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Two physically quite distinct forms of burnout were observed.
With the one form the pressure and mass-flow begin to fluctuate
shortly before the onset of film-boiling ; this form is therefore called
“ pulsating burnout ”. With the other form the hydrodynamic behaviour
is completely stable until film-boiling suddenly begins., Pulsating
burnout, which was observed only in the subcooled boiling range, leads
to critical heat flux values 20 to 50 % below those for hydrodynamically
stable flow.

With hydrodynamically stable burnout it was sometimes possible
to increase the burnout up to 80 % by altering the inlet hydrodynamics
(orifice plates or short swirl-vanes). Further it was found that
reduction of the L/D ratio affects the burnout during boiling even more
than do these hydrodynamic modifications.

A special study was made of the forces which play a major part in
causing and damping the pressure and mass-flow fluctuations preceding
pulsating burnout, and of the design and hydrodynamic methods of
avoiding it.
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SUMMARY

This work concerns the measurement of eritical heat flux (burnout)
in boiling water, and especially the influence of flow prehistory and
inlet conditions together with the test-channel L/D ratio on nucleate
boiling and the onset of film boiling. The measurements were made at
pressures of 70 to 140 atm on internmal-flow tubes of diameter 0.7 to
1.5 ecm. With mass-flows of between 100 and 350 g/em?/sec the test-
channel intake conditions ranged from 20 % subecooling to 20 56 steam
quality.

Two physically quite distinet forms of burnout were observed.
With the one form the pressure and mass-flow begin to fluctuate
shortly before the onset of film-boiling ; this form is therefore called
“ pulsating burnout . With the other form the hydredynamie behaviour
is completely stable until film-boiling suddenly begins. Pulsating
burnout, which was observed only in the subeooled beiling range, leads
to eritical heat flux values 20 to 50 % below those for hydrodynamically
stable flow.

With hydrodynamically stable burnout it was sometimes possible
to increase the burnout up to 80 % by altering the inlet hydrodynamiecs
(orifice plates or short swirl-vanes). Further it was found that
reduction of the L/D ratio affects the burrout during heiling even meore
than do these hydrodynamic modifications.

A special study was made of the forces which play a major part in
causing and damping the pressure and mass-flow fluctuations preceding
pulsating burnout, and of the design and hydrodynamic methods of
avoiding it.



Note

The tests described in this report were carried out in the
laboratory of the nuclear power division of M.A.N. Nirnberg
Works. ‘

The test facility was planned and built by Mr. H. Agena,
. and Mr. H. Baldauf.

The electrical equipment of the facility, the development of
the burnout detectors, three-wire thermocouples and electrical
measurement techniques were handled by Mr. D. Henkel.

The test section, layout and wiring of the instrumentation
were made by Messrs. H. Grasser, R. Rupprecht and
G. Sichermann.



Summary

The purpose of the present study has been the measurement of
the critical heat flux (burnout) in boiling and,primarily,

the effects of the history and the inlet conditions as well

as the L/D ratio of the test channel on nucleate boiling and
the inception of film boiling were investigated. The tests were
made at pressures of 70 to 140 kgf/cm2 using internally cooled
tubes with diameters varying from 0.7 to 1.5 cm. The conditions
at the test channel inlets covered mass flows betwéen 100 and
350 g/cm2s between a degree of sub-cooling of 20% and 20%

steam quality.

Two types of burnout were observed which are completely
different in their physical appearance. One type 1s
characterized by the occurrence of fluctuations in the pressure
and mass flow shortly before film boiling starts and therefore
this was designated "pulsating burnout". The other type shows
a hydrodynamically completely stable behaviour until film
boiling suddenly occurs. Pulsating burnout which was observed
only in the range of sub-cooled boiling was found to lead to
- critical heat flux levels 20 to 50% below those obtained with
hydrodynamically stable flow.

With hydrodynamically stable burnout it was possible, by
varying the hydrodynamic inlet conditions, to increase the
critical heat flux up to 80%. The factors studied included
primarily the influence of differently designed inlet openings
as well as of orifices and short twisted tapes fitted in the
inlet to the test channel. An even greater influence on the
critical heat flux in boiling compared to these hydrodynamic
measures was obtainable by a reduction of the L/D ratio. With
very short test sections having an L/D ratio of 5 to 10 the
critical heat flux is 4 to 5 times the value obtainable with
long test channels having an L/D ratio of 80 to 100. The



physical and technical reasons for this improvement by a
change in the inlet conditions and shorter L/D ratios
could be clarified to a large extent by measuring probes
developed specifically in the course of the tests.

In respect of pulsating burnout, the question was given
special attention as to what forces are important for the
excitation and damping of the pressure and mass flow
variations which are preliminary to it and what the design
and hydrodynamie possibilities are to obviate it. It was
found that it is above all the existence of spaces filled
with compressible medium upstream of the test channel and
throttling of the flow at the test channel inlet that affect
the pulsations. Throttling has proved to be a reliable, 1if
uneconomical, means to avoid pulsating burnout. As increased
throttling invariably involves additional pumping power it
1s sound policy to keep this pressure loss, allowed for
reasons of safety from pulsations, at the very minimum. For
this reason, extensive experiments were included in the work
carried out to study the minimum throttling effect necessary
for various design, thermal and hydrodynamic conditions.
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1. Introduction (*)

The present report 1s intended to summarize the work carried
out under the research contract No. 057-61-RDD/Q.D.No. III.1.8
made between the European Atomic Community and the Maschinen-
fabrik Augsburg-Niirnberg Aktiengesellschaft, Nuremberg Works.
This contract had for its object the investigation of the
eritical heat flux in boiling in internally cooled tubes.

Work published during the last 10 years includes a multitude

of studies of the problems in the vast and little known field
of two-phase flow of which the greater part dealt with the
phenomenon of film boiling or, more specifically, burnout. In
spite of this large number of experimental studies and
theoretical analyses, a clear understanding of the influence of
important flow-mechanical, thermodynamic, and geometric
parameters on the transition from nucleate to film boliling was
lacking. Out of the numerous factors involved 1t was mainly the
pressure, temperature, steam quality, mass flow and shape of
the heated surface of which the effect on burnout had been

the subject of both qualitative and quantitative studies.
However, little, if no, data were available which would have
permitted an evaluation of the influence of the hydrodynamic
inlet conditions and the length/diameter ratio on the maximum
heat flux in boiling.

