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PREFACE

This thesis contains an account ¢f research work carried
out by the author at the Scottish Universities Research and
Reactor Centre at East Kilbride, Scotland. The subject of
the research was an investigation into the critical or limiting
heat flux phenomenon under pool boiling and confined boiling
conditions. This phenomenon is of interest in the field of
Nuclear Reactor Technology because it is a phenomenon that can
limit the maximum power output of liquid cooled nuclear reactors.

The research reported is divided into two sections, Part I
dealing with the critical heat flux phenomenon for horizontally
mounted heater specimen under pocl boiling conditions and
Part Il dealing with the critical or limiting heat flux phen-
omenon for vertically mounted specimen under pool boiling
and confined boiling conditions.

In Part I both the rig and the heater assemblies were
designed and commissioned by the author who also built the rig
with Technician and Workshop assistance. The rig was oper-
ated by the author with Technician assistance and the experi-
mental results were obtained by the author. The analysis,
discussion and presentation of the results in Part I is due to
the author and where these results are compared to other
researchers work due recognition is given by an appropriate
reference to the researcher involved.

In Part II the rig and annuli heater assemblies were
designed and commissioned by the author. The rig was also
built by the author with Technician assistance. All the
experimental results reported were obtained by the author
with Technician assistance. Analysis, discussion and presen-
tation of the results is due to the author. The theory devel-
oped in this part of the thesis is also mainly due to the
author and where the author has drawn on the work of others
this has been duly acknowledged in the text.

The results of the horizontal pool boiling investigation
reported in Part I tend to support the critical heat flux
model due to Zuber (17,18) and to show that this model is still
applicable to results obtained under vacuum conditions. How-
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ever the results also show some limitations to this 'hydro-
dynamic' model in the sense that reduced heat fluxes were
obtained as the heater tube wall thickness was reduced and
also for heaters with contaminated surfaces. Neither of
these effects are predicted by the Zuber model although the
recent approach to this problem due to Ouwerkerk (13) could
form a basis for taking account of the wall thicknesé effect.
The results of the vertical heater-annular geometry in-
vestigation reported in Part II of this thesis have been
successfully correlated and compared with the predictions of
the theoretical model developed. Both the results for sat-
urated liquid entry and for subcooled liquid entry to the
annulus have been found to be compatible with the theoretical

model predictions.
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1. GENERAL INTRODUCTION

The research reported in this thesis is divided into two
parts, Part I dealing with the critical heat flux phenomenon
for horizontally mounted heater specimen under pool boiling
conditions, and Part II dealing with the critical or limiting
heat flux phenomencn for vertically mounted specimen under
pool boiling and confined boiling conditions.

One of the objects of the investigation reported in Part I
was to check that the rig and its associated instrumentation
was working satisfactorily by confirming other experimenters
results. However initial results from the rig, obtained at
atmospheric pressure, did not agree with those reported by
other workers, The author traced this disagreement ultimately
to a combination of effects. These effects were due to the
dependance of the critical heat flux for horizontal cylindrical
stainless steel heaters upon (a) the heater diameter, (b) the
heater wall thickness (c) the heater and rig cleanliness‘and
(d) the rig water quality. Effects (2) and (b) led the author
to the excellent papers of Benarth (1),’Kutatelédze et al (3) ,
and Sun et al (9), all of whom dealt with the heater diameter
effect and in the case of Benarth (1) also briefly with the
effect of heater wall thickness. Héwever the heater wall
thickness effect on the critical heat flux is generally not
well investigated or documented. Effects (c) and (d) generally
gave rise to reduced and inconsistent critical heat flux
~values (see Part I Appendix). Effect (b) could give rise to
reduced critical heat flux values relative to those due to
solid cylinders. Therefore after allowing for effects (a? and
(b) and eliminating effects (c) and (d) the author obtained
reéults, at atmospheric pressure, which were consistent with
the results of other investigators. Thus having proved the
rig at atmospheric pressure, and developed suitable rig and
specimen cleaning procedures and settled on the use of double
distilled water (conductivity <.1.5}Lmh°) which was renewed
after each specimen had been completely tested the author
undertook the investigation the results of which are reported
in Part I. In this investigation, heater diameter and heater
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tube wall thickness effects upon the critical heat flux were
investigated at atmospheric pressure and under vacuum conditions
for both saturated and subcooled pool conditions. The heaters
used were stainless steel and were mounted horizontally. The
experimental results obtained confirmed the accuracy of the

rig and its associated instrumentation when results obtained
were directly comparable to those of other investigators.
Further they confirmed the importance of rig and specimen
cleanliness in obtaining reproducibility of results (see Part

I - Appendix). The reéuits of this test programme further
substantia11§ extended the range of experimental critical heat
flux results available (i.e. under vacuum conditions with
heater tube diameter and wall thickness variation) for compar-
ison with the theory of Zuber and the Zuber based-theory of

Sun et al (9) and in general the comparison confirmed the
validity of ihese theories over the extended range investigated.
However it is pointed out that the observed effect of, tube
wall thickness reduction and of heater surface contamination,
causing reduced critical heat fluxes, is not predicted by
either of these two theories. However the wall thickness
effect could be taken as some evidence in support of the

recent critical heat flux model due to Ouwerkerk (13) which
does predict the heater tube wall thickness as a relevant para-
meter.

Now the critical heat flux is a very important parameter’
with self heated heaters in boiling systems because in such
systems at the critical heat flux cpndition the local heat
transfer coefficient is substantially reduced. Since for
self heated heaters the local hea* generation rate continues
unabated, then the heater temperature must rise markedly to
maintain heat removal. In most practical situations the
heater temperature necessary is above the heater material
melting temperature and thus heater failure ensuess.  Further,
in the. field of nuclear reactors, melting of an area of fuel
would release highly toxic radioactive fission products into
the coolant stream and possibly from there to the outer environ-

ment depending on the extent of the accident. So apart from



local element melting, there is this additional reason for
enswing that no fuel surface in a liquid cooled nuclear
reactor should be allowed to operate at the critical heat flux.
In boiling water reactors, boiling occurs in the reactor core
under normal operating ccnditions. In other reactor types
such as pressurized water reactors, water cooled research
reactors, or liquid metal cocoled reactors, under normal oper-
ation conditions, only single phase liquid heat transfer con-
ditions apply, However, for such reactors, examination of
the effects of possible accident conditions must be undertaken,
for example, loss of pressure, coolant circulating pump failure,
or a blocked coolant channel. Under these conditions boiling
could occur in reactors that normally operate only with single
phase liquid heat transfer. In order to design and operate
liquid cooled nuclear reactors safely it is necessary to be
able to predict the critical heat flux level within the reactor
core and to know the parameters upon which the critical heat
flux depends both for normal operation and for possible fault
conditions, This normally entails prediction of the critical
heat flux for forced and/or natural circulation‘(parallel or
counter flow) two phase flow within reactor coolant channels
of different sizes and geometries.

Now several theories predicting the critical heat flux
for forced flow in channels are built on the critical heat
flux predictions for pool boiling, (Ivey et.al (2)), that is
the summation of a pool boiling term and a forced flow term.
The results obtained in Part I therefore tend to confirm the
applicability over an extended range of the models due to
Zuber and due to Sun et.al and therefore to increase conficence
in the correctness of their basic assumptions. However some
of the experimental results obtained, namely those with (a)
heater tube wall thickness variation, and (b) with heater )
surface contamination, tend to cast some doubt on whether
an entirely hydrodynamic theory whose critical mechanism depends
on conditions some distance away from the heater surface is

sufficient for all practical situations. From a practical
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point of view both effects (a) and (b) are important because
they both produce reduced critical heat flux values. It is
therefore particularly important with water cooled reactors

to keep fuel elements free from contaminants. Particular care
should therefore be taken with water cooled research reactors
where the fuel elements are removed from and returned to the
core at frequent intervals.

In Part II of this thesis the critical heat flux investi-
gation is extended to pool and confined geometry boiling for
vertically mounted heater specimen. For the confined boiling
Situation the vertically mounted cylindrical heater was surrounded
by a glass tube that therefore formed an outer adiabatic surface
of an annulus assembly. This annulus assembly was sealed at
its base so that vapour formed in boiling left the annulus at
its top inopposition to the replacement water - a countercurrent
two phase flow system or open thermosyphon. Both the heater
diameter and the annulus outer diameter were varied under
atmospheric pressure and vacuum conditions for both subcooled
and saturated liquid entry. Now as the annulus ocuter diameter
is increased then an upper limit critical heat flux value will
be attained which will be the pool boiling value for a verti-
cally mounted heater specimen.

Now such an annulus geometry that is sealed at its base
produces a physical situation which could be similar to that
occurring when a liguid cooled nuclear reactor fuel element
channel with upward coolant flow becomes blocked, by some
foreign body, at its base. Under such circumstances a two
phase countercurrent flow system could be set up and the
channel ~ritical heat flux could be significantly reduced
below the "normal operation" value. Therefore for an annular
geometry fuel channel the presented experimental results could
give a measure of the expected critical heat flux value and
how this valﬁe could vary with annulus geometry. Further the
dimensionless parameters, developed from the theoretical model
presented, and used successfully by the author in correlating
the experimental results could be of use to future investigators
in this field of work.
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It is further possible that the results of this work
could find some application in the field of closed thermo-
syphons and possibly in the field of heat pipes although here
the heat pipe wick is a complicating factor whose effect clearly
requires extensive investigation. Now whereas in a thermo-~
syphon the liquid return force is due to gravity and therefore
such devices must be gravity orientated to function, the heat
pipe liquid return force is due to capilliary or surface tension
forces and therefore such .a device has the advantage of
variable orientation in use. These relatively new devices
that can be used for cooling electronic and other suitable
heat generating devices can work internally under vacuum con-
ditions when the heat transfer occurs at relatively low temper-
atures (below 100°C when using water). Now with a thermo-
syphon one of the modes of failure to transmit all the heat
input while keeping the heat generating device at a safe oper-
ating temperature is the Wreakdown of the water film -~ a similar
physical situation to that investigated both experimentally and
theoretically i; Part 1I of this thesis.



PART I

HORIZONTAL HEATER PLACEMENT UNDER
POOL BOILING CONDITIONS



2.0.0.

NOMENCLATURE
PART I
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NOMENCLATURE -~ PART 1
dimensionless radius parameter, (0.89 + 2.27 exp (-3.44 / Rl))

specific heat of liquid

gravitational acceleration

A

C

g

h heat transfer coefficient

h heat transfer coeff,t. for film boiling

h heat transfer coeff,t. for nucleate boiling
h

enthalpy of vaporization

(Pf .o*.a)*
I induced convection scale parameter, | —/—
K thermal conductivity of liquid /Jf

K thermal conductiviiy of vapour

K thermal conductivity of solid

L heater characteristic length 3

gle.~p.)
L1 heater dimensionless length, L. ( -—§%7f%—>

£ 7 o
N jnduced convection buoyancy parameter —
/*2f g(Pf féz
Biot modulus, h.t

K
s

-4

pressure

critical heat flux

critical heat flux given by 1.123. A.q.
radius of solid cylinder or outer radius of tube

o 0 T

3
g.(e.-p,)
1 dimensionless radius, R("‘S;_fgﬁ)

S critical half length of dry area
t tube wall thickness or radius of solid cylinder
. .

w

boiling f£ilm thickness

g
T maximum surface temperature for liquid contact
To saturation temperature
£>Ts pool subcooling
z A'rs‘p'°‘638

£
1 C £

Greek Symbols
e density
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surface tension

viscosity

é surface bubble contact angle

Sﬁbscripts

£ liquid

g vapour

o) heater with R1>1.O (large surface) and zero pool subcooling

®.s heater with R¥>1.o (large.surfacei and with zero or finite
pool subcooling _ i

d heater with R%)O.IS and zero pool subcooling

d.s heater with R¥>0.13 and zero or finite pool subcooling

1 large flat surface heater (Zuber theory applies) and
zero pool subcooling )

l.s large flat surface heater (Zuber theory applies) and

-

zero or finite pool subcooling
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3.0.0.

INTRODUCTTIGN AND
LITERATURE SURVEY
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INTRODUCTION AND LITERATURE:- SURVEY

The critical heat flux phenoneron under pool boiling con-~
ditions has been investigated by many researchers over the
last two decades, the major driving force being the development
of water cooled and liquid metal cooled nuclear reactors.
Interest in boiling under vacuum conditions arises in fields
such as water desalination and more recently in thermosyphons
and heat pipes. The relative simplicity of the pool boiling
experiment using electrically driven cylindrical heaters makes
it an attractive system experimentally. However because of
the complexity of the critical heat flux phenomenon a complete
understanding of the mechanism has not yet been attained -
however much progress has been made. ‘

An early and significant paper was that due to Benarth
(1), which reviewed all the information that was then avail-
able. He also 'pointed the way' to many subsequent research
programmes, for example, the effect of test section parameters
on the critical heat flux (2), the effect of heater orient-
ation (3,4), and the effect of heater material (5). Some
workers ha&e carried out their experiments using Eubular
heaters (5,6), some have used solid rods (4,7) and some have
used mixtures of both (2). ’

The effect of heater diameter on the saturated critical
heat flux under atmospheric pool boiling conditions in water
was recognised by McAdams et al (8). Further Benarth (1)
modified the McAdams curve in light of further results. ”
Benarth (1) also drew attention to the effect of heater tube
wall thickness on the critical heat flux and to the similar-
ity between the critical heat flux curves with heater dia-
meter variation and with heater wall thickness variation at
constant diameter.

Kutateladze et al (3) reported an investigation of the
critical heat flux under saturated pool boiling conditions
in which both horizontal and vertical heater placement were

investigated with heater diameter variation. To the authors
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knowledge these were the first investigators to report that
for saturated pool boiling the ratio of the critical heat
flux in vertical placement to that in horizontal placement
was a function of heater diameter and that for heater dia-
meters greater than 3 m.m. this ratio was unity. These
authors also used the dimensionless correlating parameter
called 'Webers Criterion'. Webers Criterion is, in fact, a
heater dimensionless diameter and is twice the dimensionless
radius (Rl) as used recenfly by Sun et al (9).

Kutateladze et al (0) reported an extensive investigation
in which the heater diameter was varied for variables of work-
ing fluid, system pressure, and sub-cooling under pool boiling
conditions. They used solid cylindrical heaters for all their
tests with the exceptions of one tube and one flat strip heater.
They successfully correlated their results with the aid of
the heater dimensionless diameter (Webers Criterion). However
to give absolute values to their results it is necessary to
know the value of the saturated critical heat flux for 'large'
heaters for the ranges they covered. No values are given
explicitly in their paper.

Van Stralen et al (4) investigated the critical heat
flux for pure liquids and‘mixtures under various conditions
for pool boiling and clearly show that the slope of the crit-
ical heat flux-pool temperature characteristic is a function
of the heater diameter. Further the heaters (Platinum Wires)
were rotated from horizontal to vertical placement and crit-
ical heat flux measurements made at these extremes and at
intermediate angles. The ratio of the saturated critical
heat flux in vertical placement to that with the heater in
horizontal placement is reported as 0.72 for the wire dia-
meter range covered.

Ponter et al (6) reported critical heat flux values for
saturated and subcooled pool boiling of water, at atmospheric
and reduced pressures for a stainless steel tubular heater

(5.85 m.m. O0.D. by 0.38 m.m. wall thickness) in horizontal
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placement. Their saturated boiling results under vacuum
agreed with the 'Zuber' critical heat flux model but their
subcooled results differed from the 'Zuber' model predictions
by up to 20% at 100 torr. pressure. They successfully corr-

elated all their results with the following equation:

-0.474

1

where p is in torr. andﬁTs is in oC

Sun et al (9) recently reported critical heat fluxes for
a range of, cylin&rical heaters, gravities, pressures, and
liquids for pool boiling conditions and horizontal heater place-
ment, They also used a modified 'Zuber' approach together
with an experimental determination of the vapour blanket thick-
ness around the heater to produce a critical heat flux model
for saturated pool boiling in horizontal placement. This
model correlated experimental critical heat flux values to
about + 20% for a heater dimensionless radius (Rl) greater
than 0.15. ’

Borishanski (11) and more recently Lienhard et al (12)
investigated the effect on the critical heat flux for flat
plate heaters of induced secondary flows due to liquid vis-
cosity effects. To account for this effect which was small
in Borishanski's case, Borishanski introduced the parameter
'N' which Lienhard et al (12) later called the 'indu¢ed-
convection buoyancy parameter'. Lienhard et al (12) also
introduced the induced-convection scale parameter’', ;I', as
an alternative to 'N°'. 'I' has the advantage, when investi-
gating systems in which the heater size is important, because
it contains a heater characteristic length.

Recently Ouwerkerk (13), based partly on the earlier work
of Semaria et al (14) on calefaction spots on heater walls,
proposed a new mechanism to explain the critical heat flux
phenomenon. This mechanism depends on the instability of

dry spot formation on a heater surface, and thus, unlike the
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Zuber model, depends on the heater material properties.
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4‘0'0.

MODELS OF CRITICAL CONDITION
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MODELS COF CRITICAL CONDITION

Descriptions of the physical mechanism that causes the
critical heat flux phenomenon have been offered by (13), (15),
(16) and (17, 18), ' )

" Rohsenow et al (15) imagined the critical condition being
caused by the heater sufface bubble population becoming so

large that adjaceni bubbles touched each other thus causing
film boiling to occur.

