
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Ru(1) = R(Y) +05x DR ww.
Qb(l) = Rd (t*\} + DR wwm T=2,\2
R(T) = D (E)— DR ww T -2,

R(T) = T « R(T) » VR /(D2 # Wpxx2) Kk T=1,12
R2 () = T QY(T)* P2 [(DRetose2) KW , T=2,12
R ()= T« R(D)»bz [HR = 0xr2) kW[ , T=2,12
Ra (V) = Tww RB() €Dz /(b‘aum“g) WX

RO(T) = OGx= R(T)= DR«DZ /10++q kW T=1,12

DATA, this probability function was teken 1o represent
a typical form of temperature profile.

T = 0.0k KW[wK | Q& = 320000.0 W [w
RQ\) = €.33 Wwwm ,BZF— 2.0 wawm ,\bQ = 0.0 wwm

T, = wes0cc
R = Aipa (\os.o/\oo.o} /5100.0

N\ LT,\) = 7(4, \)/E\QP(%*((‘&Q; b%}m-Z)

3 =2\
_\‘(—S,\\ = 0o'C T =\1,18

0S4
°c

RRoRARILTY CONCTION
eyl -z
= he 2 _ oz e

(v,v) (s,1) ,,ﬁs_'\_i 160
: 4 ’

20 waw \8 wawa




FLOW CHART FOR STEADY STATE CONDUCTION THROUGH CYLINDRICAL TUEE WITH INTERNAL HEAT GENERATION
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Vo<
00135
uou
vove
vous
unue
Uoos
vove
vovr
vouvs
uouy

voar
001

uni1e
V]
U0l
0015
vo1e
VoY
V018
001y
Voeu
0oen

upee
uoes
upéa

voes
Uoee
voer
uody
uocYy
0osu
uost
V05<c
upss
uose
voss>
00se
L
ULEY
vosy
Vosn
unsl
Unad
UD&s
U0k
[P S
Uneod
unars
yoen
uoay
vosu
unsI
Vo5<

END Uf

uoos

SEGMENT,

COMPLL

TRACE 1
READ FROM (CR)
TRACE 2
MASTER .
C NUMERICAL METHOD TO SOLVE STEADY=STATE CONDUCTION (RADIAL AND ATK 100
L AXTAL) THROUGM CYLINDRICAL TUBE WITH INTERNAL HEAT CENERATIOM ATK 2f
DIMENSION RC12),RD(12),R1¢12)Y,R2(12).,R3¢12) RAC12),T(25,15),0LC12YATY 30
WRITE(2,1) ATK 4UD
1 FORMAT(1H1,20X,7BHSTEADY=STATE CONDUCTION THROUGH CYLINDRICAL TUREATK S0u
1 WITH INTERNAL HEAT GENERATION) AT K00
WRITE(2,2) ATK 700
¢ FORMAT(IHO 45X, 2BNTEMPERATURES AT WNODAL POINTS) ATK BUO
READ(1,3)TKQG,R(1),DZ,DR ATK 600
3 FORMAT(5F0.0) ATK 1000
RD(1)=R(1)+0,5«DR ATK 1100
DzZ3=anz+*1000,0 ATe 1150
DR3=DR*1000,0 . ATK 1160
R1(1)=TK#R(1)«DR/D23 Atk 1200
R4(T)=TK#RD(1)#D2/DR3 ATK 1300
AR(1)=QG+R(1)=DR*DZ2/1,0E © Atk 1400
DO 4 122,12 ATk 1500
PDCI)=RD(I=1)+DR ATk 1400
R(I)=RD(1)=DR ATKE 1700
e1(I)=TK«R(I)wDR/DZ?3 ATk 1800
P2(I)=TK«RDCI)*D2Z/DR3 ATK 1600
R3(1)=TK#R(I)%D2/DRZ ATK 200
& RQCI)=QGeR(I)«DR*DZ/1.0F @ ATk 2101
T(Y,1)3105.0 ATE 2201
B=AL0OG(105,0/100,0)/900,0 ATk 230
DO 5 J=Z,16 ATe 2401
5 Td s 1)ET (I 1)/EXP(Be((J=1)*DZ)*%2) ATk 2501
PO 6 J=17,25 ATK 2401
6 T(J.1)=100,0 Atk 2704
T 2)BTC101)#0.5%(RICI)*2,0%(T(1,1)=T(2,1))=RQAC1))/RL(Y) ATK 2BUI
T(25,2)eT(25,1)=0,5+R0C1)Y/R4L(T) Atk 290
DO 7 J=2,24 ATK 3001
£ T(Ie2)8TLde1)e0.50(RICII*(2.0%T(J e 1)=T( s 1)=T(d=1,1))=RQC1))/R&(ATK 37014
11) ATk 3201
nO 8 122,12 ATK 3301
DO B J=2,26 ATic 3400
TCU T1)mTCY p1)SCRICT)I*2,0%(T( 1, I)=T(2, 1) )4R3(DI (T, [D=TC1,1=12)ATK 350:
T=RQ(I))/R2(1) ATK 350
T 141 =Tl DI+ (RICII«(2.00T(J 1) =T(J#4,1)=T(Jat, 11)4RICII LTI, TATK 37
M) =T(J,I=1))=ROCIII/R2(T) Atk 3800
8 T(25.1+1)aT(25, 1)+ (RI(1)#2,0%(T(25,1)=T(24,1))+RICII*(T(25,1)1=Ti(25A1¢ 300y
1.1=1))=R0OCI))/R2(T) ATk 4000
WRITE(2,9)€(TCJ, 1), 01=1,13),J=1,25) ATK &Y
Y FORMAT(/,13F9.3) ATK L2201
WRITE(2,10)TK,06,R(1)>.D?,DR ATK 430
AT L&D
10 FORMAT(1HO»SX, 4HTY =,F6.3.5X,64HQG =,F9.9,5X, 17HINTERNAL RANIUS =,FATK &350
15,2¢5XK4HDZ ®,06,1,5%X,60DR =,F6,1) ATk 4601
ST0P ATK 470 )
END A"x ‘.-'U\_.’
3 ; 3 N
LENGTH 739, NAME NONM ~
~
FINISH ATK 4900
10N = _NO_ERRORS ___ bl R e sttt e L L