It has, therefore, been the main aim of our work to define the
influence of these parameters. With a view to simplifying the
problem and to create clear cut test conditions, it was
deliberately decided to adopt stralghtforward test conditions
and, therefore, the tests were made on round, internally cooled,
individual tubes. The form of the velocity profile and the
thermal profile in the burnout zone were varied by providing
different types of inlet sections and variously formed flow

(*) lManuscript received on March 21, 1967.



disturbing elements such as twisted tapes and orifices as well
as by changing the length/diameter ratio of the heated section,
the test range covering pressures from 70 to 140 kgf/cm2 mainly
in the range of sub-coocled boiling and low to medium steam
qualities. In addition to the main target of the tests, it was
possible to obtain results which provide information on the
influence of the parameters of pressure, mass flow and sub-
cooling on the boiling ecrisis.

During our investigations we observed two completely different
types of burnout. The term "burnout" as used in this report

is interpreted in the strict sense eof the word, i.e. when
melting or destruction of the heated wall occurs due to
excessive temperature rise which is not necessarily identieal
with the terms "film boiling" or "boiling crisis™. The first
type burnout represents a genuine boiling crisis, i.e. film
boiling. The second type can conveniently be referred to as
"sulsating burnout" because it is caused by mass flow and
pressure variations and their consequences. The heat flux in

the ecase of the pulsating burnout, which tends to occur only

in a narrowly limited range, i.e. under conditions of sub-rcooled
flow and at low steam gualities in the test channel is 20 to

50% lower than with the first type burnout. In pulsating burnout
pressure and mass flow fluctuations suddenly arise on a definite
heat flux level being reached without any change in the ‘
circuit other than the slow and uniform increase in the heat
flux. The amplitudes of the pulsations increase rapidly and
lead to a crisis in the heat transfer process which eventually
causes burnout. '

The physical eonditions in either type of burnout show marked

differences. For this reason, and with a view to aechieving a
elear and cohesive deseription of the phenomena, the first type

of o



burnout i.e. the boiling crisis under completely stable flow
conditions and the type two burnout,i.e. the pulsating
burnout, are discussed in separate chapters.

The task before us made it necessary to perfbrm measurements
of certain hydrodynamic and thermoedynamic factors without
time lag and with a reasonable degree of accuracy. In con-
junction with the work under the contract,various measuring
devices have been developed of which the three-wire thermo-
couples deserve special mention. These make it possible to
record the temperature variation on the surface of the
electrically heated test channel at the moment of the
extremely rapid burnout process without time lag and provide
valuable information on the hydrodynamic and thermodynamic
conditions during transition from nucleate to film boiling.



2. Test Facility and Measuring Equipment

The test loop in which the measurements of the critical heat
flux in boiling were made and in which heated channels of

any desired cross sectional flow area can be installed was

designed for the following main data:

Maximum permissible working pressure

Maximum permissible working temperature

Maximum flow

Heating capacity available for the test

channels

o e Ton - ——— ———— - —— e ay -

2.1.1 Layouts and eguipment in loop

and

220 kgf/cme
372 °C
15 m°/hr

440 kW at 4000 A
and 110 V

350 kW at 2000 A
and 175 V

In designing and proportioning the test loop care was taken

to permit operation of the plant both as a pressurized

water circuit, i.e. in the sub-cooled range, and as a

boiling water circuit with steam/water mixtures in the test

channel. The installation was of the closed circuit type, the

flowing medium being circulated by means of a centrifugal

pump. In its hydrodynamic stability behaviour it, therefore,

closely simulated the conditions prevailing in

pressurized water and bolling water reactors.

The arrangement of the circuit is shown in Fig. 1. Fully

demineralized and deaerated water is delivered by means of

the circulating pump 6 via one of three parallel flow-

measuring sections to the electrically heated preheater T
where 1t is heated to the desired conditions at test channel

inlet and, depending on test conditions, may be partly

evaporated. From the preheater the medium flows into the

test section 1 incorporating the channel tube to be tested

/.



for the maximum heat flux attainable. The water/steam ,
mixture produced in the channel can be separated into the
steam and liquid phases in the steam separator 2. The dry
saturated steam is passed into the condenser 4 where it
condenses and is slightly sub-cooled. The water obtained in
the steam separator flows to the cooler 3. Both part flows
can be determined by separate flow-measuring orifices.
Downstream of the flow-measuring orifices the two branch
flows combine to reach the initial point of the circuit

the pump 6 via the cooler 5. In the course of the tests, it
was found that, to obtain appropriate steady-state conditions
in the test circuit, it was preferable to cut out the steam
separator and to pass the water/steam mixture obtained in
the test channel directly to the condenser 4.

When measuring sub-cooled flow, the pressure in the circuit
was kept at the desired value by the electrically heated
pressurizer 8. A secondary circuit comprising a cooler 10,

a regenerative heat exchanger 11 and a mixed~bed filter 12
was provided to by-pass the pump 1 to "bleed" water from the
circuit for continuous cleaning under working pressure.

At temperatures up to 300°C in the circuit, well water was
used as secondary coolant for the coolers and condensers,
whereas at higher temperatures, because of the high thermal
stresses arising in the tubes of these heat exchangers under
these conditions, it was necessary to interpose an inter-
mediate coolant eircuit using Diphyl.

All parts of the test loop in contact with the primary
medium were made of stalnless steel.



The circulating pump was of the glandless, three-stage
centrifugal type (made by KSB, Model LUVh) rated at about

3/hr. The motor

120 m wg head and a maximum flow rate of 15 m
was of the canned rotor type and protected from the high
temperatures in the pump section by a water-cooled heat
barrier. Additional cooling of the motor was provided via

a heat exchanger. Control of pump delivery was by means of

a by-pass fitted with a motor-operated control valve between
the pump inlet and discharge. A second possibility of control
was afforded by the throttling valves installed in the main

circuict.

The eélectrically heated preheater was formed by 4 tube banks

in series, each bank consisting of 6 parallel tubes. Heating
elements were concentrically arranged 1n these tubes. These
heating elements are resistance strips of AlSiCr embedded in
magnesium oxide and enclosed in a V2A tube. Coarse control

of heater capacity was by cutting in and out individual heating
rods and fine control was obtained by means of a regulating
transformer which provided infinitely variable control of

3 rods located at the outlet side of the heater.