Deissler (16) imagined the critical condition to be caused

by bubbles from a‘nucleation site running into each other this
mutual interference retarding the motion of the departing bub-
bles and thus causing film boiling to occur.

Zuber et al (17,18) imagined the critical condition to be
due to vapour columns that rise from the heater surface near
to the critical heat flux condition causing a retardation of

the incoming liquid.- This effect becomes worse with heat

flux increase until finally the system becomes hydrodynamically

unstable, the heater is starved of liquid and the boiling re-
gime changes to film boiling. This is, in effect, a 'flood-
ing' model and is the most widely developed of all the models
described, The mathematical development of this model to
large flat surfaces for both saturated and subcooled pool
conditions is given in (19). The following equations 2 and 3
are obtained directly or 1ﬁdirect1§ from (19). For satur-
ated conditions the critical heat flux ii gi&en by

q, = 0.13L.h,_ @ (d°g'(e§ '_P_g)_) 2

g8 fb

For subcooled pool conditions, thc critical heat flux is given
by the following equation obtained by combining equations (25)
and (27) of (19). ’

3 2 g
Us 5.32 3(840s - Pg)) ( Pe A AT
/ql - 1.0 *P:—'hfg (@g-c K- ( = RO

Now we can rearrange equation 3 and express it in the

3

s
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following form:

o
1s _ ~1 -
< /ql 1 )'15Ts £(p) 4

We can therefore considerably simplify equation 3 for the
present experimental situation by inserting the fluid prop-
erties for water over the pressure range of interest (760 torr,

to 150 torr.) and performing a log-log plot of:

q -
( 1S/ - 1).AT 1 against p
ql 5

Such a plot gives us £(p) = 3.59. p

The much simplified form of the Zuber equation, equation
3, therefore becomes

q, 3.59.AT_

lg, = 1 0.638 >
1 P

S

with p expressed in torr

and ATS expressed in °C
Equation 5 is similar in form to equation 1 as developed by
Ponter et al (6).

Equations 2, 3 or 5 apply to large flat plate heaters.
Recently Sun et al (9) extended the 'Zuber' model to hori-
zontal cylindrical heaters under saturated pool boiling con-
ditions. The resulting equation (which depended on the ex-
perimental determination of the heater vapour blanket thick-
ness) gave the saturated critical heat flux in terms of the
Zuber flat plate value and the heater dimensionless radius

(Rl) as follows:

q . 1
d, . 0.89 + 2.27 exp (-3.44 J R") 6
q, .
1
Equation 6 is applicable for values of R* greater than 0.15.
. Ouwerkerk (13) recently proposed a critical heat flux

model based on the instability of dry patches which were ob-
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served to occur on a heated surface before the critical heat
flux was attained. He observed that these dry areas formed
and collapsed on the heater surface until at the critical
heat flux condition one such dry area suddenly grew to cover
the entire heating surface. This different 'dry patch'’
behaviour was explained by considering the conduction of heat
along the heater, Ouwerkerk (13) showed that for such a dry
patch to be in equilibrium on a heater wire at a given heat
flux then it must have a critical length of 2.82. The crit-

ical heat flux, q, and the critical length, 2.Sf, were shown
to be related by

% q )
h (T -T -°/h.) 2.h
£ c. 2 £ = e tanh ( 3 ) . S*

K R £
h g(T - -/n) S.
n c o n’

-1

It was pointed out that this equilibrium was unstable -
a dry region larger than 2.S; would grow, a smaller region
would disappear. Reference to 7 shows that the critical heat
flux is a function of the heater wire radihs, R, and the
heater wire thermal conductivity, K . If the original differ-
ential equations presented by (13) are solved for the case of
a tubular heater then the result is the same as equation 7 ex-
cept that R is replaced by t.(2 - t/R) where t is the tube
wall thickness and R the tube outside'radius. It is there-
fore seen that for a set of tubes of differing wall thickness,
but all of the same outside radius and the same material that
the critical heat flux q, will be a function of the tube wall
thickness, t, i.e. .

q = £ (¢t) 8
Thus this critical heat flux model is able to predict the crit-
ical heat flux as a function of tube wall thickness for a
series of tubes of the same outside radius and material - as
was found experimentally by the author and reported in Figs.
12, 14 and 15, The 'Zuber' model does not predict such a

depeﬁdence.
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DIMENSIONAL ANALYSIS APPLIED TO CRITICAL SITUATION

Lienhard et al (20) applied dimensional analysis to the
problem of saturated poél boiling from horizontal ribbon
heaters. They made the initial assumption that

q = f (pf, Pg’ hf.g’d’ L, g,/.(fz 9
and by applying the Pi theorem they reduced these initial

eight variables to four independent dimensionless groups to

obtain

\
q 1 Og
/ = £ (L, I, / 1 +'°/ ) 10
4 Cs-

Further Sun et al (9) extended 10 by including the sur-
face bubble contact angle: Qc, and applied the relationship
to cylindrical heaters by changing the characteristic dimens-
ion from L, the heater strip width, to R, the cylindrical

radius as follows

q 1 e '
d g
/q - f (R y I, V/r; + /ef, Gc) 11

'e 9) -

The addition of the bubble contact angle Gc as a possible
dimensionless variable is a recognition of the fact that under
certain circumstances the critical heat flux may be dependent
upon heater surface properties.

Apart from possible heater surface effects on the crit-
ical heat flux there is the possibility of heater material
effects. For instance Benarth (1) drew attention to the
effect of heater tube wall thickneés on the critical heat
flux, He suggested that the critical heat flux would start
to fall below the 'thick' wall heater value when the Biot M>dulus
(NB - 2420 fell below a certain value. It is seen that
based on this suggestion the critical heat flux would be
dependent on the thermal conductivity of the heater material.

As noted by Benarth by interpreting the heat transfer coeff~
icient h, as Kg/tg, then for a given heater material - fluid

¢combination, the Biot Modulus can be interpreted as the ratio

of the heater tube wall thickness to the boiling film thickness.
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It follows that when the boiling film thickness is small
compared with the heater wall thickness (large NB) then fluct-
uations in the boiling film thickness will produce only minor
fluctuations in the heater conditions (temperature and heat
flux output). However when the situation is reversed (small
NB) the fluétuations produced in the heater conditions will be
much larger,

As noted earlier Ouwerkerk (13) has proposed a critical
heat flux model in which the critical heat flux is dependent
upon a Biot Modulus of the following form:

2.h *
£ (sf)2

K .R
s
This is the first model that predicts a critical heat

12

flux dependence upon heater material.

It will therefore be assumed that for horizontally mounted
cylindrical type heaters that the ratio of the critical heat
flux to that predicted by the 'Zuber' model for large flat
plates is at least a function of the following

q ’ 1 / e \ ¥ 2
d.s g h:(S,)
/q1 . = f{R , I, 1+ /ef’ Gg, £ f 13

. t
Kst(z- /Rz

Referring to equation 13
\
(a) 1 + eg/ef is negligible for most practical

situations since ef » ?g'

(b) the induced convection scale parameter, I, which
depends‘on liquid viscosity effects has not been found to be
a relevant parameter for small cylindrical type heater assem--
blies by previous investigators, except perhaps in the satuvr-
ation boiling region. This parameter will therefore be
omitted,

(c) for experiments ih which the heater material is un-
changed for all heater cylinders tested and in which the heat
transfer surface is treated and cleaned in a similar manner

for all specimen then material thermal conductivity, Ke» and

the contact angle Ge, can be omitted.
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Therefore modifying equation 13 according to (a), (b)
and (c) above, which is equivalent to the present experimental

situation then it follows that
/ = f @R, t) 14

provided that all heater outer radius effects can be absorbed
in Rl. Equation 14 forms the basis of the correlating schenes

used later (see section 7).

-
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LASCRIPTION COF EXPERIMENT

6.1.0 Experimental Rig

The critical heat flux rig is shown diagramatically in
Fig. 1 and photographically in Fig. 2. It consists of a
spherically bottomed glass boiling cell 30 cm, in diameter
and 37 cm. high which contains the distilled water (conduct-
iVitY<:2-5/u.mho), the heater specimen, aluminium conductors,
aluminium cooliné and condenser coils, a stirrer, a separate
stainless steel heater coil, and.stainless steel sheathed,

Moz insulated, Ch.-Al. thermocouples. All these items were
mounted (Figs. 3 and 4) via a stainless steel, teflon lined,
tufnol top which formed the vacuum seal to the boiling cell.
There were also connections to the vacuum system pumping unit
and a Mercury manometer.

The electrical power supply to the specimen was obtained
from an autotransformer-rectifier set which was capable of
delivering up to 2000 amp. D.C. at 12 volts. The power vari-
ation was continuous, was controlled remotely at the experi-
ment and could be tripped by a hand operated trip switch mounted
at the experiment. To determine the power dissipated in the
spe¢imen the current and specimen voltage drop were measured,
using a variable scale dual channel pen recorder, To deter-
mine the specimen current, the voltage drop across an accurately
calibrated shunt was used to drive one channel of the pen recor-
der. The specimen voltage drop was taken from tappings at
either end cf the specimen and recorded on the second channel
of the pen recorder. The ability to change scales on the pen
recorders allowed heater specimen of largely differing cross
Sections to be easily accommodated.

Vacuum was produced in the boiling cell by means of two
water jet pumps working in parallel and driven by a centri-
fugal pump. This system eliminated the possibility of con-
taminants entering the boiling cell from the vacuum system.
Rig vacuum was measured by Mercury manometer inconjunction

with a Barometer.
The pool temperature was determined by two Ch.-Al. thermo-
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couples (using an ice point cold junction) mounted 2 cm, above
the specimen and 7.5 cm to each side of the specimen. The
outputs from these thermocouples were taken through a rotary
switch to a digital voltmeter capable of resolving signals
down to one microvolt.

The electrical supply to the separate one kilowatt stain-
less steel water heater was taken from the normal 230 volt A.C.

supply via an autotransformer that reduced the voltage to
120 volts, ‘

6.2.0 Heater Specimen

The heater specimen were made of stainless steel and were
either tubes or solid rods. The complete range of sizes used
is given in Fig. 5.

Two different types of heater specimen end connections
were used in this series of tests. In the first method
(Fig. 6 - Method A, Fig. 7) the stainless steel specimen was
brazed via brass couplings into stainless steel end pieces to
which the voltage tappings were attached. The brass couplings
were designed so that reduced heating occurred over 6.35 m.m.
of the specimen at each end (Fig. 8). This prevented prem-
ature 'burn-out' occuring close to the specimen ends due to
modified flow pattern effects. Specimen working lengths
were generally in the region of 12.5 cm. although shorter
lengths were occasionally used.

The second type of heater specimen end connectlon used
(Fig. 6 - Method B, Fig. 9) which was only applicable to low
power solid specimen was to tightly clamp the specimen at
each end between aluminium clamping plates. Provided special
care was taken over the clamping procedure,end effects were
eliminated,and thus 'burn-out' positions were random along the
specimen length. Voltage taps were taken either from the
clamping nut nearest to the specimen or from aluminium wire
clamped between the clamping plates.

In all cases the error in the voltage measurements, caused
by not having the voltage taps exactly at each end of the spec-
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imen, was determined by separate heater calibration tests.
In these tests a monitored current was passed through the
specimen and voltage drop measurements made, using a digital
voltmeter, across the voltage tappings and then across the
specimen working length. From these readings the voltage
difference was determined and was never found to be greater
than 4% and in the majority of cases it was less than 1.5%.
Correction factors were applied to all measurements on this
basis., '

The heat transfer area was then calculated for the speci-
men and combined with the voltage correction factor to enable
the critical heat flux to be determined directly from the

current and voltage measurements made during actual testing.

6.3.,0 Boiling Cell Assembly
Before the heater specimen was bolted across the rig in-

put conductors it was rubbed clean in a random manner with a
fine emery cloth and then thoroughly washed in acetone, The
wettability of the heater surface was tested by running water
from a tap along its surface. With experience it was poss-
ible, by this technique, to confirm that the heater surface
was completely wettable. The heater was then rinsed in ace-
tone, dried and assembled between the rig electrical conduct-
ors.

The glass vessel was filled with distilled water, whose
conductivity was normally less than 1.5/Amho and never greater
than 2.5 pmho and the specimen assembly lowered into position.
Electrical power, cooling water supply, vacuum, thermocouple
and instrument connections were then made to complete the
assembly, For saturated boiling critical heat flux runs
under vacuum the water level was approximately 7.6 cm. above
the specimen. For subcooled boiling critical heat flux
runs:the water level was approximately 19 cm. above the

specimen,

6.4.0 Experimental Technigue
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Initially the specimen, and the rig services were checked
out by boiling the specimen for approximately five minutes.
The thermocouples were checked for consistency by comparing
their readings -~ these were always identical., At intervals
during the research programme the current shunts were checked
for accuracy and were always found to be correct. Rig in-
strumentation was regularly checked for accuracy.

A typical test run for saturated boiling conditions under
vacuum will now be described. The pool water temperature was
raised initially to boiling point at atmospheric pressure and
some check critical heat flux values obtained at atmospheric
pressure, The water was then cooled to the required temper;

ature and power applied to the specimen until it was boiling
with a heat flux of approximately 80% of its anticipated

critical value, The vacuum system was then brought onto line
and the system brought to saturation conditions. This vacuum
was noted and the pool water temperature indicated on the
digital voltmeter was checked against the pool saturation
temperature corresponding to the operating pressure. The
difference between these temperatures was always very smail.
The power to the specimen was then increased in small steps
until finally the critical condition was attained, indicated
by the specimen becoming red hot locally. At this point,
the system vacuum was noted, the power supply tripped to pre-
vent specimen destruction and the pool temperature recorded.
Specimen current and voltage drop values were noted from their
respective channel of the dual channel pen recorder, Normally
the specimen was undamaged apart from a local discolouration
(Fig. 10). Subsequent excursions into the film boiling
region still occurred at different random positions on the
heater surface. The pool water was then further cooled and
the above procedure repeated until the range of the vacuum
system was covered. Check points were then obtained with
the pool temperature increasing and then again with the pool
temperature decreasing.

For subcooled critical heat flux determination under



- 28 -

vacuum, the required system vacuum was preset by means of an
adjustable leak into the vacuum exit line, and the pool tem-
perature adjusted to the required value by the heater/coocler
system, The power to the heater was then set at approxi-
mately 80k of the anticipated critical value and the system
allowed to reach steady conditions. Before increasing the
power level in step increments the pool was agitated to bring
the whole pool to a uniform temperature. The heater power
level was then increased in small increments until the criti-
cal condition wasg attained, indicated by the heater glowing
red hot locally, At this point the system vacuum was noted,
the power supply tripped and the pool temperature noted. The
heater current and voltage drop were taken off the dual channel
pen recorder. Runs at atmospheric pressure were as described
above except, of course, that the vacuum system was not used.
Most experimental runs were made starting with a low pobl
temperature and endihg at approximately 100°C apart from check
points taken while the pool was being recooled.

For the specimen tested under vacuum, as well as at atmos-
pheric pressure, runs were made at system pressures of 150 torr,
and 350 torr. These system pressures corresponded to press-
ures at the specimen level of 165 torr. and 365 torr. When
heater specimen were such that they required large electrical
power, water was passed through the cooling coils to hold down
the consequential rise in pool temperature.

Many of the test results reported have been repeated with
recleaned specimen and new water charges. When a specimen
Wwas irreparably damaged and a replacement made the previous
results were always reproducible. However this repeatability
 was only attained after tightly controlling the cleaness of
the specimen and the boiling system together with the distilled
water quality. The distilled water quality was maintained
by replacing the vessel water after each specimen had been
completely tested. Normally the conductivity of the distilled

vater used was less than 1.5 /—L.mho.
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CORRELATION SCHEME

Kutateladze et al (10) correlated all their saturated and

subcooled critical heat flﬁx results for atmospheric and higher
pressures, for the range of R1 covered approximately by the
present set of experiments by using a relationship (see Fig. 19)

-

of the following form

9.s -

Both qd s and q1 S are to be taken at the same pool subcooling.

Sun et al (9) correlated their saturated only critical

heat flux results for a similar range (0.15 £ Rl) to about

+ 20% by a less general but similar relationship‘(see Fig. 19).

q

1l
b = 2, @) 16

q 2 .

1l
They determined fz (Rl) by a semitheoretical approach as
1 1

fz (R7) = 0.89 + 2.27 exp (-3.44 AJ/f;_B = A 17

-

Now equation 15 is much more general than equation 16 in
that it contains all the subcooled results as well as the sat-

urated boiling results. It is therefore of interest to ex-
press the graphical correlation of (10) over the range of R
of interest in a mathematical form equivalent to 17. A good
fit to the results of (10) over an approximately equivalent
range of R! is given by

-

/ o1
fl (Rl) = 1.0 + 2,27 exp (-3.44 R™) 18

-

Implied in this relationship is that the critical heat flux
for large surfaces (q 4o ©f (10))is the same as q, _.» the
'Zuber' critical heat flux for large flat surfaces. That
this is so tends to be substantiated by the water results
quoted in Fig. 2 of (10).