102, DU
106, 4y
106.%09%
104,795
104,136
106.63¢
104, 8¢
105,590
105,253
105,172
10,748
10¢,£81
101,772
101.422
100.631
100.000
100,000
100, 100
100,500
100,500
100,00
10v. 00
10V, 400
100, 00
10v, .0u

TK =

106,901
104,878
104,810
104,690
104,557
104,335
104,084
103,791
105,454
105,072
10¢,648
102,18
101,675
101,124
100,531
99,900
99,901
99,901
99,901
99,901
99,901
99,901
99,001
99.901
99,901

0,016

STEADY=STATE CONDUCTION THROUGH CYLINDRICAL TUBE WITH

104,605
104 s8¢
106 514
104 40y
104 241
106,037
105,788
103 495
105,158
102,777
102,353
101,886
101,377
1¢0,827
100,236
99,602
99,605
99,605
99,605
Y9 .605
99 605
99 .605
9G 608
¥9.605

Yo ., 605

104,115
104,092
104,024
103,910
103,751
103,547
103,299
1u3.005
102.668
102, 287
101,863
101.39s
100.887
100.337
09 746
99.108
995115
99,115
90.115§
99.115
29 115§
€6.1158
€e 115
99 115

“9 115

Q¢ = 32u000,0

103,433
103.41°
103,342
103, 229
103.070
102.866
102.617
102.324
101.986
101,605
101.181
100,714
100.205
99,655
99.064
98.620
98,433
98,432
98,4322
98 432
98, 43,
98,632
QR L3,
98,432

98,6432

TEMPERATURES AT NODAL POINTS

1n2 562
12,539
12,671
102, 357
102,198
101,994
int, 745
101, bs2
101.115
100,734
100, 309
99,842
99,334
08,783
98,193
97.561
07,560
97,560
97,560
97,560
97,560
©7.560
97,560
e7.560

97,560

101,502
101 4A0
101 411
101,298
101.13¢0
100.93S
100,684
100.393
100.U55
99 67¢
99.250
98.78%
98.274
97.724
97.133
96.472
96,501
96.50n
96.500
96,500
96,500
96.5040
96,500
96 Sar

946,500

INTERNAL RADIUS = 8, 33

100,257
100,234
100,164
160,052
49,8013
GO, 6RY
009, 441
99.147
98,811
98,420
8,005
97.53%8
97.029
06,479
95.838
95.216
95.255
95.2%%&
65,2584
65,25¢
95,254
95.256
95.25¢4
£5.254

05,254

pz = 2.0

INTEQNAL HEAT

08, R28 Y7 /16
98.508 U B LY
QK. 737 97,125
QR 675 o7, 12
QR,4Lhl U, R8T
98.260 96.0L0
98,011 CT AT
97.718 94.107
97.38 95.769
96,969 95 tH8
96,575 QL. 0hL
96,108 Q4,497
95,599 93.988
95,049 93,438
04,659 92,8L8
93.774 92,143
93.825 92213
93, R24 92,212
92,324 92.212
aw.mmr 92.212
93,1324 92,212
93,824 92,712
92,5324 92.212
93 ,R24 92.212
93, K24 9é.212
DR = 0.4

Gr NERATI NN

g
94,8587
9u,b iR
94,35 5%
93.977
95, 504
93,172
92.70%
92.19¢
91.646
91.057
eQ0.340
90.4621
90,410
Qu, 410
Qu.u9
Qu,61%
.62
Fe.4
90.419

Q0.4 9

C-u.urr

ve,

1,624
¢1,2n01
Q0,715
90.225
A9 .,475
89.087
AR, X5
AB,LSN
- A
a8 bkLn
RE,LLA
A8,4io
Ad,bed
A8, Lun

B Lin

e

LY

86.

Re .,

Es .

R0,

Lk 4

JAL

e

-~
i

7y
w90
97
A8y
«?78

nse

fae
S99
99

Q9
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AT
12.693

“

AU

12. 61!
13. %14
3. 617
13104
13.4061

-
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