The vertically arranged steam separator was of the combined
baffle and surface type. The two-phase medium entered the
vessel at the top and impinged on the baffle which divided

the inner space and was perforated at the bottom. As a

result, steam could pass unhindered into the steam space above
the liquid level. It then passed through a bank of Raschig
rings and through two steam strainers into the steam pipe
leading to the condenser. The saturated water was discharged
at the bottom of the vessel and carried into the intermediate

cooler.



2.3

The coolers and condensers were of the shell-and-tube type
with the tubes being expanded and welded into the tube

plates at both ends. As previously mentioned, the coolant

up to temperatures in the primary circuit of 300°C was
boiling water at 1 kgf/cm2 whereas, at higher temperatures,
Diphyl was used at the secondary side of these heat ex-
changers. This was recooled in separate coolers by well water.

The pressurizer required for tests with steam-free water was
a vertical cylindrical vessel designed fo contain a steam
cushion of 130 litres maximum. The pressure was controlled
from the saturation temperature of the steam and the heat

was supplied by 4 electrical heating elements welded into

the bottom of the vessel and designed to permit a temperature
increase of 50°C/h during start-up of the test facility.
During operation, the saturation temperature required for

the desired working pressure was regulated by on-off control
of the heater rods.

Initial filling of the test loop, and refilling to account
for variations in the working conditions was from a

demineralization plant which was designed to supply fresh
water with an electrical conductivity of 0.3 to 0.5 /u—Siemens/

cm.

Test Section

The design of the test section is shown in Fig. 2. It
essentially consists of a thick-walled autoclave and the
actual test channel, a tube carrying the circulating water
and surrounded pressure-tight by the autoclave. By varilous
design measures, a cylindrical space is provided between the
test channel and the autoclave wall which is filled with

o/



nitrogen. The test channel 1 is brazed ét the top in a lens-
shaped body which at the same time serves as the negative
pole of the power supply 2 and the upper airtight closure of
the nitrogen space. At the bottom end of the test channel
where the water is admitted there is another lens-shaped

body placed between two mating flanges which is designed

with a recess to attach expansion bellows 3. The expansion
bellows are arranged concentrically around a supporting tube
with a flange 4 fitted to its bottom end. This flange is
bolted to a mating flange and Klingerit gaskets and ceramic
spacers are provided for electrical insulation. It is in this
mating flange that the test tube is brazed in. These arrange-
ments provide a completely pressuretight closure of the
annular space filled with nitrogen against the circulating
water. The nitrogen pressure is maintained via an automatically
operating equalizing system,which is also shown in Fig. 2,at
the water pressure prevailing at the test channel inlet.

This relieves the test channel from any pressure and it is
possible to test tubes with thin walls similar to the
cladding tubesof the fuel elements in pressurized and boiling
water reactors. The test channel is directly heated
electrically by direct current with the test channel wall
serving as ohmic resistance. Direct current can be obtained
alternatively from % independent sources 1in the form of a
rectifier and 2 motor generator sets. The rectifier consists
of groups of parallel-connected silicon diodes connected in
a three-phase bridge circuit via a step-down transformer and
a regulating transformer with the 6 kV factory system.
Infinitely variable control of the d.c. voltagé is possible
from 10 to 175 V with a maximum amperage of 2000 A which
provides a maximum heating power of 350 kW. The d.c. ripple
is about 4%. Cutting off of the power is by a circuit breaker
with a response time of about 12 ms. This short response

/e



time 1is achieved, inter alia, by an impulse tripping device
which releases the servo mechanism of the breaker within
> ms after applylng a release voltage impulse.

For tests which call for high constancy of the heating
voltage there is a motor generator set. It consists of two
d.c. shunt generators which are driven together by & slip-
ring motor. Both generators have a rated output of 220 kW

at an amperage of 2000 A and a terminal voltage of 110 V.
Fach unit is equipped with a transistorized two-position
controller which regulates the current in the exciter winding
SO that the desired voltage, which is infinitely variable in
a range from 7 to 110 V, is maintained constant with an
accuracy of 0.5%. Setting of the desired value is by means
of a multi-spiral Helipot potentiometer with precision drive.

Parallel connection of both units can be achieved by closing
the coupler switch. An automatic mechanism ensures that

both machines are regulated for equal voltage before parallel
connection and after connection are regulated in addition for
equal current. Shutting down is by means of quick-action
breakers of the same type as used in the rectifier plant
described further above.

The sensing elements for the test channel, such as thermo-
couples and voltage pick-ups, are welded onto the outer
non-cooled surface of the internally-cooled channels and are
brought out through specially designed electrically

insulated bushings which provide a pressuretight seal. This
bushing, which is shown in Fig. 3, consists of a cone of
Araldit which is pressed against a metal seat by the interior
pressure to be self sealing. The instrument leads are cast

into the cone.
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The critical heat flux in boiling depends on a number of
hydrodynamic and thermodynamic parameters,such as mass flow
density, system pressure, degree of sub-cooling or steam
quality,respectively, which all have to be measured
reliably and with accuracy. In addition, it is necessary to
measure the power supplied to the test channel as well as
the variation of the heating surface temperature. To
protect the test channel from destruction a safety system
is called for, a so-called burnout detector, which cuts off
the power supply Jjust before excessively high temperatures
are reached.

2.4.1 Measuring the temperatures of the cireculating medium

The following temperatures are measured in the main circuit

by means of thermocouples:

Inlet and outlet temperaturesat test channel
Inlet and outlet temperaturesat preheater
Temperature at flow measuring orifices
Temperature at pressurizer

In the larger bore pipes of the circult the thermocouples

are distributed over the cross section on a traverse fitted
between two flanges. Fig. 4 shows a section through a

typical traverse. It consists of a ring with lens-shaped
sealing surfaces with radial drilled holes and 3 or 4 branch-
offs to which nipples are welded into which the steel-clad
thermocouples are brazed. Projecting 30 to 40 mm into the
flowing medium the measuring error caused by heat dissipation
is negligible. In small-bore pipework of less than 50 mm
inside diameter the fitting of temperature traverses is not

/.



2.4.2

- 11 -

possible. Therefore, a temperature measuring loop is used
as shown in Fig. 5. For this purpose,a 90o knee 1s fitted
into the pipe line in which a thermocouple is so arranged
that it points against the flow and reliably indicates the
temperature of the medium at this point.

The temperature readings of all these thermocouples were
compared with that of a Pt-Pt-Rh couple which, in turn, was
calibrated for high accuracy via several fixed points, such
as the boiling point of water, the melting points of tin,
zinc and cadmium. All temperatures to be measured were
recorded during the test duration by means of two
potentiometer recorders each with 12 channels. In addition,
it was possible to obtain readings from each measuring point,
via a selector switch,individually on a precision potentio-
meter recorder.