Now returning to equation 14 and applying it to solid
cylindrical heaters and 'thick' walled tubular heaters only,

so that the dependence on wall thickness 't' vanishes then

q
d.s/ - . f (Rl) 19
q1.s -
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Equation 19 is the same form as used by Kutateladze et al (10)

i.e., equation 15,
From equation 5

ql.s = oaq (1 «+ 3.59.22

where 2 = A’I‘S.p“o‘638

« +« combining 19 and 20 and rearranging

qd.s

1 + 3.59.2
/q

-

1
The author found that the vast majority of the present
experimental results could be correlated by taking
£ ®RY) = 1.123.a
Defining qi = q; 1.123.4
Now combining 22, 23 and 24 then

qd.s/
q

2 @Y

1 = 1 4+ 3.59.2
1-

Equation 25 is shown drawn through the present experi-

mental results (thin walled and 'thick' walled heaters) on

20

21

22

23
24

25

Fig. 17. It is seen that the vast majority of these fesults

are predicted by equation 25 to within + 20%.
Equation 19 can be further simplified when the heater

1
cylindrical radius is such that R > 1.0 approximately. For

this situation the heater can be considered equivalent to a
‘large' surface to which the 'Zuber' model should apply.

«'+ equation 19 becomes

00 .S
/q
1l.s
if Zuber model applies

= Const = 1.0

+*+« combining 20 and 26 then
-8, = 1 + 3.59.Z

Equation 27 is shown drawn through the present 'large'

26

27

surface heater results (thin walled and 'thick' walled heaters)

on Fig. 16.

For a set of tubular heaters with the same outside dia-

meter (leu constant) but differing wall thickness then

-



equation 14 reduces to

d.s, = £(t) 28
ql.s -
When Rl'2=1.0, that is,the heater constitutes a large

surface, and for saturation boiling conditions when the devi-

ation from the solid cylinder results was found to be most
significant then equation 28 reduces to
@
/ = £(t) 29
ql i .
Fig. 14 shows the present experimental results plotted as
' 1

'qoo' against 't' for constant heater radius (R~ constant

P 1
and R™ > 1,0) together with the results of Ponter et al (6).
Fig. 15 shows the results of Fig. 14 plotted in the form

lq []
oo/ against 't°’,

1,
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RESULTS AND CCMMENTS

8.1.0. General

Because a large number of graphs would be needed to
present all the raw data used the author has elected to pre-
sent data in tabular form - Fig. 5.

Fig. 11 shows a typical set of critical heat flux results
for one heater specimen (6.35 m.m. O0.D. by 0.56 m.m. wall
thickness) over the complete vacuum range for saturated and
subcooled'pool conditions.. The saturated boiling results
were obtained with a specimen immersion of approximately 7.6
cm and the subcooled results with a specimen immersion of
approximately 19 cm. Generally saturated boiling results
have been obtained for a range of specimen (Fig. 5) over a
system pressure range of atmosphefic to approximatély 150 torr.
Subcooled results have been obtained over a maximum subcooled
range of 60°c (at atmospheric pressure) and for system pressures
of atmospheric, 350 torr. and 150 torr. Not all specimen were

tested under vacuum conditions.

8.2.0., Saturated Boiligg Conditions

Fig. 12 shows the critical heat flux results obtained
under saturated boiling conditions for a pressure range of
atmospheric to 150 torr. for 'large' surface ﬁeaters (R1 > 1.0)
all with an outside diameter of 6.35 m.m. These heaters con-
sisted of a solid rod, and three tubes each with a different
wall thickness. As the outside diameter of all these heaters
was constant, and only the wall thickness varied it follows
that the wall thickness has an effect upon the saturated criti-
cal heat flux and that this effect extends into the low press-
ure region.

Fig. 13 shows the critical heat flux results obtained
under saturated boiling conditions for a pressure range of
atmospheric to 150 torr. for 'smaller' surface heaters (R¥(
1.0). It is seen that the critical heat flux varies with
heater diameter and that this effect also extends into the

low pressure region.
Fig. 14 presents, for three pressures, atmospheric,

365 torr. and 165 torr. the results presented in Fig. 12 cross
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plotted to show how the critical heat flux varies with heater
wall thickness. Also shown are the critical heat flux values
predicted by the 'Zuber' model (equation 2) together wit h the
experimental results of Ponter et al (6) for a stainless steel
tubular heater 5.85 m,m. 0.D. by 0.38 m.m. wall thickness
operating under similar experimental conditions,

Fig. 15 attempts to consolidate the three independent
curves plotted on Fig. 14 into a single curve by plotting the
critical heat flux ratio Olo/ against the heater tube wall
thickness ‘'t°', Also shown ogl

results due to Ponter et al (6). The equation of the mean

this curve are the experimental

line drawn through the points,'which has the same form as
that given in equation 29, is

q

°°/q - 1.36 - 0.55 exp (~1.42.t) 30
1 -

t is in millimetres

8.3.0 Subcooled Boiling Conditions
8.3.1 R1> 1.0

Fig. 16 is a plot of the mean experimental saturated and
subcooled critical heat flux results, under atmospheric and
vacuum conditions, for 'large' surface heaters (R1 > 1.0)
against the 'Zuber' parameter 'Z'. Both thin walled and thick
galled heater results are included. The form of the plot is

<8,  against 2 and drawn through the points is equation 27
which id the critical heat flux equation (due to Zuber) applic-
able to large flat surfaces. Only a selection of values are
plotted, not to overload the diagram, however, the author has
included the values that diverge furthest from the line de-
fined by equation 27. It is seen that the agreement with
equation 27 is quite good except in the saturated boiling
region where the maximum divergence is 50% for a solid speci-

men boiling at a pressure of 165 torr.

8.3.2 0.13< RY< 1.3
Fig. 17 is a plot of the mean experimental critical heat
flux results for saturated boiling conditions and for 10°C
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increments of subcooling (i.e., all the results tabulated in
Fig. 18). Values which were co-incident with previously
plotted'values were omitted.

This graph contains essentially results from the whole
range of variables tested as follows:

(1) o0.13 <R1< 1.3

(2) Heater tube wall thickness variation

(3) System pressure variation

(4) Variation of the pool subcooling

Dréwn through the points is the full line defined by
equation 25, that is

9%
'S/1 = 1 & 3.59.Z
9

The dotted lines give the + 20% range about equation 25. It

is seen that the vast majority'of the points are contained
Within this + 20% band.

8.4.0 Graphical Comparison

A graphical comparison of the authors final correlation
as contained in Fig. 17 is given in Fig. 19 with the correl-
ations due to Kutateladze et al (10) and San et al (9).

d.s -
/q against
1
R! which is the form given in equation 19 and is the form
adopted by both Kutateladze et al, and Sun et al in presenting

their final correlations.

This comparison is made as a piot of

Kutateladze et al experimented with stainless steel cylin-
drical heaters and varied (1) the heater diametgr, (2) the
working fluid (3) the pool subcooling and (4) the worﬁing
pressure - above‘atmospheric pressure. ’ |

Sun et al experimented with Nichrome cylindrical heaters
and varied (1) the heater diameter (2) the working fluid (3)
the system grévity (4) the system preésure. However all
these critical heat fiux values were obtained for saturated
pool boiling conditions only.

‘In the present series of tests stainless steel cylindrical
heaters were used (both solid and tubular). The variables
were (1) the heater diameter (2) the heater wall thickness (3)
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the pool subcooling (4) the system pressure - below atmospheric.
It is worthwhile ﬁoting here that the spread about the
line due to Riley and about that due to Sun et al is + 20%.

The estimated spread about the line due to Kutateladze et al
is no more than + 15%.
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DISCUSSION

Previous comparable work under vacuum to that reported
was carried out by Ponter et al (6), but they used only one
specimen size (R1 > 1.,0). Compar{son of Fig. 11 of this
thesis with Fig. 10 of (6) shows the general similarity of
results, however it is worthwhile noting that the heater dimen-
sions are slightly different in the two cases. A comparison
of the saturated critical heat flux values due to Ponter et al
(6) with the present results is given in Figs. 14 and 15. »
The agreement is seen to be good. In the subcooled range the
agreement is not so good at the first examination, the authors
'large' surface (R1'> 1.0) results, Fig. 16, substantiating
the Zuber model (equation 3 or alternatively equation 5) while
(6) quote their results (equation 1 of this thesis) as being
up'to 20% below the Zuber predictions at 100 torr.‘pressure.
Now the present results were correlated using the vacuum that
existed at the level of the heater, that is allowing for the
positive pressure head dﬁe to water depth. It is not clear
in (6) whether their results are correlated using the 'system’
pressﬁre or using the pressure at the specimen depth of immer-
sion, This pressure difference would be significant and equiv~
alent to either 45 torr. or 29 torr. depending on whether the
water depth of 61 cm quoted in their paper is a specimen depth
of immersion or a total water depth. This is a possible ex-
planation that could explain some of the difference in the two
sets of results, Another possible reason is that the present
author did not take the same extensive precautions over degas-
sing the water charge before testing. However during a com-
Plete specimen test the check points taken near completion of
testing when no gas bubbles were visible always repeated the
early test results when small gas bubbles were in evidence,
Unfortunately there are no other sets of subcooled results
under vacuum against which the present results and those due
to Ponter et al (6) can be compared.

The authors results for 'large' heater surfaces (defined
by Rl > 1.0, (10)) are presented for saturated conditions in
Fig. 12 and for subcooled and saturated conditions in Fig. 16.
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As all the results presented in Fig. 12 are for the same heater
outside diameter then it is seen that the tube wall thickness
affects the saturated critical heat flux and that this effect
extends into the vacuum region. Benarth (1) refers to this
effect under atmospheric conditions. Fig. 14 is a cross plot
of the results presented in Fig. 12 and shows directly the
saturated critical heat flux dependence on the heater wall
thickness. Shown also are the results of Ponter et al (6)
and the calculated values using the Zuber analysis (equatién
2). The results given in Fig. 14 have been further rational-
ised and are represented in Fig. 15 by a single curve. This
has been achieved by plotting the actual saturated critical
heat flux relative to its corresponding 'Zuber' predicted value,
against the heater wall thickness - the results, including
those due to Ponter et al (6), then correlate reasonably well.
The equation of the correlating line is given on Fig. 15 and
this line correlates the results to about + 15%. It there-~
fore appears that to predict critical heat fluxes in the sat-
urated region accurately the effect of the heater wall thickness
should be considered. In this region with r! > 1.0 with water
as the working fluid and with normal gravity, solid rod heaters
give saturated critical heat fluxes that are approximately 40%
larger than those predicted by Zuber theory. Tubular heaters
with a wall thickness of approximately 0.3 m.m. have a criti-
cal heat flux value that is very similar to the Zuber predicted
value. The previous remarks apply, of course, to stainless
steel heaters, Although this tube wall effect is still pre-
sent in the subcooled region (see Fig. 16, Z > 0.3) its effect
is much smaller. Until the recent paper due to Van Ouwerkerk
(13) no critical heat flux theory, to the authors knowledge,
included or considered the effects of heat conduction within
the heater material and thus by implication a tube wall thick-
ness effect, As already mentioned Benarth had however intro-
duced the Biot modulus as a possible means of allowing for
this effect of material and heater wall thickness,

For smaller surfaces (Bl-< 1.0) and for saturated pool
conditions, Fig. 13 shows the authors results obtained for
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heater operation under vacuum. The further results obtained
in this range but for heater operation at atmospheric pressure
only are tabulated in Fig. 5. Reference to Fig. 13 indicates
that in this range the saturated critical heat flux is depend-
ent on the outside diameter of the heater (comparison of solid
cylindrical heater results, Fig. 13) and that this effect ex-
tends into the vacuum region. i

Finally the author has correlated his results (Fig. 17)
over the whoie range of parameter variation by plotting with
the ordinates given by equation 25, Equation 25 is drawn on
Fig. 17 as the full line and it is seen that it represents a
good average line with the vast majority of the points plotted
contained within a + 20% band about the line of equation 25.
To avoid overloading this figure only mean critical heat flux
values (all tabulated on Fig. 18) have been plotted for sat-
urated conditions and for 10°C increments of subcooling at
pressures (at the specimen level) of 760 torr., 365 torr., and
165 torr. The only significant'exceptions to the correlation
are in the saturated boiling region and there are only a few
such values. The parameter ranges contained within this cor-
relation are; stainless steel horizontal tubular and solid
rod heaters (0.13 < R1< 1.3 and 0.25 m.m. < t < 3,18 m.m.),
saturated and subcooled pool conditions (subcooling up to éOOC
at atmospheric pressure), and a pressure range of 760 torr.
down to a vacuum of 160 torr.

Now Fig. 19 enables a comparison to be made of the mean
lines due to Kutateladze et al (10), Sun et al (9) and the
present author. It is seen that the general shaﬁes of the
lines are similar and that they lie fairly close together with
the line due to (9) for saturated pool conditions only being
below those due to (10) and to the present author whose lines
apply to both saturated and subcooled pool conditioms, The
curve due to (10) divides at about Rl of 0.28 according to
the value of zl.' The curve due to (9) correlates results to
va 0.15 and that due to the present author to RI«,Q.13. How =
ever for the ranges covered by (9) and by the present author
4t would be difficult to detect the split obtained by (10) at
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lefo.ZS. It is worthwhile noting here that the spread about

the curve of Sun et al (9) and about the curve due to the pre-
sent author is + 2C%, and that about the curve due to Kutateladze
et al (10) about t_iﬁ’. All the mean lines are therefore con-
tained within the experimental spread of any of the other mean
lines.

The authors results therefore tend to confirm the correl-
ations due to (9,10) and to show that they apply to operation
within the vacuum région (down to 165 torr.) as well.

It should be noted that the variation in the saturated
critical heat flux with heater diameter indicated by the solid
rod heater results shown on FIG 13 is in apparent contradication
to the trend indicated by the final correlation given graphically
-on FIG 19. This result probably occurs because the 0.71 m.m.
0.Dia. heater is at the lower extremity of the range investigated.
In this region Xutateladze et al (10) found their results for
saturated boiling conditions following just such a trend (see
Fig 19). It is therefore probable that this is the effect that
has been observed and recorded by the author on FIG 13.

Measurement of the wall thickness of samples of the 3.18 m.m.
0.Dia. tubes used in the test series to investigate the heater
tube wall thickness effect on the critical heat flux indicates
a maximum variation from average of 6% and this occurs with the
smallest tube wall thickness employed. This result implies a
maximum error in this test series of 6% due to variation of the
electrical resistance caused by this wall thickness variation.

In reality such resistance variations would cause temperature
variations within the heater which would tend to reduce any heat
flux variations caused by such resistance variation effects.
Thus in reality this maximum variation in the critical heat flux
from the measured average value,due to this effect,will be less
than 6%. ‘
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CONCLUSIONS

1. Experimental critical heat flux results have been
obtained at atmospheric pressure and under vacuum conditons
for saturated and subcooled pool boiling of water using stain~
less steel tubular and solid rod heaters in horizontal place-
ment.

2. It has been shown Figs. 12, 14 and 15 that the heater
wall thickness has an effect on the saturated critical heat
flux at atmospheric pressure and under vacuum conditions,

This effect has been correlated reasonably well for the present
results (R1 > 1.0 ~ large surfaces) including the results of
Ponter et al (6) and the result is shown on Fig. 15.

3. Reference to Fig. 16 indicates, for large heater sur-
faces (Rl;> 1.0) that the critical heat flux for values of
2 > 0.3 is well predicted by the Zuber analysis (equation 3 or:.
5) for both the solid and tubular heaters working under atmos-
pheric and vacuum conditions. ‘

4. All the present results,(with the exception of a few
values in the saturation boiling region), for solid rod and
tubular heaters under atmospheric and vacuum conditions and
for pool subcoolings up to 60°C are correlated to within about

+ 20% (see Fig. 17) by the following relationship:

-

22 = 1,123 . 0.89+ 2,27.exp(~3.44 A/ R")

9.s
q 5 represents the 'Zuber' critical heat flux corresponding
to the pool subcooling for which L is being evaluated.
The range of Rl is 0.13 < R < 1.3. :

5. Reference to Fig. 19 shows that the present cofrelating
equation quoted above, which includes results obtained under
vacuum, agrees fairly well, over similar ranges of Rl, with the

results of Kutateladze et al (10) and Sun et al (9).
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HEATER SURFACE YWETTABILITY EFFECTS
11.1.0 Introduction

During the commissioning period of the critical heat flux
rig previously described one of the troubles experienced was ,
that of the stainless steel heater surface becoming contamin-
ated during operation and the system producing reduced values
for the critical heat flux. This problem was finally overcome
by producing the very clean and tightly controlled experimental
conditions previously described and by using double distilled
water that was replaced at the start of testing of each new
heater specimen, Reference to the literature indicates that
other experimenters in this field have faced similar problems
for instance from Sun et al (9) "for different runs the wires
and liquid were replaced by new ones to avoid effects of con-
tamination of the liquid or carbon deposits on the. wire sur-
face'. It is reasonable to say therefore that the majority
of the critical heat flux results reported in the literature
and compared with critical heat flux theories such as that
due to Zuber (19) have been obtained from extremely clean and

tightly controlléd systems.