Measuring the surface temperature of the test channel

The best burnout criterion is the accurate and adequately
fast measurement of the surface temperature of the test
channel at the moment transition occurs from nucleate to
film boiling. This calls for temperature probes with a
correspondingly high rate of response. Conventional thermo-
couple arrangements,if they are applied to the current
conducting test channel wall with electrical insulation
interposed, are too sluggish or, if they are applied
directly, a high error voltage is superimposed on the thermo-
couple e.m.f. which results from the voltage drop of the
heating current in the test channel wall. The work under
review therefore included the adoption of a special thermo-
couple system, a so-called three-wire thermocouple, the
basic arrangement of which was given by Buchberg [1] ; but
extensive developments were necessary in our laboratory
before accurate and reliable functioning was obtained. This
three-wire thermocouple which is schematically shown in

/e
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Fig. 6 essentially consists of three wires welded directly
to the current conducting surface of the test channel and
spaced about 0.5 mm apart. The two outer wires consist of
like material whereas for the centre wire the material has

a different thermoelectric rating. The tube lengths between
the wires form a Wheatstone bridge together with the
resistors R1 and R2 which is so balanced that the error
voltage due to the heating current becomes zero and there is
only the thermoelectric e.m.f. in the galvanometer circuit.
The response time of these three-wire thermocouples is some
40 times shorter than that of a mica-insulated thermocouple.
As shown by the two graphs at the top of Fig. 6, a thermo-
couple insulated against the current-carrying wall by means
of a 0.1 mm thick mica layer using wires of 0.1 mm thickness
will take approximately 280 ms until an indication of 2/3 of
the actual value of a suddenly applied excess temperature

is obtained whereas the three-wire thermocouple gives the.

same indication in 7 ms.

The Wheatstone bridgelformed by the thermocouple system is
balanced by means of a Lissajous figure produced by a
cathode-ray oscilloscope. The use of this balancing method
calls for the d.c. used for heating having an a.c. voltage
component which can be produced, for instance, by super-
imposing an alternating current. To obtain the Lissajous
figure the voltage drops of the a.c. proportion across the
supply circuit and the galvanometer circuit of the Wheat-
stone bridge are applied to the r.c. coupled inputs of the
cathode-ray oscilloscope in a manner that the voltage of
the galvanometer circult is dpplied to the vertical plates
and the voltage of the supply c¢ircuit to the horizontal
plates. The slope of the straight line appearing on the
screen relative to the horizontal screen axis is a measure

of the bridge unbalance. The system is balanced if the
straight line is parallel to the horizontal axis of the
screen.
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.- Another possibility of balancing the three-wire thermocouples

- 1s by suddenly shutting off the heating d.c. current by hand.
If the Wheatstone bridge is not balanced the galvanometer used
for the temperature measurement will show, in addition to the
- thermal e.m.f. of the thermocouple, the unbalance voltage of
the bridge. If the shut-off process is recorded by means of

-~ a recording oscilloscope there will initially be a sudden
'voltage change in the thermocouple which originates from the
removal of the error voltage and then only does an
exponential drop of the reading occur, corresponding to the
temperature change due to the cooling of the heating

surface. A trace for such a thermocouple <¢ircuit which 1s
not accurately balanced is reproduced in Fig. Ta.

During operation, unbalance in the bridge circuit arises

due to temperature-dependent variations of the resistances

of the thermocouple wires as well as the resistances of the
channel sections between the Junction welds of the thermo-
couple wires. Unbalance due to resistance variations in the
thermocouple wires can be eliminated by appropriate pro-
portioning of the resistors R1 and R2 shown in Fig. 6 which -
as explalined in detall iIn 2 - have to be selected so that the
unbalance potential is below the class accuracy of the
measuring instruments used.

How much the bridge circuit is unbalanced due to resistance
changes in the channel section between the welds of the
thermocouple wires during nucleate bolilling or a short time
before burnout occurs, has been examined on the same -
principle which underlies the abovementioned calibration
method by means of shutting off the heating power. A few
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tenths of a second before burnout occurs, which mostly was
preceded by statistical temperature variations, the heating
power was therefore interrupted by hand. As is clearly shown
in Fig. 7b the bridge was not unbalanced due to nucleate
boiling or the boiling processes on inception of burnout
because, at the moment of shutting off the power, there was
immediately the exponential temperature drop and a sudden
change resulting from a spurious voltage did not occur.

The recording instrument used to record the very fast
temperature changes was a light-beam line recorder with

18 channels whose highly sensitive moving coil galvanometer
is capable of tracing temperature variations up to a
frequency of 8000 cps.

Pressure measurements

Measurements of the steady-state system pressure in the test
loop were made by means of Bourdon tube pressure gauges of
the accuracy class 0.6. These pressure gauges were
calibrated before installation by means of a deadweight
tester and their accuracy was checked at regular intervals.
Furthermore, a piston-type pressure gauge was available for
accurate measurements and this was used at the same time

as the desired value transmitter for the control of the
pressurizer heating system. ' '

For measurements of high-frequency pressure variations, such
as were liable to arise in the burnout process, two different
types of differential pressure gauges were employed. The

one relied on strain gauges and consisted essentially of a
pressure diaphragm of austenitic steel onto which a strain
gauge was glued. The one side of this diaphragm was
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connected via a short tube branch with the points of the -
test loop at which the pressure variations of the circulating

-+ medium were to be measured. At the other side of the

2.4.4

diaphragm, a constant pressure was applied by means of the
abovementioned nitrogen pressure equalizing system which
corresponded to the mean value of the pressure in the
circulating medium. To correlate the voltage variation
indicated by the strain gauges with pressure differentials
this measuring system was statically calibrated before
installation by means of a mercury manometer.

Furthermore, a CEC differential pressure transmitter was used
which employs a modified strain gauge principle to sense

the pressure. In this instrument, the gauge wires subject to
strain are suspended from 4 movable bars connected by‘springs
and loaded via a diaphragm, a configuration designed to
ensure a linear relationship between the differential
pressure and the measuring voltage over the entire

measuring range. This transmitter was capable of sensing
pressure variations up to a frequency of 2000 cps.