11.2.0 Investiggtion and Results

For a horizontal stainless steel heater tube (4.83 m.m,
0.D. by 0,254 m.m. wall thickness) operating in distilled
water at atmospheric pressure and‘under pool boiling conditions
Fig. 20 shows the band of reproducible results, curve 1, for a
clean wettable surface. These results compare well with other
comparable results published in the literature e.g. Ponter et
al (6). However when first subjecting the rig boiling cell
to vacuum conditions a contamination agent (unknown) was pulled
into the system and contaminated the heater surface. The
effect of this unknown contaminant was to produce the reduced
critical heat flux characteristic shown as curve 2 on Fig. 20.

A very brief investigation of this effect was then made
as follows: An experiment was set up using a horizontal stain-
less steel tubular heater (4.83 m.m. O0.D, by 0.56 m.m, wall
thickness) again in distilled water, at atmospheric pressure,
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and under pool boiling conditions with the heater surface pre-
pared and thoroughly cleaned. The critical heat flux results
obtained were found to lie within the band about curve 3 of
Fig. 21 ~ again these results compare well with comparable re- -
sults in the literature, The experiment was then repeated,
but with the middle half of the heater surface lightly contam-
inated with Silicone Grease, and the much reduced critical

heat fluxes obtained as shown by curve 4 of Fig. 21. All the
critical heat flux positions occurred within the heater area
that was contaminated with the Silicone Grease. It was also
apparent by observation of the originally uncontaminated area
of the heater surface that this area'was slowly becoming con-
taminated also, Shown also on curve 4 of Fig. 21 are two
results (discovered later) due to Torikai et al (21) which tend

-

to confirm the results présented.

11.3.0 Comments

The previous results tend to indicate that heater surface
wettability can be an important factor in determining the mag-
nitude of the critical heat flux under pool boiling conditionmns.
Now the bubble contact angle on the heater surface is a measure
of the surface wettability. To the authors knowledge, none
of the critical heat flux models (which generally assume that
the critical heat flux phenomenon is controlled by hydrodynamic
‘effects that occur some distance away from the heater surface)
include this parameter or allow for the effects of wettability.
Indeed wettability being partly a surface property is a very
difficult parameter to define and handle in a practical sense
and its use is to be avoided if possible. Also the published
results which are compared with the hydrodynamic theories such
as that due to Zuber (19) tend to be obtained in very clean
and tightly controlled environments in which the contact angle
or wettability should remain reproducibly constant, However
there are some interesting results available for liquid
Mercury critical heat fluxes under pool boiling conditions
with various degrees of addition of the wetting agent Magnesium -
see Tong (22). Reference to Fig. 2.16 of (22) shows how the
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critical heat flux rises from a very low value (5 x 103

B.Th.U/hr.ftz) for liquid MNercury alone (none wetting to
the heater sufface) to a value of approximately 140 x 103

B-Th-U/hr.ft2 for the addition of 0.05% of the wetting agent,

Magnesium,

11.4.0 Conclusions
Self heated heat transfer surfaces that transfer heat to
liquids under boiling or possible boiling situations should

be kept free of none wetting agents (such as greases).

-

-~
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PART 1I

VERTICAL CONFINED BOILING AND

- VERTICAL POOL BOILING
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NOMENCLATURE - PART 11
1 ‘Yiﬁrw
A parameter given by | 1 - ( )
Pf.g Si . AoM.
A vapour flow area
F 1 73+7;
B parameter defined by z
O -8 i
c parameter, variable with liquid viscosity
Cpf specific heat of water
1 constant
dp .
/dx axial pressure gradient
dp/dx required axial pressure gradient
R .
dp/dx available axial pressure gradient
A
dp/d maximum available axial pressure gradient
la.um
dv/dx axial vapour velocity gradientr
D tube diameter
De annulus hydraulic equivalent diameter, (Do-Di)
Di annulus inner or heated diameter D2 _ D2 )
Dh annulus heated equivalent diameter, —9—5-—l
D annulus outer diameter R
o
T D,
D parameter defined by f (1 + 7 5
P i i-
fi interfacial friction factor at inner surface
g acceleration due to gravity
hfg  enthalpy of wvaporisation
H effective height up annulus at which the water
has reached its saturation temperature
Jg volumetric vapour flux
g; dimensionless liquid velocity based on either
. D or Dh
F i modified dimensionless vapour velocity for
d saturated entry based on either D or D
JE dimensionless vapour velocity for saturg%ed entry

based on either D, or Dh



gs

=
E&SEF

Na

Ne
Nei
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modified dimensionless vapour velocity for subcooled

entry based on either D or Dh
heated length
parameter, variable with liquid viscosity
water mass flow rate entering annulus
vapour mass flow rate leaving agnulus
liquid recirculation parameter f/
annulus geometry number mg

capillarity number

thermal expansion number based on D or Dh

. modified annulus thermal expansion number, i.e.

Ne (based on Dh) x Na
liquid viscosity number, Di .gi.{h—l

, % 3 -
liquid viscosity number, L *, g, 0
shape number based on either D or Dh
pressure
heat flux or critical heat flux for saturated ehtry
heat flux or critical heat flux for subcooled entry

superficial vapour Reynolds number

qS/ -1
parameter defined by ( "/ q - 1).ATS

pool water temperature
water saturation temperature
pool water subcooling, (T - Tp)

circulation number

vapour axial velocity

distance up annulus from start of heating

-4

vapour dryness fraction
parameter defined by 4.J;.Ns
parameter defined by ‘h
water film thickness on heater surface
water density

vapour density

specific volume of water

gspecific volume of vapour

Kinematic viscosity of water



- 57 =~

surface tension of water
interfacial shear stress
vapour core at annulus
interfacial shear stress
vapour core at annulus

heater wall shear stress

between water film and
inner surface
between water film and
outer surface

acting on water film
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INTRODUCTION AND LITERATURE SURVEY

The critical or limiting heat flux for heat transfer under
two phase counter current flow conditions is of interest in
the field of reactor technology because it is, in effect, a
simulation of the blocked coolant channel accident condition.
This accident condition can occur in water cooled nuclear
- reactors in which the core cooling water normally flows upwards
- through the fuel element cooling channels. If one of these
cooling channels becomes blocked by some foreign body during
normal reactor operation then the cooling water supply, which
normally enters this channel at its base, would have to enter
the channel at its top. Also since such water entry conditions
would probably give rise to vapour production within the affected
channel and since this vapour would leave the channel at its
top then we have a two phase counter current flow situation
established within a channel within the reactor core. Thus
it is of interest to know the critical or limiting heat flux
for reactor operation under such an accident condition and to
gain an understanding of the mechanisms involved in such a
situation.

The possible similarity between the mechanism that causes
the limiting heat flux in a boiling blocked channel and that
which causes flooding in a channel under two component counter
current flow has been recognised for some time. Wallis (1)
carried out early investigations into the flooding mechanism
using air and water in tubes and successfully correlated his
own and others results using a dimensionless relationship of
the following form:

% * % ‘

Jg + m. Jf - C | 1
The parameters '"m" and "C" are variable with liquid viscosity.

Much earlier Silver (2) when investigating circulation in
water tube boilers derived and suggested the importance of
the following dimensionless groups for boiling in tubes: the
thermal expansion number Ne, the shape number Ns’ the circul-
ation function U, and the capillarity number Nc.- He has more
recently discussed their relevance and possible wider applic~
ability (3,4).
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An early paper that compared the critical vapour velocity
for boiling in closed-end tubes to the flooding velocity in a
counter current two component system was that presented by
Griffith et al (5). These investigators concluded that '"the
order of magnitudé of the burn-out heat flux for long closed
end tubes can be calculated using the critical flooding vel-
ocity".

Gambill (6) has reported results for burnout of blocked
vertical channeis cooled internally by water. The channels
used were mainly tubes although a few test results were re-
ported for square sectioned channels. Results were obtained
for both saturated and subcooled liquid entry. Wallis (7)
using the results of Gambill and others showed that these i
results for blocked boiling channels were compatible with the
two component flooding relationship (Equation 1). The act-
ual comparison is given on Fig. 14.17 of (7). ’

Further work for the tube geometry has been reported by
Frea (8) in which the system gravity was varied. This in-
vestigaior postulated that in addition to the dimensionless
gas flux, as used by Wallis, flooding in tubes also depended
upon a modified gas Reynolds number, the liquid-gas Kinematic
viscosity ratio, and the relative liquid layer thickness.
However the final correlation presented by this author, using
his own and others results, was in graphical log-log form
(see ref. (8), Figs. 11 and 12) in which both the ordinate and
the abscissa contained the modified gas Reynolds number in
the numerator. A straight line of slope unity fits all the
points presented almost as well as the curve offered by the
author. For the ordinates used this implies very little, if
any, dependance on the modified gas Reynolds number over the
range reported.

The present study concerns the limiting heat flux for a
centrally heated, bottom blocked annulus (see Fig. 5) for
which the entry water temperature conditions vary from sub-
cooled to saturation. As boiling occurs within the channel

the problem is one of two phase counter current flow. For
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the tests the heater length was essentially constant but the
annulus outer and inner diameters have been varied at atmos-
pheric pressure and under vacuum conditions.

The only other investigation using the annulus geometry
and counter current flow of which the author is aware is that
due to Shires et al (9). In this work a 366 cm long vertical
test section was used,'with a central heater rod of 1.59 cm
outside diameter and an annulus outer wall diameter of 2.54 cm.
The work was carried out at atmospheric pressure and annulus
geometry variation was not investigated. To the authors
knowledge therefore the work presented represents the first
systematic investigation of annulus geometry variation at at-
mospheric pressure and under vacuum conditions for the present

experimental situation.
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16'0.0.

THEORY
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THEORY
16.1.0. Introduction

The authors initial approaches to correlating the two
phase counter current flow critical heat flux results obtained
in this section of the investigation went along two separate
lines. One was an attempt to adapt the approach of Wallis (1),
using his dimensionless gas velocity parameter, 3 to the
present situation. In his investigations of two component
annular counter current flow flooding in tubes Wallis success-
fully correlated his results in terms of two dimensionless
parameters, J; and j;. The firit, j;, is a dimensionless gas
velocity parameter, the second jf, is a dimensionless liquid

velocity parameter, and they are defined by the following re-

lationships.
*
a) Dimensionless Gas Velocity, Jg
» e b‘ jg
3 = g 2

3
g [-_g.D.(pf'Pgil
b) Dimensionless Liquid Velocity, j;
- 3
* Cs °gi£, 3
I T p. (p,-p.)| ?
[g' Y eg]

No heat transfer or vaporisation of the liquid phase was

involved in this initial development. However subsequently
this approach was adapted to two phase counter current flow
problems with heat transfer by employing, in place of the
volumetric gas flux, the maximum volumetric vapour flux as
calculated by a thermal balance. Now in the two component
situation without heat transfer the gas component velocity
would noi vary with test section height. In the two phase
situation with heat transfer the vapour phase velocity increases
throughout the test section height (for saturated liquid entry).
The cfitical situation is therefore likely to be controlled by
local conditions where the vapour velocity is a maximum.

Further in the development of J Wallis (15) only considered
shear forces and buoyancy forces to be acting, which is, of

course, correct in two component systems with no heat transfer.
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However in annular two phase flow systems with heat transfer
when vaporisation of the liquid phase is occurring then the
vapour momentum is continuously increasing up the channel.
Thus additional forces are necessary to produce this vapour
momentum increase. There are thus three possible relevant
forces - buoyancy forces, friction or shear forces, and vapour
momentum forces. As shown in a later section this extra force
leads to other possible relevant dimensionless groupings, apart
from j‘,

Tge other approach taken by the author was to employ the
dimensionless numbers as developed by Silver (2,3) for the tub-
ular geometry, in his paper on the theory of circulation in
water tube boilers. These numbers were developed for a situ-
ation in which liquid vaporisation was occurring. The dimen-
sionless numbers are as follows!:

a) Circulation Number, U

U - (ﬁf;-_es.) xt 4
g

b) Shape Number, Ns
N, - o S
c¢) Thermal Expansion Number, Ne

2 2
2.q .(ngi%)

Ne = 6
2
g. hfg. D .
2
2.q° (p,-p.)
L] L] .h .D
(ef eg? € fg
d) Capillarity Number, Nc
i 2
N - d——'-g- 8

¢ qu.n
However it soon became clear to the author that the dimen-
®
sionless gas velocity, Jg, as developed by Wallis, when applied
to a two phase flow situation with heat transfer, could be

expressed completely in terms of the dimensionless numbers due

to Silver, (U, N, and N_), That this is so is shown by the
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author in the next section.

*
16.2.0. Relationship between jg and NeJ N and U for the
-

tubular geometry with countercurrent annular flow

The adjacent diagram shows a

/Ts

tubular thermosyphon in which the == == | aa)e-

_— o - -

heat flux passes to the annular -- - |

liquid film from the tube wall.
The bottom blocked heated tube

is of length, L, and diameter, D.
The water supply to the tube is at

the saturation temperature corres-

ponding to the system pressure.

_LH{I.IH
U
T"'IH

An energy balance applied to
the system gives ~ Bottom Blocked Tube

T 2
._ L ] D L ]
4 hfg

OK.D.L. - . )
; G %

where j 1is the maximum volumetric vapour flux for the tube
e

‘4.q.L
A - h_ D 9
JG Fk fg
*
Now equation 2 gives an express?for Jg in terms of jg’
therefore combining equations 2 and 9 we obtain
J* q 4.L 1
g 2 © D -
e Peg [g.n.(p? pgﬂ )
P2 P
Now by multiplying equation 7 by - and taking the
€z~ Cg
square root of both sides we obtain

N (p, - )Qé-q '
j;;_ (sl 1 ; ‘ 11
ML RCECR]

Combination of equations 10 and 11 enables us to obtain

10

J‘ in terms of Ne as follows
g

b % |
’;f" J# D fk¥(95-f§) 12

g 4.1 Os €

Equation 12 can be further rationalised by substituting

for Ns from equation S5 and for U from equation 4 with the
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dryness fraction xl equal to 1.0 as follows

3 N
4 xR
S .u” .6 13
[2 J: ‘)g -~ -é_g-
S b

Now if we make the assumption that for most pracfical
1 1
situati d th fore g = —=with x* = 1.
ons Pf > Pg an erefo /?f U x 1.0,

then equation 13 becomes

14

15

then we obtain the final form of the required relationship as

*
N N2 J

* e. s
- —— = 16
Jg U 2:55

We can thus conclude, for counter current annular flow
in tubes, that the parameter developed by Wallis to define the
flooding condition, J*, when written in terms of the maximum
volumetric vapour flui can be expressed completely in terms of

the dimensionless numbers, Ne, NS and U, due to Silver.

*
16.3.0. Development of jg due to Wallis

Now Wallis (15) developed the dimensionless gas parameter,

J‘, for two componeﬁt counter current annular flow in a tube
(Dia. 'D') by assuming that the only important forces acting

on the gaé component at the flooding condition were shear forces
and buoyancy forces. Therefore Wallis argued that a gas para-
meter derived from the ratio of these two forces over a given
length of tube would be a relevant parameter. Thus, neglect-

ing the volume occupied by the water films,

4 @ .V2.7T.D.L
Shear force i‘%g* g

14.1
Buoyancy force (? 'P ) E.Dz.L.g
£ ‘g, 4
v2
. Shear force o¢ Pglr - J*Z 15.1
° e fi.Buoyancy force (ef-faz.g.n. g

It is seen, by reference to equation 15.1 that the para-
meter, J;2, is proportional to the ratio of the shear force
acting on the gas element of length 'L' divided by the product

of the interfacial friction factor and the buoyancy force act-
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ing on the same gas element.

16.4.0. Tubular Geometry with Evaporation

In a tubular annular two phase counter current flow system
in which progressive evaporation occurs up the tube, the
vapour velocity is continuously increasing up the tube (for
saturated liquid entry) and therefore the maximum vapour vel-
ocity occurs at the tube top. Thus the interfacial shear
force acting on the vapour will be a maximum at the tube out-
let. Further because the vapour momentum is increasing up
the tube, some of the driving buoyancy force is taken up in
supplying this momentum increase. Since the momentum force
depends on the product Vg.dvg, then this force is also a maxi-
mum at the tube top. Therefore at the limiting heat flux
situation if a significant proportion of the driving buoyancy
force is taken in increasing the vapour momentum then the
following force ratio could be of importance. Neglecting

the volume occupied by the liquid films then we obtain

v .2
.—.D .v odv
Momentum Force ., Q_gi‘i jz g. 16.1
Buoyancy Force -p YT
(?f sz‘; .g.dx

Now a thermal balance on this tubular thermo-syphon sys-
tem with a wall constant heat flux gives us for the vapour vel-

ocity at any height %" up the heated tube:

v = _?.;g;.’.‘_n | 17
& Pg g’
and thus differentiating equation 17 w.r.t. x gives

dv - 4.9.dx 18

h, .D.
€ 6%. g
therefore if we substitute equations 17 and 18 into equation
16land put x = L to obtain the maximum value of this force

ratio, we get 2
qQ .L

Momentum Force ol 19

. 2 _ 2
Buoyancy Force | _ o eg.hfg(ef ?g?.g.n

Now we can rewrite equation 19 in terms of the dimen-

sionless numbers due to Silver, provided we put the exit
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1
vapour dryness fraction x* = 1.C in 'U' and we make the
assumption that thus:
. ptiv ei'>> ﬂ, us
N .
Momentum Force e Ns
Buouyancy lrorce x ]

20

As equation 2C represents a new force ratio we can define a

new dimensionless parameter as follows

N .N
Y*Z . e s

g 3]
Y* will attain a significance in systems with evaporation

21

when the vapour momentum increase force is significant.

Now we can combine equations 16 and 21 to obtain

J*2
g Shear Force 29

2 s fi' Momentum Force x =L

g‘
We can therefore conclude that for tubular systems in which

Y

buoyancy, momentum, and shear forces are important at the
critical heat flux condition, that the critical heat flux
results will, at least, be dependant on any two of the
following three dimensionless parameters: J;. YE, NS and upon
the interfacial friction factor, fi'
16.5.0. ANNRULAR GSOMETRY WITH EVAPORATION
16.5.1 Introduction

For the situation investigated

experimentally the geometry is not a bottom

blocked tube as discussed in the "theory"
L 4~Healer

‘5 Ad}d baﬂc
0y Suffal_ﬁ

so far, but a bottom blocked annulus with

its outer surface adiabatic and its inner

surface heated - as indicated in the

adjacent diagram. v Do

-

We will now, using similar arguments
’ g g Bottom Blocked Annulus

to those employed previously for the tubular geometry develop

dimensionless parameters from force ratio arguments applicable
to the annulus geometry situation. I1f we assume for the
annulus geometry that the critical heat flux is dependant upon,
at least, the following three forces: buoyancy, shear, and

vapour momentum increase, then we can look for dimensionless
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parameters derived from these force ratios in a similar
manner to that used by Wallis, and by the present author, for

the tube geometry previously discussed.

16.5.2. J; for Centrally Heated Annulus

Now for tubes J; was derived from consideration of the
shear force acting on the vapour core compared to the buoyancy
force. For the annulus system considered the annular vapour
core is subject to an interfacial shear force on both its
inner and outer surface. Since in the present investigation
heat transfer occurs only from the inner annulus surface and
the critical situation occurs when the liquid film on this
inner surface is destroyed, then the relevant shear force
acting will be considered by the author to be that acting on
the inner vapour surface. Therefore neglecting the volume
occupied’ by the liquid films we will consider the force

ratio for an element of vapour annulus, of length, dx, as

follows: _
Inner Shear Force _ ’t’i‘.n'ni' dx 23
Buoyancy Force (Pf-?g? T;_((Dz_nzz.g_dx

1f we assume that we can write for the inner interfacial

shear stress,?é, that
T o< £ P v2 24

i ilg g

where fi represents the interfacial friction factor for the

inner vapour-liquid interface at the critical situation and

\J represents the average vapour velocity at the annulus

egit (for saturated liquid ent;y) then equation 23 becomes
Inner Shear Force Pv 25
fi.Buoyancy Force (Pf-F%?.g.Dh

where Dh r;grisggts the annulus heated equivalent diameter:
D, - °D1 1 26

Now a thermal balance applied to this heated annulus system

with an inner wall constant heat flux, q, gives us an express-
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ion for the maximum vapour velocity which occurs at the

annulus exit:
v = 4.g£L = 27
g eg' fg' h
Substitution of equation 27 into equation 25 gives the

maximum value of the force ratio as
2 2

Inner Shear Force q . L ?g
f .Buoyancy Force 2 h2 g.D ' D2 * ( ';' 28
! CgPeg®n Pn (Pef

I1f we redefine N and Ne so that they are now based on the
annulus heated equivalent diameter, Dh’ and substitute these
redefined dimensionless numbers into equation 28 inconjunction
with U, with the assumption that the vapour.dryness fraction

at the annulus exit is unity and that e& > Pé then we obtain

N N2
Inner Shear Force .. e s 29

fi.Buoyancy Force U

Now we can define the dimensionless parameter, JE, for the

annulus geometry 3s

N.N
Jel - 2% 30
g U

where, N., N_and JE are based on the annulus heated equivalent
e’ 's

diameter, Dh.
IMPCRTANT NOTE

It should be noted that from here on whenever JE, Ne or

N are used that they will be based on the annulus heated
3

equivalent diameter, Dh’ unless otherwise stated.

16.5.3 Y; for Centrally Heated Annulus

For the tubular geometry, YE was derived by the author

from a comparison of the vapour momentum force to the buoyancy
force. We will now use a similar approach for the annular
geometry. For the annular geometry, with its inner surface
heated, subjected to countercurrent two phase annular flow
with progressive evaporation, the vapour momentum is contin-
uously increasing up the annulus. It therefore follows that

some of the driving buoyancy force is absorbed in producing
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the vapour momentum increase. Since the momentum force
depends on the product Vg.dvg then this force will be a maxi-
mum at the annulus top where heating ceases. Therefore at
the limiting heat flux situation, if a significant proportion
of the driving buoyancy force is absorbed in increasing the
vapour momentum then the following force ratio could be of
importance. Neglecting the volume occupied by the liquid

films we obtain

e T (p2-p%) v_.av
Momentum Force g & o i 545§ g 31
Buoyancy Force - 14 - E.

‘(ef f&? 4 (Do Di? g.dx

Now a thermal balance on this annular thermosyphon system
with an inner wall constant heat flux gives us, for the vapour
velocity at any height, 'x' up the annulus
vV = 4.9.x ' 32
g Pg'hfg'Dh )
and thus, differentiating equation 32 w.r.t.

qv = 4.g.dx 33
g .h, .D
f%: fg h

Therefore if we substitute equations 32 and 33 into equation

X, givés

31 and put x = L to obtain the maximum value of this force

ratio, we obtain

2
Momentum Force oL q .L a4

2
Buoyancy Force - .h2 -p).g.D
x L eg hfg(ef eg? g h

Now we can rewrite equation 34 in terms of the dimensionless
numbers due to Silver, but based on Dh' provided we put the
exit vapour dryness fraction, xl, equal to unity in U, and

we make the assumption that(f » pg.

Thus:
N .N

Momentum Force o &_8 35

Buoyancy Force x = L U
As equation 35 represents a new force ratio for the annular
geometry, we can define a new dimensionless parameter YE as
tolloys N .N

Y‘z - s

36
g U .
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Y*¥ will attain a sighificance in annulus systems with
evaporation when the vapour momentum increase force is
significant.

Now we can combine equations 30 and 36 to obtain another

significant dimensionless ratio as follows

()
*
N

Inner Shear Force

X
fi.Lomentum Force | .

37

o

]
0 *

We can therefore conclude that for annular systems in which
buoyancy, momentum and shear forces are important at the
critical heat flux condition, that the critical heat flux
results will, at least, be dependant on any two of the
following three dimensionless parameters: JE, YE, NS and upon
the inner interfacial friction factor, f.. J*g, Y; and NS are,
of course, based on the annulus heated equivalent diameter,

D .
h

16.6.0 SEPARATED FLOW MODEL APPLIED TO THE ANNULUS
GEOMETRY

16.6.1 Introduction

The following theory was undertaken by the author, to
determine the major parameters upon which the limiting heat
flux might depend, for counter~current flow, for the annular
geometry with both saturated and subcooled liquid entry.

. For the following analysis we shall assume the flow pattern

to be annular. By experimental observation this is a reason-
able assumption to make for most of the annuli tested. The
observed flow pattern was not annular however for annuli with

very large flow areas or for annuli with very small flow areas.

16.6.2 Saturated Liquid Entry Conditions

In this section we shall develop the separated flow model

for the situation of saturated liquid entry to the annulus.

Initially then we will focus our attention on the vapour core.
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16.6.2.1 VYapour core

. \/apoof Gore
In the feollowing analysis the following

general assumptions will be made: 7 ‘gL
(a) one dimensional flow Water
. ) F:l,r)g
(b) vapour contains no 'Ultra’ »
- heated water (see Silver Healer 4
(10)) | ‘-
(c) the water films occupy a !4' Do =4
’ negligible volume Annulus Aﬁ'emblj‘

We will now, by an energy balance, determine the vapour
velocity increase across the control volume (shown in shaded

in the diagram)

g

where dV represents the vapour velocity increase across the

1w, 2 2
* - . - . R 38
. . q.7r.Di.dx Pg 3 (Do Di? av hf

control volume. From equation 38 the rate of vapour velocity

increase with 'x' the distance up the annulus is given by

oo g 39
dx Pk' fg ' h

Now the vapour velocity at any distance 'x' up from the start

of heating is given by integrating equation 39 as follows

\J X

QV = ——2:q ax 40

.h__.D

Fg fg h

F'e) (o]
. U 4.9.% _ 41
VA P .h_ D , A
g fg h

Equation 41 gives us an expression for the vapour velocity at
any height up the annulus. Now the major forces acting on
the vapour within the control volume are those due to inter-
facial shear, pressure, gravity, and inertia. A momentum
balance across the control volume produces the following

equation
T, 2 2y, M2 02 1 D )ax-Kep2._pn2
- (p..dp)z(no-ni?-t-pz(no Di?-«;' .Do*'fi‘ll' i? x 4(D° Di??g'g'dx

' 2 2 2 7t
- Pg.il'(no-nig(vnvz - 01 (D )v‘ 42
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We have assumed in formulating equation 42 that the evaporated
molecules leave the water film with zero axial velocity and
are completely accelerated within the vapour, Simplification
of equation 42 thus produces the following form for the

vapour momentum equation

D
_P__ - av _o
éﬁ .g. F% 2V. Ix + (1 + i Di) 43

Now assuming that the inner interfacial shear stress,_?i, can
be expressed in terms of an interfacial friction factor, fi’
in a similar manner to that assumed for single phase pipe flow

then 1; can be written as

1,

i
and substitution of equation 44 into equation 43 gives for

2
- % 10V _ 44

the vapour momentum equation

£..0. D
dp av 2.5, GV T___

- g = 2V, — 4 (1 ) 45
dx ng Pg dX Dh _ ?; i-

Now we can put equation 45 in terms of the annulus central

heater heat flux, q, by substituting into equation 45 for V
and g; from equations 41 and 39. The resulting form of the

vapour momentum equation is thus as follovws

2 2 2 7. D
32.q .x 32.f;9. x o o
-QB_P,g- z 2 % T2 o p2 (1+ 7 D.>' 46

For saturated water entry conditions the vapour velocity
is a maximum at x = L, that is, at the annulus mouth. There-
for the vapour acceleration forces and the shear forces will
be a maximum at this position. It therefore follows that the
required vapour driving pressure gradient as given by equation
46 will be a maximum at this position (x = L) also. We wi$ll
therefore assume that the critical condition that determines
the heater water film breakdown is determined by conditions at
x = L for the saturated water entry condition, This assumpt-
ion tends to be reinforced by the observed facts that for
saturated water entry the heater water film destruction occurred
mostly at or near the annulus mouth and that as the pool water

subcooling increased so the water film destruction position
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tended to move further down into the annulus. For high sub-
coolings the critical position occurred as much as two thirds
of the way down into the annulus. Therefore putting x = L
into equation 46 and giving %5 the subscript '"R" to signify
that it is a 'required' pressure gradient to remove the vapour
from the annulus mouth then we can write equation 46, after

substituting for NS, as

d 32.q2.L2 1 . D
dx §p (8 @, -bg, D, -D N p /-
g fg h h s i i

Equation 47 can be further simplified by substituting for Ne’
and Ns again, both of these dimensionless numbers being based,
of course, on the heated equivalent diameter for the annulus,
Dh.

7. D
2 41 o o
. — : 1 4 = -
g! 1+ 16.N_.N_ (Ns + £, ( 74 Diz) 48

ep.|
x|, = &
Now if we neglect the weight of the vapour since this item is
responsible for only a very small fraction of the total required
pressure gradient, and put U = Pf/?g by making the assumptions,

xl = 1.0 and (’f >> Pg then equation 48 becomes

2 T,
N .N o o)
1 +f, L+ = =) . 49
dpl . e _s|_ i D
T x|, 10® TT (N T Dy-

Finally by combining equations 30 and 49 we obtain the required
pressure gradient in terms of the dimensionless parameter, J;,

as follows

- ’7} D
d - «2 |1 9 °
- EXP- ] 16.p,-8-J3 [(Ns + 2, A Di?) ' 50

Now equation 50 gives us an expression for the axial pressure
gradient required at the annulus mouth to supply the vapour
acceleration force and to overcome the vapour frictional or
shear forces.

In the next section we will consider the heater liquid
film in order to determine the pressure gradient available at

the annulus mouth to remove the vapour from the annulus.
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16.6.2.2 Heater liquid film

Now consider the heater water film

Ann u/US
control volume shown shaded in the I Healer
P
adjacent diagram. If we assume that dx D Heater Waler
4
the water momentum change across the | o Film
control volume is negligible, then a $
LS
force balance across the control volume _'fﬁ-
gives us, assuming that the heater dia- _

meter, Di' is much greater than the film

thickness, Si’: Annulus Heater

s

- ) . . . - il . . . + .T(. .
(p+dp2.1t.ni 81 +p ‘IIIJi Si T.D, Si dxp, -8 1’1 D, .dx
+ 7;.TﬁDi.dx = 0 ' 51
simplification of equation 51 gives us

dp 21 ‘ :
—y = ef. 81 (’ZJ +‘ZJ) 52

If we assume that the variables in equation 52 apply at the
annulus mouth then the pressure gradient %5 can be given the
subscript "A" to signify that it is the available pressure

gradient at the annulus mouth to remove the vapour from the

[}

annulus mouth, Thus equation 52 becomes

R 71+1w
A Ce 8 l”ef.g( 81). °3

We will now consider how the available pressure gradient,

dp
T odax

—Bl , varies with the dimensionless gas velocity for the

annulus, J*,
4

16.6.2.3 Variation of 2| with J*
ax s € A éﬂ‘
d

Now when JE, the dimensionless vapour T 13
velocity is zero, that is, there is no dpl 77
vapour production in the annulus, then JZIA |
the pressure gradient made available by :
the system is zero. This is so because d \ —
in £ilm flow without evaporation all the jgr—»

hydrostatic head is balanced by the wall shear stress and the
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pressufye outside the film is constant.

As we increase, JZ, the dimensionless vapour velocity, so
a pressure gradient becomes necessary to drive the vapour pro-
duced from the system. This pressure gradient is achieved by
the film flow being reduced and thus the wall shear stress be-
coming smaller. The pressure gradient now supplies the im-
balance between the liquid weight and the wall shear force -
assuming that the interfacial shear stress between the liquid
film surface and the vapour is still negligible. Thus the
system "makes available' the required pressure gradient. This

process continues with an increasing pressure gradient available
as J¥% is increased until a situation is reached when the increase

in tﬁe interfacial shear stress just equals the decrease in the
wall shear stress and thus the available driving pressure grad-
jent has reached its maximum value}- see diagram, point 'b'.
From here on the available pressure gradient falls because the
interfacial shear stfess rises faster than the wall shear stress
falls. However as J; passes point 'b' (see diagram) the
increased vapour production requires a higher pressure gradient
for its removal from the annulus. The system however is only
capable of supplying a smaller pressure gradient and thus it

becomes unstable.

16.6.2.4 Assumed critical condition

We will therefore assume that the critical heat flux
occurs when, at the annulus mouth, the pressure gradient that
d
is required for vapour removal, 2| equals the "available

Xl ap
maximum® driving pressure gradient, dxi , that is
A M

- 9
dx

dp 54

dx

R A. M.

We will now use the critical condition that we have defined
in equation 54 to determine the maximum value for the dimen-
sionless vapour velocity parameter, JE, for various different

physical situations.
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16.6.2.5 Maximum J* for negligible friction forces
e

For this situation when the vapour acceleration forces

dominate, that is, when the friction forces can be considered
zero then equation 50 which defines the 'required" pressure
gradient reduces to
2
16.p_..g.J*
Pfg <4

R Ns

and equation 53 which defines the "available"” pressure gradient

-9
dx

55

reduces to

_9 -9 56
ax

= .8 = _
A O« ax|,

that is, for zero friction, the 'available maximum" driving

pressure gradient is equal to the hydrostatic pressure gradient.
Therefore if we substitute equations 55 and 56 into
equation 54, which defines the condition for the critical heat
flux to be attained, then we obtain for the maximum or limiting
value of J;

J¥ = 57

g
Now it is interesting to note that equation 57 can be rearranged

NP

in terms of the dimensionless parameter Y; as defined by

equation 36, as follows

J* 1

—f- - Y* - Z 58

N € |

8 2

Reference to equation 35 indicates that YE is proportional to
the ratio of the vapour momentum force to the buoyancy force
at the annulus exit. The critical situation therefore as de-
fined by equations 57 or 58 is determined, as would be expected
for this situation in which friction forces are neglected, by
a balance between the vapour momentum force and buoyancy force
only.

We will now determine the maximum or limiting value of JE

when only the friction effects on the water films are neglected.