A}

Flow measurements

Measurement of flow rates was by means of orifice plates

to DIN 1952 [3] the dimensions of which were so selected
that an adequate indication was obtained in the differential
manometers for reasonable reading accuracy at the minimum
flow rate to be determined. The manometers were of the
mercury-filled U-tube differential type in which the
position of a steel ball floating on the mercury is sensed
magnetically. ' ' ;
To obtain information on high-frequency mass flow variatibns.
such as are caused by the boiling process in the test
channel, it is necessary to employ fast response sensing

o/
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elements. It was therefore decided, in addition to the
orifice measurements, to record the flow conditions by
means of a turbine flow meter. This instrument is basically
a small single-stage axial-flow turbine with a permanent
magnet rotating with the rotor to produce impulses in a
sensing coll outside and, thereby, generate an a.c. voltage
in proportion to the flow rate. This 1s converted in a
digital analog converter into a frequency proportional
direct voltage which can then be recorded on an oscillo-
graph against time. The response rate of this turbine flow
meter was approximately 10 ms and its measuring range
extended from 100 to 500 litres/hr.

Determination of steam quality

The steam quality at the test channel inlet was obtained
from the energy balance of the electric heater by the
formula: ‘

. o |
LR s’ QUE

Xpm = T [ M i +1Ew] : (1)
where
Xem steam quality at test channel inlet -
r heat of evaporation ' | kcal/kg
va power supplied to the heater : kcal/h
M mass flow ‘ " kg/h
1* enthalpy of water in state of saturation keal/kg .
1va enthalpy of water at heater inlet kecal/kg

The heat loss of the heater to the environmént was
determined by caleulation in advance and by thorough
calibration tests.
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- The steam quality at the test channel outlet can be
~determined by two alternative methods. The simplest and,
" as was found during the test operation, most reliable
| method relies on the energy balance of the test channel.
In this case, the abovementioned equation applies if the
corresponding magnitudes are referred to the test channel
' instead of the heater.

nIt is also possible to determine the steam quality on the
basis of partial flows determined separately in flow
orifices downstream of the steam separator. However, this
method involves corrections for after-evapcration due to
-the pressure drop in the pipework and for the condensation
due to the heat loss, and the efficiency of the steam
separator, i.e., the remaining humidity in the steam flow,
has to be taken into account.

N

2.4.6 Electric probe for locating steam bubbles

The time sequence of steam voids above the test channel

was determined by means of an electric probe of the type
employed by Nassos [4] . As shown in Fig. 8a it consists

of a glass-coated platinum wire having its end bent into

the flow direction and provided with a slender point which
projects from the insulation. If the probe is exposed to a
water flow contalning steam bubbles it will be alternately
wetted with water and enveloped with steam. Both conditions
can easily be detected by means of a d.c.-fed resistance

or ohmmeter connected between the platinum wire and the

test channel wall. If enveloped with steam, the resistance
will be infinite and, consequently, the current zero whereas,
when wetted with water, the resistance and current, re- »
spectively, will attain a value which essentially depends on the

/e
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temperature -dependent electric conductivity of the water

as well as the volumetric ratio between water and steam in
the immediate vicinity of the platinum point. The circuit
arrangement in Fig. 8b shows the basic layout of the
electrical instrumentation. A d.c., source is connected in
series with the probe and a voltage divider R. The divided
voltage is fed to a high-ohmic input amplifier combination
to the output of which is connected the galvanometer of the
oscillograph.

2.4.7 Burnout detector

To protect the test channel from destruction on attaining
the critical heat flux due to melting or burning through,
a burnout detector was used the design of which 1s shown
in Fig. 9. In this connection, it should be emphasized
that this burnout detector served only as a safety device
and 1ts response was not referred to as a criterion for
the inception of the boiling crisis. The latter purpose
was served by the temperature indication of the fast-
response three-wire thermocouples which -~ as discussed in
the following chapters - enabled satisfactory information
to be obtained on the inception and the pattern of the
burnout phenomenon.

In the burnout detector, the excessive temperature rise

at the moment of burnout is determined by comparing the
electrical resistance of the upper half of the test
channel with that of the lower half in a Wheatstone bridge
circuit. On inception of burnout, the previously balanced
bridge becomes unbalanced and the unbalance signal 1is
amplified in a differential amplifier with a very high
in~-phase suppression and applied to a relay which,when a
preselected value 1s reached, closes a normally open
contact and, thereby, operates the quick-action breaker
explained in Chapter 2.4. Interference voltages with a
great width of the transition interval are largely
suppressed by the inductivii, of the relay coil. The total
time required for cutting off the power was 20 to 30 ms.

/.
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For an evaluation of results it 1s necessary to consider
possible errors and to determine the accuracy with which
the individual results were obtained. The factors that
enter directly into the results of the critical heat flux
are the electric power applied as well as the heated
surface of the test channel whereas other parameters -
such as system pressure, temperature and the steam quality
of the coolant respectively and the mass flow - are
correlate factors. To define the overall measuring un-
certalnty 1t 1s necessary to know to what extent the
various factors enter into the overall factor. The relative
importance of the individual factors can be found by means
of an equation to determine the critical heat flux in a
manner that it 1s differentiated for the individual test
parameters.

Using, for instance, the Bettlis equation 7 shown in the
Appendix 1 under Item 2

®Bo _ o (MBoy B ,8 ) 2,-0.002L/D
10° 1 NP 10
then the relative error for the heat flux is
AD M
BO BO 2 G
= 2.5 ° + . + AL/D - 0.0012 (3)
B0 Hpo 107 (1 + G—7)
10
where
D = diameter ft
G = mass flow lb/hrn-ft2
Hgy = enthalpy at burnout point Btu/1b
L = heated channel length £t
®po = burnout heat flux Btu/hr-ft2

Regarding the system pressure, which in the Bettls equation
is not allowed far, it is assumed, for the error analysis
in the test range investigated by us from 70 to 140 kgf/cma,
that it is linear so that A%B can be taken for the
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relative error. This term therefore has to be added to the
abovementioned relative error. Before applying equation 3
it 1s, however, necessary to determine individual errors
such asvthose in the enthalpy, the mass flow, the L/D ratio
etc. which will be dealt with in greater detail in the
following chapters.

2.5.1 Errors in the temperature measurements

Calibrated steel-clad nickel-nickel-chrome thermocouples

as described in Chapter 2.4.1 were used for the temperature
measurements in the test loep. The hot junctions of these
thermocouples were connected via a multi-point selector
switch against a common ice bath reference junction and
the thermo-electric e.m.f. was measured by means of a
potentiometer recorder with a class accuracy of 0.1,
- Inaccuracies result from reading errors of the measuring
instruments and uncertainties in the calibration.