16.6.2.6 Maximum J* neglecting friction effects on water films
—— 8
only

For this situation both the acceleration and frictional
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forces are considered to act on the vapour and therefore the
"required" pressure gradient to drive the vapour out at the
annulus mouth is given by equation 50. Since friction forces
are considered to be absent from the water film, then the '"avail-
able maximum' pressure gradient is the hydrostatic pressure
gradient as given by equation 56. Therefore if we substitute
equations 50 and 56 into the equation that defines the critical
situation, that is equation 54, then we get

D
2 1 73 o
-0 by - l+ —+— = . 59
16.0,-8-90 | § ¥ £, ( i C;-8
s i i
from which we obtain thé maximum or limiting value of J* as
Ni 1
JE - T 73.22 60
1+ £, .N 1*?'1)

If we now compare equation 60 to equation 57 it is seen that

the addition of the friction effects on the vapour core is to

reduce the maximum or limiting value of JE as would be expected.
We will now determine the maximum value of JE when all

friction effects are included.

16.6.2.7 Maximum J* including all friction effects
For this situa%ion both the acceleration and frictional
forces are considered to act on the vépour core and therefore
the "required" pressure gradient is as given by equation 50.
Since friction forces are considered to be present on
the water film, then the "available maximum” pressure gradient
is given by equation 53. Therefore if we substitute equations
50 and 53 into the equation that defimes the critical situation,
that is equation 54, then we get |

+
16.1*2-]-‘-+f(1+2’9-n— - |1-= ( 7)) 61
g | Ng 7 Dy O AN
A.u.
where the subscript A.M. stands for 'available maximum’. Now

we can obtain the maximum value of J;, the dimensionless vapour

velocity, from equation 61 as follows:
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J* = _45_ ~ ] 63
g -2 _9°
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If we now compare equat;on 63 to équation 60 it is seen that
the inclusion of the film friction has further reduced the
maximum value of JE, the dimensionless vapour velocity.

We will now determine the maximum value of JE for the
situation when the vapour acceleration forces are excluded but

all the friction effects are included.

16.6.2,.8 Maximum JE including all friction forces but

excluding vapour acceleration forces

For this situation, in which we neglect the force required
to increase the vapour momentum, then equation 50, the "required"

pressure gradient equation, is reduced to:

dap - 16 Je.t (1 + % 22) 64
- 2| - epeefe ae 2D

That this is so can be seen by reference to equation 37 which
shows that for annular systems in which both shear and vapour
momentum forces are important that 3*2 equals YEZ, the ratio of
the vapour momentum force to the buoyancy force at x = L, Thus
for zero vapour momentum force then YE equals ZQro and therefore
equation 50 reduces to the form given above as equation 64.

Now the '"available maximum” pressure gradient is obtained
from equation 53 with the suffix A.M. representing the "avail-

able maximum', as

. T +'f
& e plz g 18 o} 65
aX{, . u. £ i AM.
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Therefore putting equations 64 and 65 into equation 54, the

equation that defines the critical situation,

the maximum value of J*:

1
- S Vg 72
.—_l—g. g’{i*. TW § ]
1 ¥3 8,
J* = 7 AM.
€ D

£ (14 == =2

i 7, D

then we get for

66

which becomes after defining B, and Dp as follows:

1 L,
Pf’ i -
+ D
and Dp = f1 (1 + == 59) ,
i i-
( ) :
(1 -B
3% = 1 A.M,
g 4 Dp

1f we therefore compare equations 66 or 69 to

67

68

69

equation

62 it is seen that the effect of assuming that the vapour

momentum increase is zero is to increase the maximum value of

J* as would be expected.

We will now proceed to examine the effect, upon the

critical heat flux, of the water entering the annulus in a

subcooled condition.

16.6.3 Subcooled Liquid Entry Conditions

In this section we shall develop the separated flow

model for the situation of subcooled liquid entry to the

Svbcooled Water
fnwnpmmnuw-7;)

annulus. .

Consider therefore the annular:
system shown in the adjacent diagram
in which the vapour produced by heating
from the central heater leaves the
annulus top in counter flow to the
subcooled water entering the system
by film flow on the annular surfaces.
Now as the subcooled water flows down

the annulus its temperature will be

Anngeus AsSEMBLY
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increased until at some "effective' height '"H'" up the annulus
the water can be considered to have just reached its saturation
temperature. Therefoure let the subcooled pool water temper-
ature be T;, and the water saturation temperature be Ts so that
the pool subcooling, ATS, is given by

LSTS - (Tp - Tsz 70
Now if we assume that it is possible for some water to be re-
circulated, that is, water that enters the annulus in the sub-
cooled state is heated up to the saturation temperature and
then, not wvaporised, but ejected from the annulus mouth as
saturated water droplets then we can define a water recircul-

ation parameter "n'" as follows

m
n = £ 71
m
g
Now when n = 1, then there is no water recirculation because
mf - mg, therefore generally
m e . it . A .V 72
£ n mg n Pé F''g
and if we neglect the flow area occupied by the water films
then AF’ the vapour flow area, is given by
2
73
)

¥We will now determine the "effective' distance from the

=¥ -»

annulus entry to the position where the water films reach
saturation temperature, that is (L - H). Now an energy

-

balance over this distance gives us
- - m .C _. AT 74
q.7.D, (L HZ n.m-Coe s

Now the maximum vapour velocit&, Vg, that occurs at the
position defined by "H" is given by equation 41 with "x'" re-
placed by "H" as

v - 4.9q.H ‘ 75

B QgPegPh :
The implicit assumption, that we have made, that the maximum
vapour velocity, for subcooled water entry, occurs at "H"
implies that vapour condensation occurs above H to the sub-
cooled water films. This assumptién suggests that with sub-

cooled water entry the critical position within the annulus
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should move down the annulus with increased subcooling. This
tendency was in fact observed during the experimental pro-
gramme.

Substitution of equations 72, 73 and 78 into equation
74 gives for (L - H).

T 2 2 T
n.eg. 7 (Do - Di).4.q.H.Cpf.A s

(L - H) = S 76
_ q.ﬂ;Di.f%. fg' h
from which we obtain the relationship
n.C o
L o 14+ —2L AT 77
H h . S

fg
Now all the previous relationships developed for the annulus
saturated entry conditions apply also to this subcooled entry
situation provided that "L" is replaced by "H" and the heat
flux "q" is replaced by "qs", the critical heat flux for the
subcooled entry situation.

Therefore rewriting equation 62 which applies, of course,
for saturated entry conditions, using the definitions of B and
Pé as given by equations 67 and 68 we obtain

3

1| G- By.u.

1
J* = 78
:T+D
s p

Now if we modify equation 78 so that it applies to the subcooled

3

entry situation we obtain

o %~ 1 A -B.u o
g a L 1 L.)
NS H P

and defining J;s’ the limiting dimensionless vapour velocity
for the subcoolgd water entry situation by

Jé = Jx. = 80
gs € 4aq

then we obtain the relationship between the limiting dimension-
less vapour velocities and the limiting heat fluxes for the
two situations, as follows

J¥ q
B . B 81
J; q _
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We can now obtain a general expression for J;q by putting

equations 80 and 77 into equation 79 to obtain the following

relationship
)
J*¥ - = AM. 1+ —BL A7 82
gs 4 1 Q‘* D ‘nfg s
NS'H p o=

We will now determine the form of equation 82 when all friction

forces are neglected.

16.6.3.1 Maximum J;s for negligible friction forces

For this situation in which all friction forces are
negligible then the parameters B and Dp in equation 82 both

bectome zero and therefore after substituting in equation 82
for % from equation 77, J;s for this situation becomes

N 3 n.C fqﬂTs 3
J¥ m S— ] 1 4 P _ 5 83
gs 4 4 hfg

Since for saturated water entry to the annulus with negligible

friction forc;s we have, from equation 57 that

NS
* - — 84
Jg 2

then putting equation 84 into equation 83 and combining the
result with equation 81 we obtain the final form of equation
83 as

3

J* q n.C £

EE .5 . |34 —BL AT 85
J q he s

g g

Now equation 85 relates the subcooled water entry critical
heat flux, W to the corresponding saturated water entry
critical heat flux, q, for the situation in which all friction
forces have been neglected.

We will now determine the form of equation 82 for the
situation in which the vapour momentum increase force is

neglected.

16.6.3.2 Maximum JES for negligible acceleration forces

For this situation when friction forces dominate then
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equation 82 reduces to the following form

3
(1 - B) n.C
ge = 1 AM. 1+ —RL AT 86
gs 4 Dp hfg s

Since for saturated water entry to the annulus with negligible

vapour acceleration forces we have from equation 69 that

(1 - B)
J* = _ AM. 87
€ P

then putting equation 87 into equation 86 and combining the

|-

result with equation 81 we obtain the final form of equation
86 as

J* - q n.C _.AT
£S5 . 5 . 1+.h__2f_ s 88
g a fg

On rearrangement we obtain the following form for equation 88
J* 1 - la 1 n.C
Fe -1]-—" '["S"l]m i e 89
Jg tkTs q s fg

We will now examine equation 84 for the situation in which

the liquid recirculation is zero, that is n = 1.0.

16.6.3.3 Zero liquid recirculation
For this situation of zero liquid recirculation,that is,

when the parameter "n" is unitythen equation 89 reduces to

q 1 C
q c s g
Now the ratio 521 is approximately constant over the pressure

range investigafﬁd experimentally (760 torr. to 160 torr.) and
has a value of 1.8 x 10 2/°C. Fig. 17 indicates how little

this parameter varies over the pressure range investigated.

It therefore follows that, for this situation, in which the
water recirculation parameter tends to unity then the parameter
2..31. -1 ,AT;I should tend to the constant value of

I.8 x 10-3/°C.
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DESCRIPTION OF EXPERIMENT
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DESCRIPTION OF EXPERIMENT
17.1.0 Experimental Rig

The two phase flow heat transfer rig is shown diagrammat-
ically in Fig. 1 and photographically in Fig. 2. It consists
of a spherically bottomed glass boiling cell 30 cm in diameter
and 37 cm high which contains the distilled water (conductivity
< 2.5/4mho), the glass-heater annulus assembly (see Fig. 5),
Aluminium conductors, Aluminium cooling and condenser coils,

a stirrer, a separate stainless steel heater coil, and stain-

less steel sheathed, MO, insulated, Ch.-Al. thermocouples.

All these items were mointed (Fig. 3 and 4) via a stainless
steel, Teflon lined, Tufnol top which formed the vacuum seal
to the boiling cell. There were also connections to the
vacuum system pumping unit and a Mercury manometer.

The electrical power supply to the annulus assembly
heater was obtained from an autotransformer-rectifier set which
was capable of delivering up to 2000 amp D.C. at 12 Volts.
The power variation was continuous, was con;rolled remotely
at the experiment, and could be tripped by a hand operated
trip switch mounted at the experiment. To determine the
power dissipated in the heater the current and heater voltage
drop were measured, using a variable scale, dual channel pen
recorder. To determine the heater current the voltage drop
across an accurately calibrated shunt was used to drive one
channel of the pen recorder. The heater voltage drop was
taken from tappings at either end of the heater and recorded
on the second channel of the pen recorder. The ability to
change scales on the pen recorders allowed heaters of largely
differing cross sections to be easily accommodated.,

Vacuum was produced in the boiling cell by means of two
water jet pumps working in parallel and driven by a centri-
fugal pump. This system was cheap and eliminated the possi-
bility of contaminants entering the boiling cell from the
vacuum system. Rig vacuum was determined by Mercury Manometer
inconjunction with a Barometer.

The pool temperature was determined by two Ch.-Al. thermo-
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couples (using an ice point cold junction) mounted 3 cm. above
the annulus/heater tube top and 8 cm to each side of the
heater. The outputs from these thermocouples were taken,
through a rotary switch,to a digital voltmeter capable of a
resolution of one microvolt.

The electrical supply to the separate one Kilowatt stain-~-
less steel water heater was taken from the normal 230 Volt
A.C, supply via. an autotransformer that reduced the voltage
to 120 Volts.

17.2.0 Annulus Assembly’

A typical annulus-heater assembly is shown diagrammatic-
ally on Fig. 5. It consists of a vertical stainless steel
cylindrical heater surrounded by an inner glass tube that
forms the outer wall of the annulus. This glass tube is
centralised with respect to the heater by a rubber water tight
seal mounted at the base of the heater. Mounted around the
inner glass tube was an outer glass tube which formed a small
annular air gap, which acted as a heat shield around the
annulus, the air to water seals being made with Neoprene "0
rings. This heat shield was, of course, only of use for the
subcooled water entry tests. Heater working lengths were
normally 12.4 cm although one heater used had a working length
of 13 cm. Details of a typical heater design are given in
Fig. 5. Stainless steel heater tubes of three different
diameters were used as follows:

a) 9.53 m.m. 0.D. by 0.915 m.m. wall by 12.4 cm working length
bs 6.35 m.m. 0.D. by 0.915 m.m. wall by 12.4 cm working length
cs 3.15 m.m. O.D, by 0.79 m.m. wall by 12.4 cm working length
d) 3.15 m.m. 0.D. by 0.79 m.,m, wall by 13.0 cm working length

A range of glass surrounds were used inconjunction with
the specimen enumerated above to give a variation of the annuli
inner and outer diameters. For a complete list of'the annuli
outer diameters see "Do" on Figs. 27, 28, 29, 30.

Heater voltage drop taps were taken from small screws

mounted in the heater Brass end pieces. For all specimen
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the error in the voltage measurement, caused by not having
the voltage taps exactly at each end of the heater working
length, was determined by separate heater calibration tests.
In these tests a monitored current was passed through the
heater and voltage drop measurements made, using a digital
voltmeter, across the voltage tappings and then across the
specimen working length. From these readings the voltage
difference was determined and was always less than 4%.
Correction factors were applied accordingly. '

The heat transfer area was then calculated for the heater
and combined with the voltage correction factor to enable the
specimen heat flux to be determined directly from the current

and voltage measurements made during actual testing.

17.3.0 Boiling Cell Assembly

Before the annulus assembly was undertaken the heater was
rubbed clean in a random manner with a fine emery cloth and
then thoroughly washed in acetone. The wettability of the
heater surface was tested by running water from a tap along its
surface. With experience it was possible, by this technique,
to confirm that the heater surface was completely wettable.

The heater was then rinsed in Acetone, dried, and assembled
centrally within the glass surround that formed the outer wall
of the annulus. Care was taken that the annulus bottom seal
was water tight and that the glass surround top was just level
with the top of the heater working length. This annulus
assembly was then connected across the rig electrical input
conductors, care being taken to ensure that the heater was
vertical and that the annulus gap was uniform around the heater.

The glass vessel was filled with distilled water whose
conductivity was normally less than 1.5 pmho. and never greater
than 2.5 ’L.mho and the boiling cell inner assembly lowered into
place and finally bolted into position. Electrical power,
cooling water supply, vacuum, ‘thermocouple and instrument
connections were then made to complete the assembly. The
distilled water level was set approximately 13 cm. above the

annulus mouth.
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17.4.0 Experimental Technique

Initially the rig water was boiled under vacuum for
approximately ten minutes to check out the whole system and to
remove most of the air from the water. The author found that
the presence of air in small quantities did not affect the
experimental results. Normally near the completion of the
testing of a particular annulus assembly when check points
were being obtained no air bubbles were visible at all and
the water appeared to be effectively degassed. Experimental
results obtained under these conditions always confirmed those
obtained at the start of testing when small air bubbles were
present in small numbers.

A typical annulus test series will now be described in
which limiting heat fluxes were obtained for both saturated
entry and subcooled entry to the annulus over the entire vacuum
range. .

For the subcooled water entry tests, the vessel water was
brought to the required temperature by the rig heater/cooler,
and the system vacuum set to the required value. Fine control
of the system vacuum under testing was achieved by means of
an adjustable leak into the vacuum pump extract line. The
power to the annulus heater was then increased in steps until
it was generating a heat flux at approximately 80% of the
critical value,. It is worth noting here that under high
vacuum the initial nucleation within the annulus was explosive
in nature.

After the system had run for approximately five minutes
at approximately 80% of its critical heat flux the pool water
was agitated to bring it to a uniform temperature throughout.
The heater power was then increased by small increments until
finally the critical condition was attained. For large annuli
this condition was detected visually by the heater starting to
glow red hot locally. For smaller annuli the condition was
detected from the heater current and voltage drop traces on
the dual channel recorder as follows: at the critical condition

as the heater temperature rises because of local 1liquid starv-
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ation, so its electrical resistance increases, the pen recorders
therefore indicate simultaneously a falling current and an
increasing heater voltage drop. By this method, for the
smaller annuli, it was possible to detect the critical con-
dition before the specimen was red hot locally. The system
vacuum was then noted, the heater power supply tripped, the
pool water temperature recorded, and the heater current and
voltage drop noted from the pen recorder charts. It was also
possible, in most instances, by observation of the water film
front advancing down the heater, after the power trip, to see
"sputtering" (see (9)) occurring at the film front until fin-
ally the heater surféée was completely rewetted.

Further points with subcooled entry were then obtained in
a similar manner, by raising the pool temperature to the re-
quired value and resetting the system vacuum as required.