The measuring instrument had a reading accuracy of + 0.02 mV
which for the thermocouples used corresponds to approx.

+ 0.50. Calibration was made by comparing it with a
platinum-platinum-rhodium couple which, in turn, had been
calibrated by means of fixed points using a potentiometer
reeorder with a eclass accuracy of 0.01. This results in a
maximum calibration error for the nickel-nickel-chrome
thermocouple used in- the tests of + 1°C, and the total
inaccuracy in measuring the temperature of the coolant would
certainly not exceed + 1.5°C.

of
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2.5.2 Errors in determining the mass flow

As already mentioned in Chapter 2.4.4 mass flow was

measured by means of orifices to DIN 1952 and turbine flow
meters, both instruments beilng usually employed simultaneously.
The orifice plate used for most of the measurements had an
opening of 0.625 cm for a tube dlameter of 2.32 cm. The

flow rate was obtained by the equation

o . . . 2 1 ° -

where

x ,£, m = constants -

Dt = tube diameter mm

P = density lzcg/m3
P o = pressure kgﬁ/m2

With the low values of the mass flows measured by us the
Reynolds number is below the limit of constancy stated in

DIN 1952 of Re = 2.5 * 104. Therefore, the flow coefficient
had to be determined experimentally. Thls was effected in a
calibration section where the water flow per unit time was
weighed and the differential pressure (pl - p2) at the orifice
was measured by a U-tube manometer. This resulted in a flow
coefficient a = 0.608 with a calibration tolerance of + 1%.
The further errors for flow measurements according to DIN 1952

are
Additional tolerance for tube roughness + 1%
Additional tolerance for edge bluntness + 1.7%

Consequently, the overall mean error for the orifice was

+ 2.2%. The differential pressure P; - Py, was measured in

a mercury U-tube manometer with a reading error of + 1 mm
mercury. The deflection of this manometer with minimum flow
was 100 mm Hg so that the maximum error in determining the
differential pressure was + 1%, it having to be borne in
mind that the differential pressure under the root sign
enters into the flow determination whereby this error source
for the mass flow is reduced to + 0.5%. The uncertainty in
determining the density of the coolant in the flow
measuring orifice attained values of approximately + 0.5%.

./
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All these factors taken together resulted in a mean error
for the mass flow measurements of + 2.3% according to the
error propagation law.

The turbine flow meters had been calibrated by means of the
flow measuring orifices. Therefore, it is necessary to add
the reading error of the indicating instrument to the
abovementioned uncertainty of the orifice plates for these
instruments so that the inaccuracy in the flow results
measured by the turbine flow meters 1s estimated at + 3%.

2.5.3 Errors in pressure measurements

The maximum error of the Bourdon tube pressure gauges used
to measure the system pressure was + 0.6% of the maximum
scale value. Added to this, is an observation error which
for the given scale division is estimated at + 0;25 kgf/cme.
The scale ranges used in the pressure gauges were 0 - 100
kgf/cm2 for the system pressure of 70 kgf/cm2 and 0 -~

250 kgf/cm2 for the system pressures of 100 and 14O'kgf/0m2.
Aécordingly, the following overall error was arrived at for
the pressure measurements in the individual ranges:

at 70 kgf/cm® + 1.2%
at 100 kgf/cm® + 1.8%
at 140 kgf/em®> + 1.3%

The differential pressure transmitters used to sense high-
frequency pressure oscillations during pulsating burnout

were statically calibrated before installation by means of
mercury manometers. On the basis of this calibration and the
given observation accuracy on the oscillograph,the error in
this dynamic pressure measurement is estimated at approximately

+ 5%.
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2.5.4 Errors in determining the degree of sub-cooling and steam

quality,respectively,at test section inlet

The degree of sub-cooling and the st?am quality of the
i-i

flowing medium is defined by x = where

i = enthalpy of flowing medium kecal/kg
it = saturation enthalpy of water kecal/kg
r = heat of evaporation kecal/kg

With sub-cooled liquids, i.e. i<i' the accuracy of the
abovementioned properties is dependent on the errors in the
pressure and temperature measurements. Most of the tests
were carried out in a pressure range between 70 and 140
kgf/cm2 where the gradient %g— is very small so that,
essentially, only the error in the temperature measurement
enters into the results which according to Chapter 2.5.1
amounts to + 1.5°C. In the error analysis the specific heat
of the water in the enthalpy of the sub-cooled flow may as
a first approximation be assumed to be constant so that the

error for the enthalpy of the flowing medium is + 1.5 kcal/kg.

The saturation enthalpy i' and the heat of evaporation r can
either be derived from a pressure measurement or a temperature
measurement using the water steam tables. A simple con-
sideration made by means of the steam pressure curve shows
that 1t is preferable to use as a basis the measured pressure
the error of which causes tolerances of + 1 kecal/kg in the
saturation enthalpy and + 1.5 kcal/kg in the heat of
evaporation. Thus, the error obtained, for instance, for the
degree of sub-cooling of x = -0.2 amounts to + 0.01.

With two-phase flow at the test section inlet the steam
quality is determined via the energy balance of the heater

/e
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from the equation (1) explained in Chapter 2.4.5. If this
equation 1s differentiated for the error analysis with
respect to the individual magnitudes and divided by X, ..,
the steam quality at the test channel inlet, then the
relative error is obtained by

AX - Q
xEM= L '(N'fﬂ*'AM_;l*'Ai‘*'Aivw)*'
EM (D\//[W_ it + i ) M
vw
T (3

The tolerances required in this equation for the mass flow,
the saturation enthalpy, the enthalpy of the sub-cooled
flow at the heater inlet as well as the heat of evaporation
can be taken from the Chapters 2.5.1 to 2.5.3. The error in
determining the heater output Q is essentially composed of
the instrument errors of the ammeters and volfmeters as
well as the heat loss of this heater to the surroundings.
On the basis of the class accuracy of 0.1 of the instruments
and measuring resistors used,the instrument error is
obtained as + 1%. The heat loss can be taken from Fig. 10
which has been plotted on the basis of a thorough thermal
analysis.

Errors in determining the heat flux density

As already mentioned,the tolerance for the heat flux
density 1s composed of the error in determining the heat
emitting surface as well as the errors in measuring the
electric heating power. Added to this, there is an error
caused by the heat losses of the test channel to the power
leads as well as to the nitrogen cushion surrounding the

channel.
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The diameter of the test channel can be measured to within

+ 0.0002 cm and its length to within + 0.05 cm. Consequently,
for a test channel diameter of 0.7 to 1.5 cm percentage
errors are obtained between + 0.5 and + 1.5%.