To obtain results for the saturation line (see Fig. 9)
the power to the annulus heater was again raised to approxi-
mately 80% of the estimated critical value. The pool water
was then agitated to ensure that it was at a uniform temper-
ature throughout, and the system vacuum increased until the
pool temperature corresponded with the saturation temperature
for the system pressure. The heater power was then increased
in small steps until the critical condition was attained -
observed in a similar manner to that described for subcooled
entry. The system vacuum was then noted, the heater power
supply tripped, the pool water temperature recorded, and the
heater current and voltage drop noted from the pen recorder
charts. Further results for higher pool temperatures up to
100°C were attained in a similar isanner.

To obtain a complete set of results for one annulus
(see Fig. 9) the tests would start at a low pool temperature
and subcooled entry results obtained at the different system
vacuums tested. As the pool temperature was increased above
the saturation temperature corresponding to approximately
150 torr. pressure then results were also obtained for satur-

ated entry conditions. This procedure was continued until the
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pool temperature reached the saturation temperature corres-
ponding to atmospheric pressure and the complete picture
(Fig. 9) had been obtained. Check results were then taken
for botﬁ saturated and subcooled entry, at atmospheric
pressure and under vacuum conditions, as the pool water was
cooled.

For saturated entry conditions the liquid-vapour flow,
except for the very narrow and the very large annuli, was of
an annular nature with a continuous vapour bubble at the annulus
mouth. However this bubble slightly reduced its size, regu-
larly to allow an increased inflow of water which then enabled
the bubble to regenerate itself and thus rethrottle the annulus
water inflow. A visually similar situation applied to the
subcooled entry situation except that the bubble size at the
annulus mouth was progressively reduced with increased sub-
cooling.

A series of annuli were tested in which both the annulus
outside, and inside diameter were systematically varied. A
further test over the complete vacuum and subcooling range was
carried out using the vertically mounted 3.15 cm. 0.D. by
12.4 cm long specimen with no confinement, except of course for
the boiling cell. This constituted the vertical pool boiling
situation which is an upper limiting case for the confined
annular geometry. The results obtained are shown on Fig. 8.
After each geometry had been completely tested the boiling
cell was refilled with a new charge of distilled water.

Fig. 6 shows an assembly, with a small annular gap,
boiling at a heat flux of approximately 75% of the critical
value. Fig. 7 shows the same assembly boiling with the
heater flux having just attained the critical value. The
heater "dry" section is shown having formed in the bottom

half of the test section.
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RESULTS
18.1.C General

In all, twenty one different annuli were tested at atmos-
pheric pressure and under vacuum conditions for saturated water
entry, and for subcooled water entry. Both the annuli inside
and outside diameters were varied.

Basic experimental data together with the refined results
calculated from this data are presented in tabular form in
Figs. 27 to 34 inclusive. Figs. 27 to 30 apply to the satur-
ated water entry situation while Figs. 31 to 34 apply to the
subcooled water entry situation. Results for 20°C, 30°C, 40°C
and 50°C of subcooling are given.

Three complete sets of results are shown graphically on
Figs. 8, 9 and 10. Fig. 8 presents the results obtained when
the 3.15 m.m. O.Dia. specimen was tested under vertical pool
boiling conditions. Figs. 9 and 10 present similar results
for the annular geometry situation. The results presented on
Fig. 9 apply to an annulus with a "large" annular gap, while
those presented on Fig. 10 apply to an annulus with a "small"
annular gap. Comparison of Figs. 9 and 10 indicates that
water subcooling at the annulus mouth has a large effect on the
critical heat flux in the former situation while in the latter

situation the effect is small. This effect is probably caused
by an appropriate variation in the liquid recirculation.

18.2.0 Saturated Water Entry

Fig. 11 shows a plot of the dimensionless vapour velocity,

J* against the inverse annulus number, N;l, for all annuli
tested at a system pressure of 760 torr. Reference to Fig. 11
indicates that there is still a dependence on the annulus in-
side diameter, Di’ that is not included in the major parameters
J; and N_.

Fig. 12 shows that the three individual lines of Fig. 11
have been reduced to one line, by introducing the liquid viscos-

ity number, N based on the annulus inside diameter. Now

fl
Nt contains the liquid viscosity, which is a function of the

system pressure, and as will be seen later this dependence on
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pressure allows the slight dependence of JE on pressure to be
correlated also by Nf.

Fig. 13 and 14 are similar plots to Fig. 12 but for system
pressures of 360 torr. and 160 torr. respectively, The lines
drawn through the points on Figs. 12, 13 and 14 are identical
and thus indicate that the water viscosity dependence on
pressure, represented by the viscosity number Nf, allows the
correlation of the experimental results over the pressure range
tested.

Fig. 15 is a plot using the same co-ordinates as in Figs.
12, 13 and 14 but containing all the experimental results plotted
on Figs. 12 to 14 inclusive. It is seen that the vast majority
of the points are contained within the + 25% dotted lines shown
about the full correlating line.

Fig. 16 is a plot obtained directly from Fig. 15 which
shows explicitly how the critical heat flux varies for satur-
ated water entry. Also shown are the 'vertical” pool boiling
critical heat flux values at 760 torr., 360 torr., and 160 torr.
pressures obtained from the saturated boiling curve on Fig. 8.
These values constitute upper limits to the annulus situation,
that is, when the annulus outer surface can be considered to

be at "infinity".

18.3.0 Subcooled Water Entry
The author has attempted to correlate the critical heat

flux values for the subcooled entry situation relative to the
corresponding saturated critical heat flux in a similar manner
to that successfully used in the past for the pool boiling
situation (eg. see eqn. 4, Part I). -

Fig. 18 is a plot for a particular annulus of (a) the
saturated liquid entry critical heat flux, (b) the 50°c sub-
cooled liquid entry critical heat flux, and (c) the ratio of
(b) to (a), against the annulus %- ratio. Reference to Fig. 18
shows that although both the subcSoled and saturated critical
heat flux curves increase monotonically with reducing %-,

their ratio does not , but follows the curve shown in cﬁain
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dotted on Fig. 18. This unexpected behaviour is caused by
the different rates of increase of the two composite curves.
Figs. 19 and 20 show, for a system preasure of 760 torr.,
for all annuli tested, the heat flux ratios 5O/q, and 40/q,
plotted against %é' Also shown on these figures are the '"no
recirculation' limits obtained by using equation 90, and the

"'vertical" pool boiling limits obtained from the results given

L
on Fig. 8. It is seen that for large ) the curves tend to-
e
wards the '"no recirculation" limits while for small % they
e
tend towards the vertical pool boiling values. In between

these two limits the curves follow the unexpected shape des-
cribed previously when discussing Fig. 18.

Fig. 21 is a similar curve to those shown on Figs. 19 and
20 except that the operating pressure is 360 torr.

Figs. 22, 23 and 24 are plots of the subcooled heat flux
parameter defined by equation 90 against %; for system pressures
of 760 torr., 360 torr., and 160 torr. respectively. The key
to the points plotted is given on each figure. The dotted
lines on each figure represent the + 25% band and it is seen
that the vast majority of the points lie within this band.

Fig. 25 shows the correlating lines of Figs. 22, 23 and
24 superimposed. It is seen, for the pressure range covered,
that the results tend to be independent of pressure for the

range of %» greater than 10.
e
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COMPARISCN CF RESULTS WITH MCDELS
19.1.0 Saturated Vater Entry

19.1.1 Experimental correlation

The final correlation for the results obtained, for all
annuli, for saturated water entry, over the complete pressure
range is shown on Fig. 15. The bend in the correlating line
at approximately J* = 0.02 represents the situation when the
results start to mgve away from the annulus correlation line
(J*> 0.02) towards the pool boiling limit. This situation
isgmore clearly illustrated on Fig. 16.

For the range when pool boiling effects are absent (JE>0.02)
reference to Fig. 15 shows that the slope of the line on the )
log-log plot (ordinate and abscissa scales equal) is negative
and equal to 1.0. It therefore follows that for the range
investigated 0.02 < J;< 0.6 then

9 0.83 -1
D -D 0.47
i .N 91
JE¥* = A ° £
g D2
i
A = Constant D2
Substituting N for 1 then equation 91 becomes
2 D- - D
o i
. .47
T ANOS N, O 02
0.83 N -0.47 1
from Fig. 15 for JE = 1.0, then Na - N, .- T8
putting these values into equation 92 gives A = 11.8
.. the experimental correlation for the "annulus' range is
represented by the equation
0.83 -0.47
Js = 11.8 . N . Nf 93
g a

To compare this experimental correlation with the theory,
then equation 93 will be modified as follows
2 0.83 . -0.47
)
J* = 11.8 i 1

D2 - D2 Dg :

'8
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- 11.8 (11;—)0'83( _%1)_1_;>0'47 (%_)0.125

h L°.g

O
. 0.83 -0.47 i
. . *x = . . —
Jg 11.8 Ns NfL .( 1‘) 94

For the experimental range investigated, "L’ was constant,
"g! was constant, and the variation in ”01" due to pressure
variation was not large. The major variation occurred in N
s

due to annulus diameter variations. Therefore to compare

the experimental correlation with the theoreticalDreEulﬁs mean
values will be calculated for (NfL-}—O'47 and for*iéi and
thus J* written in the form ) '
0.83 0.83 <
J* = . . - .
g Const Ns c1 NS 95
Comparison of equations 94 aBd 95 show-that
-0.47 i, 0.125
C, 11.8.N (L ) | 96
Evaluation of Nf;o’47
0.47 QO'47
L ™ )-0.47 - ( .01 > - 1 97
) i % 0.705 0.
fL’ 12.¢ L g 235
Data
2
L = 0.41 ft, g = 32.2 ft/sec
91 - 0.33 x 100 £t2/sec at 760 torr
‘91 - 0.53 x 10-5 ft2/sec at 160 torr _
Substitution of this data into equation 97 gives
(NfL)'°’47 2.2 x 10-3 at 760 torr
" - - 2.75 x 102 at 160 torr

.". Mean value over the pressure range 760 torr to 160

torr is 2.5 x 10-3 and the variation about this mean is

Evaluation of (— 98

approximately + 10% D 10.125
4

Data
L = 4.875 in
D1 (maximum) = 0.375 in
D, (minimum) = 0.125 in

: i .
Substitution of this data in equation 98 gives
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D 0.125 0.125
i - (0‘375) = 0.725 maximum
L 4.875° )
0.125
0.125
- .63
(4'575) 0.634 minimum

-

‘. Mean value over heater diameter range investigated is 0.68
and the variaticn about this mean is approximately + 7%
Putting these mean values into equation 96 gives

C, = 11.8 x 2.5 x 102 x 0.68 = 0.02 + 17%

1
Using this value for C§ in equation 95 gives
J* = 0.02.N0'8 99
g s

Equation 99 is a very good approximate representation of
the experimental correlation given by equation 93 and in this

form can be readily compared with the theoretical predictions,

4. J%
tyt - - 4.Y%
Defining 'Y' as Y N——f- * | 100
s
0.33
then eqn. 99 becomes Y = O.OS.Ns 101

19.1.2.0 Model Predictions
19.1.2.1 Negligible friction fcrces

. The one dimensional separated flow type model used, in

which void fraction effects have been neglected predicts the
relationship (equation 57) for negligible friction forces:

J& = Ns 102

4
Using the definition of 'Y' given by equation 100,

equation 102 becomes
Y = 1.0 , 103

Bquation 103 is shown plotted on Fig. 26 together with
the experimentally determined correlation (as defined by
equation 101) over the experimental range investigated.
Reference to this graph indicates that for N o 1.0 the experi-
mental curve lies well below the theoretical model upper limit
obtained by neglecting frictional effects. However as NS in-
creases so the distance between the two lines diminishes,
which indicates that the vapour acceleration forces become

more important as the parameter Ns increases, that is, the
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annulus, annular gap becomes smaller. It is worthwhile

noting here that the annulus heated length was held essentially

constant throughout the experimental programme.

19.1.2.2 Negligible water film friction forces

For this situation the model prediction is given by
equation 60 which when written in terms of the parameter 'Y!
gives

L 3
D
T D,
e D

1+f1Ns (1+1,
) 1 i
Now it can be shown that for single phase gas flow in

annuli without evaporation (see Appendix 1) that

-

o

loge (1+ é;)

o O
(1 + ;?;- 5:? - -
1 - N, log, (1 + ﬁ;?
‘Therefore using equation 105 as an approximation to the
present situation, together with a value of the interfacial
friction factor, f,, of 0.02 (the value applicable to very
rough pipes in single phase flow) then equation 104 can be
evaluated for the present situation. This evaluation has
been made, over the experimental range applicable, and is
shown as the curve, marked A = 1 on Fig. 26, Reference to
Fig. 26 indicates that the major effect occurs in the region
of large Ns' The major unknowns are, the interfacial friction
.factor and how this varies, at the critical situation, with
Ns, and the effect on the shear stress ratio, ;§3 of heating

from only the annulus inner surface.

19.1.2.3 All force effects considered
For this situation the model prediction is given by

equation 63, which when written in terms of the parameter 'Y'

gives ~ 1 o+ Tw m ’ %,
oy &)
Y - t 1 A.M. - A
| 14+ f n(1+T2D° 1+fN(1+'{°D°
. N i \R
" 1 T Di‘_ s Dy

104

105

106
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It is scen that Y is further reduced by the film friction
effects included in the numerator of equation 106. Because
(to the authors knowledge) the information necessary to eval-
uate this term, at the critical condition, for the experimental
conditions investigated is at present unavailable, the model
approach has not been taken any further. However the numer-
ator of equation 1C6 is proportional to the maximum available
pressure gradient and it is unity when this pressure gradient
equals the hydrostatic pressure gradient. Therefore the maxi-
mum value of A is unity and in all practical situations A 1.C.
Shown on Fig. 26 is equation 106 evaluated for A = 0.25, 0.1,
and 0.05.

19.2.0 Subcooled Water Entry

19.2.1 Experimental correlation

The final graphical correlation of the results obtained
for all annuli, for subcooled water entry, over the complete
pressure range is given on Fig. 25. Fig. 25 is composed of
the curves given on Figs. 22, 23 and 24. It is seen that the

results correlate reasonably well by plotting

D

g -1 L
8§ = (— - 1).ATs against —
a o

19.2.2.0 Model prediction and comparisons
19.2.2.1 Zero liquid recirculation
The model predicts (equation 89) for the situation when

frictional forces are dominant

qQ - n.C
g = (—-8-'-1).A'1‘sl - —Ep-f- - : 107
Q. - fg

where n = liquid recirculation parameter

Now for n = 1 it has been shown (see equation 90 and
below) that S = 1.8 x 10'3/°c. This value constitutes the
l1iquid "no recirculation” condition shown on Figs. 22 to 25
inclusive and appears to be the lower limit to which all the

L
experimental curves tend at large D
e
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19.2.2.2 Range De” 10

For the range %—g>1o, reference to Fig. 25 indicates that

S is not very dependgnt on the system pressure, but is dependent
on the %— ratio, or more accurately on De as the annulus length
was held®constant throughout the experiment. This ratio was
used because it formed a convenient dimensionless quantity and
this fact should be kept in mind when interpreting the following
equations. It therefore follows by reference to the model
prediction (equation 107) that for this range, the liquid re--
"o

circulation "n" is a function of De’ but not of pressure,
that is, n = f (De)

L
19.2.2.3 Range D,< 10
For the range §—<:10, reference to Fig. 25 indicates that

S is dependent on De gnd on the system pressure. It therefore
follows by reference to the model prediction (equation 1C7)
that for this range, the liquid recirculation "n" is a function
of De and of the system pressure, that is,

n - ¢ (De' pressure) :
This relationship applies énly until the pool boiling situation
is attained.

L
19.2.2.4 Range De="0 i.e. Pool Boiling
Reference to the'horizontalrpool boiling correlations

such as that due to Kutateladze et al (11) shows that

-4
qs -1 ef C f
S = (—i- -1 ) .AT_" = Const. o) h-B—fg | 108

Comparison of equaéiog 108 with equation 107 gives
n = Const. \£\* = £ (pressure)

-

P
Therefore for the upper pool boiling limit then "n" is likely

to be a function of the system pressure only. (For vertical
pool boiling it is feasible that the heater length could be
important)

. n = { (pressure)

Referring then to equaiion 107, the equation predicted
by the model, it is seen that this equation can predict the
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system behaviour provided a suitable function is formulated
for the liquid recirculation parameter '"n" in terms of D
(possibly %—), and the system pressure. However becaus: of
the complex?ay that such a function would take together with
the relatively limited experimental range investigated it has
been decided cxpedient to leave the final correlation in the

graphical form as given cn Fig. 25.
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DISCUSS ICN
2C.1.0. Vertical Pooul Boiling

The 3.15 m.m. O.Dia. by 0.79 m.m. wall by 12.4 cm. long
stainless stecl specimen was tested under vertical pool
boiling conditions, that is, without any annular surround
apart from the boiling vessel. The results of this test are
shown c¢cn Fig. 8. Comparison ¢f the saturated critical heat
flux results for vertical pool boiling (Fig. 8) with the
corresponding results for horizontal pool boiling (Fig. 13 of
Part I, bottom curve) indicates that the two curves are very
nearly identical. Thus the ratio of the vertical pool boil-
ing saturated critical heat flux to the corresponding horizontal
pool boiling saturated critical heat flux can be taken as
unity over the whole vacuum range tested. Kutateladze et al
(Fig. 1 of Ref. 11) show that this ratio, at atmospheric
pressure, is a function of the heater diameter and that for
heater diameters greater than about 2.8 m.m. this ratio is
unity. The present results thus support the findings of
Kutateladze et al (11) and also show that this behaviour ex-
tends into the vacuum region. The critical heat flux positions
for vertical saturated pool boiling were random along the
heater length. However as the pool subcooling increased so
the critical heat flux positions tended to occur at the top
end of the heater. This behaviour was probably due to the
water temperature around the heater increasing from heater
bottom to top due to buoyancy effects. Under vertical sub-
cooled pool boiling conditions therefore it is probable that
the critical heat flux is a function of the heater length and
thus the subcooled results presented in Fig. 8 are probablr only
applicable to the particular heater tested. This is not so
under saturated boiling conditions when the water temperature

surrounding the specimen will be constant.