The electric heating power supplied to the test channel was
measured by means of ammeters and voltmeters with the
accuracy class 0.2 in conjunction with precision shunts

in accuracy class 0;1. Regarding the heat dissipated by the
test channel wall to the static nitrogen cushion a rough
calculation shows that, based on an assumed temperature
difference between the test channel wall and the nitrogen
of 100°, a heat transfer coefficient to the nitrogen of

5 kcal/mgh degree, a test channel diameter of 0.7 cm and an
L/D ratio of 40 this is 3.5 kcal/h. The total heating power
supplied to the test channel immediately before inception
of burnout, however, amounted to 10 kWh which corresponds
to 8600 kcal/h so that the heat dissipated to the nitrogen
can be perfectly ignored. Due to the different temperatures
of the test channel wall and the electrical power leads at
both ends of the test channel some heat dissipation would
‘arise which has to be allowed for, above all with short test
sections with L/D ratios of 5 and 10. The heat dissipated
to the power leads by longitudinal heat conduction 1s
dependent on the temperature profile at the point of
transition from the test channel to this power lead. For
the purpose of the error analysis, the wall of the round
test channel, because of its small thickness, can be con-
sidered as a flat plate for simplicity, when the temperature
distribution in the wall is defined by the expression

2 2 '
5™ % 5°% W
——— + _7 + —_— = 0 (6)
6x2 A

AN | ./
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" For a solution, the differential equation and the boundary
conditions are re-written in the form of differences and
integrated on an electronic computer by means of the
relaxation method [5] . If the temperature profile across
the whole cross section of the test channel wall is known,
the heat loss can be computed by means of the temperature
gradient at the line x = 1 by the equation

y=s
Q= 2-rcm-a f 82 . ay (7)
| A

For a test channel of L/D = 5 with 0.7 cm dia., 0.05 cm

wall thickness and 940 W/cm2 heat flux, the heat loss due to
conduction to the power leads was therefore arrived at as
approximately 1% of the total heating power applied.

2.5.6 Overall errors

If the individual errors dealt with in Chapters 2.5.1 teo
2.5.4 are entered in the equation 3 a percentage error will
be arrived at for the test section of L/D = 40 with

D = 0.7 cm, an enthalpy at the burnout point of HBO =

270 kcal/kg, a mass flow of G = 300 g/cmas and a system
pressure of 70 kgf/cm2 of + 3.5% for ¢BO' In addition to
this error in the contributory factors, allowance has to

be made as previously mentioned for the error arising
direct in the measurement of the electric heating power;
according to Chapter 2.5.5 this was calculated at + 1 to

+ 3% depending on the dimensions of the test channel.
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3. First Type Burnout (under steady-state flow conditions)

3.1 Literature Review

The major part of the burnout studies in the recent years
was essentially "project bound", in other words, they were
usually made in order to obtain design criteria for a
specific reactor project and to develop fuel elements with
specific design features. These studies do not permit
generally valid information to be derived on the influence
of the thermal, hydrodynamic and geometric parameters on
the transition from nucleate to film boiling. The reason
for this little systematic approach is to be found in the
rapid development of reactor engineering in the 'fifties
which, in the absence of general empirical data obtained
in basic research work, compelled the manufacturers to
carry out in a minimum of time studies directed at
specific objectives in a narrowly limited field. Only very
recently have efforts been made to clarify the complex and
difficult-to-appraise phenomena leading to burnout by means
of systematic parameter investigations.

The simplest and quickest method of evaluating the
multiplicity of these experimental data is to consider the
different, almost invariably empirically obtained,equations
by which it was attempted to represent the data analytically.
In some cases, these equations are based on several
thousand measuring points and, consequently, these provide
a representative cross section through the experimental
work. A number of these equations has been compiled in
Appendix 1 (6-30). These equations mostly represent the
mean of the test data, but some of them {13]define the
lower envelope of the experimental data and are, therefore,
specifically desligned to assist the safety englneering of
pressurized water and boiling water reactors.
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The test results which these equations represent were
mostly obtained in individual internally cooled tubes and
rectangular channels as well as in annuli heated at one

or both sides. The axial heat flux distribution of these
parallel flow elements was almost in all cases constant

and, therefore, did not simulate actual conditions prevailing
in a reactor. It is, therefore, not completely clarified
what correction factors have to be added to a large number
of these equations to extend their range of validity to
include multi-rod bundles with non-uniform heat flux
distribution. The study of rod bundles involves a large
number of additional hydromechanical and geometric
parameters which essentially influence the flow and heat
transfer conditions. Experimental studies on the burnout
behaviour of rod bundles were made by Janssen and Kervinen
[31] , Polimik and Quinn 32], Macbeth [3}], Waters, Hesson,
Fitzsimmons and Batch [34 , Batch and Hessonl?S], Matzner
and Neill?6], Hesson Fitzsimmons and Batch[?fl, Alvensleben,
Caspar, Lochmann[38], Green, Maurer, Weiss[BQ} Bennett,
Collier and Lacey[llO] as well as very recently by CISEEH] .
An attempt was also made by CISE to adapt an equation[ﬂ]
which is reproduced in the Appendix to cover the greater
part of the results of these experimental studies.

For a better understanding of the problem it 1s, however,
desirable initially to study the influence of the various
hydrodynamic, thermodynamic and geometric parameters in
simple internal flow channels. As previously mentioned, 1t
was a particular object of the work reviewed to study the
effects of the inlet flow conditions as well as the length/
diameter ratio. On these, there was hardly any information
to be found in the available literature. CISE [41] reported
on individual tests which had for their object an
investigation into the effects of throttling at the test

o/
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channel inlet on the critical heat flux during boiling.
This throttling, however, primarily served to stabilize
the circulation and to obviate pulsations and it was not
primarily intended to influence the flow profile in the
heated channel by it. Similarly, CISE [42] carried out
analogy tests with argon-water mixtures which were to
provide information on the flow and steam bubble
distribution in internally-cooled channels. These tests
showed that pronounced disturbances in the flow will not
subside until after a length which corresponds to roughly
100 times the hydraulic diameter of the channel. They
afford only a qualitative insight into the flow conditions
to be expected. SNECMA [43] carried out investigations into
the effect of swirl produced at the test channel inlet on
the burnout behaviour. These tests which covered above all
the ranges of medium and high steam quality showed
appreciable increases in the critical heat flux levels with
tubes having an L/D ratio of 40. The length/diameter ratio
of the test channel is decisive for the hydrodynamic¢ and
thermal profile of the flow at the burnout location and,
consequently, influences the density distribution and the
temperature gradient in the boundary layer governing the
heat transfer conditions. Tong, Currin and Engel [27] as
well as Lee and Obertelli [hA] clearly stated the inter-
relationship between the critical heat flux and the L/D
ratio. The tests made by Tong,Currin and Engel were made
with internal flow tubes with a diameter of 1.1 cm at