20.2.0. Annuli Results
Figs. 9 and 10 show complete sets of results for a "large"

annulus and a "small" annulus respectively (sizes are given
on Figs. 9 and 10). The general behaviour of the large
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annulus is very similar to the vertical pool boiling results
given on Fig. 8 except that the critical heat flux level has
been generally reduced. However the behaviour of the small
annulus results shows not only that the critical heat flux
levels have becen very much reduced, but also that the critical
heat flux characteristics in the subcooled region are different.
The "flatter'" subcocoled characteristic applicable to the small
annulus indicates that there is only a small gain'with ool
subcooling ,hin the critical heat flux. This is most. likely due
to the water recirculation between the annulus and the main
pool being relatively small for the small annulus and thus

very little extra energy being removed by this process.

20.3.0. Saturated entry to annulus

For saturated water entry conditions Fig. 15 shows the
final correlation of the mean experimental results obtained at
three different system pressures of 760 torr., 360 torr., and
160 torr. The key to the results is given on Fig. 15. The

correlation is obtained on Fig. 15 by plotting the dimension-

0.47 bt .
less vapor velocity, J;, against the product of Nf and Nao 83

and it has been previously shown (see equation 93) that the

law of the line is

J* = 11.8. NO+83  —0.47

R .|

This correlatiog applies ove: the r:nge 0.6 > J; > 0.C2 when
pool boiling effects are no longer present and it can be
rewritten approximately (see equation 99) for the present set
of experiments, in which the heater length was held essentially
constant, as

J; = 0.02. Ng'ss

For comparison with the model predictions the above

equation has been written in terms of the parameter, "Y", (see
equation 101) as

Y = 0.08. ug'”
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The actual comparison is given on Fig. 26 where it is seen
that the approximate experimental correlation given above

lies well below the model predicted line for small Ns for the
situation when all frictional effects have been neglected, '
but that the two lines converge as the shape factor, Ns’ be -
comes larger. This behaviour implies that the vapour
acceleration forces could be significant in this region of
operation. Shown in dotted on Fig. 26 are the model predict-
ions when friction is considered present and acting on the
vapour core and the maximum available pressure gradient is
varied from hydrostatic (A = 1.0) down to 0.05 hydrostatic

(A = 0.05). It is seen that the model predicts the dimension-
less vapoﬁr velocity, J;, as an important correlating para-
meter and also predicts, when all friction forces are considered

absent, an upper limit to J* as follows

%

JE - O.25.Ns
Further the model indicates the correct variations in JE
with increasing friction effects and with a reduced maximum
available driving pressure gradient. However the trend of
the experimental line is not correctly predicted. Thig is
due to the authors inability to predict friction factor be-
baviour and liquid film behaviour at the annulus critical
condition.
To present the magnitudes of the critical heat flux values
determined, Fig. 15 has been replotted in the dimensional
form of Fig. 16. This plot shows quite well how the points
ultimately tend towards the limiting pool boiling values =~
gshown as horizontal lines marked with the applicable pressure
on Pig. 16. Reference to Fig. 16 suggests, that if the
system pressure is increased above the levels tested, then the
resulting points would continue to plot along the Straight
1ine shown in chain dotted until they finally broke away to-
wards their appropriate pool boiling critical heat flux value.
¥ig. 16, which is applicable to annuli, is a comparable plot
to that presented by Wallis (Fig. 14.17 of (7)) for tubes.
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20.4.0. Subcooled Entry to Annulus

Fig. 18 shows, plotted against %—, for a typical annulus

assembly, the saturated entry critical heat flux, '"q", the

subcooled entry critical heat flux for 50°C of subcocling,

q
"qso“, and the ratio of these two quantities, —ég. Reference
to Fig. 18 shows that although both '"gq" ang "qso" increase

monotonically with reducing %;3 the ratio —E—-does not, but
has the unexpected shape shown. This unexpected shape is
therefore caused by the different rates of increase of the
composite curves with %—.

Now the separated %low model predicts for the subcooled
entry situation when friction forces dominate (equation 89)

that )

} c
s = (B-1.art. . 2L
a i s hfg

For the pressure range investigated the ratio of the
water specific heat to the enthalpy of vaporisation is essen-
tially a constant. Therefore the experimental results should
plot as "S" against '"n'", where 'n", the liquid recirculation
parameter could depend on the system geometry and pressure.
Figs. 22 to 24 inclusive show the parameter "S" plotted against
g;-for system pressuresof 760 torr., 360 torr., and 160 torr.,
respectively. It is seen by reference to these figures that
the vast majority of the results are correlated to i.25%°
Further for large %—-all these correlating curves appear to

e -
tend to the same constant value of "S" (1.8 x 10 3/OC) pre-

dicted by equation 89 when the liquid recirculation "n" is
taken equal to unity, that is,there is no liquid recirculation.
Now Fig. 25 shows the three curvés taken from Figs. 22 to
24 inclusive superimposed on the same graph. Reference to
this figure indicates, for %; > 10, that "S" shows little
dependence on pressure and is only dependant on the system
geometry. Now the model could predict this behaviour by
assuming that the liquid recirculation is only a function of
geometry in this region and that for large values of %- this

e
function becomes equal to unity. For the region-%—-<:10,
e
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Fig. 25 indicates that "S" is a function of both geometry
and pressure until finally the pool boiling situation is
reached when "3" becomes a function only of pressure. Again
the choice of a suitable function of system geometry and
pressure for the liquid recirculation parameter, '"n", could
predict this behaviour. It is therefore seen that the
model could explain the experimental. behaviour over the whole
range by making '"n" a suitable function of pressure and geo-
metry. However because of the ccmplexity of the required
function, and the limited experimental results the author did
not consider it expedient to attempt to formulate a suitable
function and has therefore left the final correlation in the
graphical form of Fig. 25.

It is worthwhile noting, that had KE- been a significant
function of pressure over the pressure raﬁge investigated,

then it would have been better to plot the results in the form:

h q
_.f_s.(_S-) -1 L
C 2 l,z)Ts against D,

pf
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CCNCLUSICNS
1. Critical heat flux values have been obtained, for both

saturated and subcocled pool boiling, for a vertically mounted
stainless steel specimen of outside diameter 3.22 m.m. For
this diameter of heater specimen the ratio of the saturated
critical heat flux for a vertically mcunted heater to that for
a horizontally mounted heater has been determined as unity over
the vacuum range tested (760 torr. to 160 torr.). This find-
ing agrees, at atmospheric pressure, with that due to Kutateladze
et al (11) who determined this ratio for boiling at atmospheric
pressure only. For subcooled boiling the positions on the
heater at which the critical condition occurred tended to

occur predominantly at the heater top and therefore these
results are probably only applicable to this particular speci-
men.

2. Critical heat flux results have been obtained, for con-
fined boiling in annuli, for both saturated and subcooled water
entry, over a pressure range of 760 torr. to 160 torr. The
saturated water entry results have been correlated to within

+ 25% over the range 0.6 >'J§ > 0.02 by the equation

~0.47
JE = 11.8.Na°'83. N
g b 4

The subcooled water entry results have been correlated
by plotting the parameter "S'" against %; and the correlation
has been left in graphical form and is shown on Fig. 25, The
vast majority of the results are correlated to within + 25%.
Reference to Fig. 25 indicates that for %; greater than ten,
that the parameter "S'" is virtually independant of pressure
over the pressure range investigated (760 torr. to 160 torr.)
and that for large %‘-— the results appear to tend towards the
value predicted by tﬁe separated flow model for zero water
recirculation. S
3. In a two phase counter current flow system with progressive
evaporation there are three possible relevant forces acting at
the critical or limiting situation. These are buoyancy,

friction, and vapour momentum increase forces. Now Wallis (15)
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devised the dimensionless vapour velocity parameter, j; by
considering the ratio of the first two of these forces and j?
is physically the same as the parameter Jg used by the present
author - the only difference being a multiplying constant.

Now the present author has shown that when the above three
forces are important then two other dimensionless parameters
could be important, they are YE and Ns' These two additional
parameters have been derived by considering force ratios con-
taining the vapour momentum increase force.

4. A one dimensional separated flow type of model in which
void fraction effects have been neglected has been developed.
This model has been applied to annuli subjected to both the
saturated water entry and the subcooled water entry conditionms.
The model has shown J* to be a relevant dimensionless quantity
and has given an uppe§ limit to J; when friction forces are
neglected. This upper limit to J;‘is given by equation 57 as
J¥* = i-!s .  Further it has been noted, equation 58, that
if this relationship is rearranged as follows then we obtain

g
obtained from the ratio of the vapour momentum increase force

J;/Nsi - Y§ = iy where YE is a new dimensionless parameter

and the corresponding buoyancy force (see equations 35 and
36). Thus this upper limit is obtained when in the absence
of frictional forces the "required" vapour momentum increase
force just equals the "available maximum' driving buoyancy
force. However the model has been unable to predict in detail
the experimental results due to the authors inability to pre-
dict friction factor and water film behaviour at the critical
condition. The model, by the introduction of the water re-
circulation parameter, "n", could be made to predict the sub-
cooled entry results if "n'" was made a suitable function of
the system geometry and pressure. For the subcooled water
entry region the model highlighted the parameter, "S", as a
correlating factor and allowed the limiting value of "S" to be
predicted when the water recirculation parameter, "n'" was taken
as unity, that is the water recirculation was zero.

5. Had the author been working over a large pressure range

then there would have been a significant variation in the fluid
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¢ f
property ratio h—E-— Under these conditions, for the subcooled

water entry cond{'{ikn,the model predicts as a correlating para-

meter, not "S', but nig  gn,

pf
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APPENDIX

ci D
Approximate expressicn for (1 + —>--2) in terms of the
i i~

annulus geometry number, Na

Let Ds be the diameter of the

cylindrical surface of zero shear
.
stress in the vapour core. If 73§R§> ,dx

we neglect the volume occupied

by the liquid films, and vapour Ds X
acceleration effects then
1) A force balance across the DL |

control volume bounded by Ds and l Do '

D and shouwn shaded in sketch gives

i ANNULUS
/4 2 2 T ,K,2 _ 2
Ql.n:Di.dx -0 2 (Ds-ni?g.dx -dp g (Ds-ni? o}
rearranging 4. .D
- 22 - .g - 1 i 109
dx eg 2 2
Ds - Di

2) A force balance across control volume bounded by Do

and D8 and shown shaded in sketch gives us

_ (4 2_2 - d T D2_2 -
-1dﬂ.no.dx eg. 2 (Do Ds?g.dx P 3 ( b Ds? 0

rearranging 4.1' D _
- a4 _ - ) .
D ~-D
(o) s

Now equating equations 109 and 110 gives

1;'DL - 1;'Di
D2-D D -D
o 8 ~ 8 1 o 2
I S 22. 2 o T 111
G D p? - D2
- s i

Now an expression is required for Ds’ the diameter of

the cylindrical surface of zero shear in terms of Do and Di'
Therefore assuming, in a similar manner to Lee and Barrow

(12), that for steady flow in an annulus

" 1) the zero shear stress plane in the annulus occurs at

the radius of maximum velocity
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2) the radius of maximum velocity in turbulent flow in
an annulus coincides with the radius of maximum velocity in
laminar flow in an annulus.

Now Lamb (13) gives the velocity profile for laminar flow

-

in an annulus as

2 2 D "Df D
vV = C D -D + . log = 112
1 o Do e Di
loge 5:
To find the diameter D = Ds for which V is a maximum
then equation 112 must be differentiated and equated to zero
. 2
,p2 _ Di !
+ N = ¢c|2ps ® .=| = 0, for D=1D
‘" dp 1 Do D s
loge D
p? - p2 1
+ p - o 1 113
8 Di
loge—z-
Di
. " .we substitute equation 113 into 111 to obtain
2 2
- lo 0
"( D (Do Di! ge;ﬁ'
1+ 252 = i 114
ﬁ( Di 2 2 2 Bg
- - log 5
p_ - D] -Dj Ee-2
i 2
Now substituting into 114 for . Na - 3 then
D -D
equation 114 becomes o
D ) log, (1 + -—9 ' ' 115
o+ F 5
'?- 1-Na.log, (1+ )

Now equation 115 is only an approximation to the present
experimental situation as the fact that evaporation is occurring
and that this evaporation is mainly from the centre surface is
likely to significantly influence the vapour velocity profile.
Thus the assumption that the velocity peak coincides with that
due to laminar flow in an annulus is probably only approximately

correct.
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FIG.5. TYPICAL HEATER -~ ANNULUS ASSEMBLY



FIG, 6 ANNULUS (11,3 m.m. O.D. X 9.53 m.m. I.D.) BOILING
AT 75% OF LIMITING HEAT FLUX., POOL TEMPER-
ATURE - 86°C, PRESSURE - 760 torr,



FIG. 7 ANNULUS (11.3 m.m. O.D. x 9.53 m.m, I.D.) BOILING
AT LIMITING HEAT FLUX. CIRCUMFERENTIAL DRY
AREA FORMED AND HEATER TEMPERATURE CONTINUOUSLY
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RISING. POOL TEMPERATURE - 88 C, PRESSURE - 760 torr.
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FIG, Il. VARIATION OF DIMENSIONLESS VAPOUR
VELOCITY AT PRESSURE OF 760 TORR.
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FIG. 2. VARIATION OF DIMENSIONLESS VAPOUR
" VELOCITY - PRESSURE 760 TORR.
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FIG. I3, VARIATION OF DIMENSIONLESS VAPOUR
" VELOCITY - PRESSURE 360 TORR.
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FIG. 14. VARIATION OF DIMENSIONLESS VAPOUR

VELOCITY - PRESSURE

160 TORR.
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THE CRITICAL HEAT FLUX UNDER PCOL BOILING
AND CONFINED BOILING CONDITIONS

by

J. A, RILEY

This research project entailed investigation of the
critical heat flux behaviour for horizontally orientated
self heated heaters under low pressure pool boiling con-
ditions, and for vertically orientated self heated heaters
under low pressure pool boiling and confined boiling con-
ditions. The confined boiling condition was obtained by
mounting the tubular heater vertically and surrounding this
heater by a thermally insulated glass tube which formed an
adiabatic outer surface. The base of this annular assembly
was sealed so that, under boiling conditions, the water
entering the annulus did so in opposition to the vapour out-
flow.

The rig developed for this investigation consisted
essentially of a spherically bottomed glass boiling cell
30 cm in diameter and 37 cm high which contained the distilled
water and the heater assembly. The rig services and sensors
were taken into the boiling cell via. a stainless steel lined
Tufnol top which formed the boiling cell closure. The
heaters were driven electrically using a low voltage-high
current supply. Rig vacuum was obtained using two stainless
steel water jet pumps working in parallel. The rig was
suitably controlled and instrumented.

For pool boiling, both horizontal and vertical heater
placement have been investigated. Stainless steel tubular
and rod heaters were used. Critical heat fluxes were deter-
mined at atmospheric pressure and under vacuum for sub;cooled
and saturated pool water conditions. These results have

been correlated and compared with other workers results where
possible.
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Confined geometry boiling conditions were investigated
for the annulus geometry with the inner surface heated and
the outer surface adiabatic. Annuli of different sizes
were used but the assembly length was not varied. Critical
heat fluxes have been determined for each annulus geometry
under atmospheric pressure and vacuum for both saturated
and sub-cooled pool conditions.

A one dimensional separated flow model has been developed
which (a) predicts a dimensionless vapour velocity parameter
as a relevant variable and (b) predicts the correlating for-
mat used to correlate the annulus sub-cooled water entry
critical heat flux results. The annulus saturated water
entry critical heat flux results both at atmospheric pressure
and under vacuum were successfully correlated using a dimension-
less vapour velocity parameter whose characteristic dimension
is the annulus heated equivalent diameter. The annulus sub-
cooled water entry critical heat flux results both at atmos-
pheric pressure and under vacuum were successfully correlated
using a dimensionless parameter that was predicted by the
mathematical model developed.

It has been shown that for such confined geometry conditions
in which vapour momentum forces may be important as well as
frictional and buoyancy forces, that the critical heat flux
behaviour should be correlated in terms of parameters which
contain two of the following dimensionless quantities: J;,

Y; and N_. JE is a dimensionless parameter that is proportional
to the ratio of the relevant system shear forces to the system
buoyancy forces. !; is a dimensionless parameter that is
proportional to the ratio of the relevant system momentum

forces to the system buoyancy forces. N_ is a dimensionless
parameter that is proportional to the ratio of the relevant

system shear forces to the relevant system momentum forces.