70 kgf/cm2 in a range between L/D 30 and 180 and the
results were explicitly stated for constant values of mass
flow and thermodynamic conditions at the inlets to the test
channel. Accordingly, the critical heat flux tends to
decrease very considerably initially according to an
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exponential function as the L/D ratio increases and only
with an L/D ratio of 150 to 200 does the influence of this
parameter become negibly small. Lee and Obertelli who
carried out their investigations with internally-cooled
tubes of 0.5 to 1.2 cm diameter with L/D ratios of up to
400 found an even more sustained effect up to L/D ratios

of 400. For completeness' sake, a few short studies should
be mentioned on the other hydrodynamic and thermodynamic
factors. Studies of this type were made,inter alia,in the
laboratories of CISE [48], M.I.T. [49], A.E.E.W. [44,50],
W.A.P.D. [7] s AN.L. [7,5{] as well as in Russian
laboratories [52, 5%, 54, 55, 24] . The effects of mass flow
and pressure on the critical heat flux in boiling are
coupled and cannot be considered separately. Starting from
atmospheric conditions, the critical heat flux initially
increases as the pressure is increased in order to decrease
once more on an optimum being reached. As Kazakova [45]

as well as Cichelli and Bonilla [46] concurringly found
this optimum with free convection,i.e. the so-called pool

2. In

boiling, is in a pressure range of 75 to 80 kgf/cm
forced -convection channels, the optimum shifts to smaller
pressures as the flow velocity is increased. Macbeth [22]
found this optimum for mass flow densities of 100 to

300 g/cmgs between 20 and 40 kgf/cmg. If one considers the
influence of the mass flow alone at constant pressure then
it is possible in this sub-cooled range to achieve a slight
impwovement in the critical heat flux by raising the flow
velocity whereas from a steam quality of 10 to 50% by
weight the velocity increase tends to have a negative
effect. This tendency is clearly brought out by the data
furnished by Lee and Obertelli [44] as well as by Weather-
head [28]. This velcocity influence in the sub-cooled range

with mass flows between 100 and 500 g/cmzs is very small

/.
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and only below a mass flow of 100 g/chS is there a more
pronounced decrease to be observed in the critical heat

flux.

The effect of the test channel diameter is partly implicitly
included in the considerations of the influence of the L/D
ratio. If it is desired to represent it explicitly then

the comparisons should be made for constant ratios of L/D
and not for a constant absolute length of the test channel.
The most pronounced effect is produced by small test

channel diameters; according to Bergles and Rohsenow [47},
who made tests between D = 0.05 and 0.5 cm with an L/D
ratio of 25,the critical heat flux tends to decrease
markedly as the channel diameter 1s increased. The drop
becomes then smaller as the diameter is further increased
and from a value of D = 2.0 cm decreases to zero. The same
tendency was found by Lee and Obertelli [44] in their tests.

Where the studies perfectly agree is on the effect of the
degree of sub-cooling or steam quality,respectively. As
the sub-cooling decreases and steam quality increases the
critical heat flux was found to decrease steadily.

Compilation of Results

—— e e s - - —— - —— - A -

All tests were made on individual vertically-arranged
internally-cooled round tubes of 0.7 to 1.5 cm diameter.
Essentially, they covered a pressure range from 70 kgf/cm
to 140 kgf/cm2. Individual tests were also made at lower
pressures down to 20 kgf/cm2. The thermodynamic condition at
the inlet to the test channel extended in most tests series
from a maximum degree of sub-cooling of 60°C to a steam
quality of 20%. In individual cases, the degree of sub-cooling
was as high as 150°C. If the definition given on Page 22 1is

chosen for the degree of sub-coolling, viz.

2

X = =1 (8)

r

o/



-33_

then the maximum degree of sub-cooling at the inlet will be
Xp = -0.3 at 60 degrees or Xg = ~0.5 at 150 degrees.
Depending on burnout conditions and the test channel length,
the outlet condition on the basis of these inlet conditions
at the location of the boiling crisis, i.e. at theed of
the heated length of the test channel, was —O.2<:xA-< + 0.5.
For reasons of uniform test conditions, the test channel
inside diameter was kept constant in the greater part of the
tests, the diameter being 0.7 cm. Supplementary tests with
test channel diameters of 1.1 and 1.5 cm rounded off the
picture and provided information on the effect of the size

of the flow area. All test channels had a wall thickness

of 0.05 cm. The absolute length of the test channels was
varied between 3.5 cm and 98 cm which corresponds to a range
of the L/D ratio between 5 and 140. The value 140 was chosen
as the upper limit of the L/D ratio on the strength of the
findings that,above these, there was no longer any appreciable
influence of the L/D ratio to be observed on the critical
heat flux in boiling. True, L/D ratiocsof 5 have hardly any
practical importance; but the tests made on these helped con-
siderably to establish clearly the tendency of this factor.

The object of our tests was to determine the influence of
various hydrodynamic conditions on the critical heat flux 1in
boiling. As a basis for comparisons of these tests it is,
however, necessary to have a number of reliable results under
definite and clearly defined flow conditions in the test
channel. For this reason, we initially carried out burnout
tests over the entire thermodynamic range of interest where
an inlet section preceding the heated length, the length of
which was at least 100 times the diameter, ensured that the
hydrodynamic profile was able to develop fully. In Figures
11 and 12 the results are compiled with these inlet con-
ditions for various L/D ratios and mass flows. Fig. 11 shows
the conditions at 70 kgf/cm2 and Fig. 12 at 100 kgf/cma.

/.
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The test channel inside diameter in all these tests was

0.7 cm. In plotting the results the inlet quality was used
as the abscissa because it is much easier for the reactor
designer to decide or modify the conditions at the inlet to
the core than at the outlet. For this reason, almost all
other parameters were invariably referred to the inlet con-
ditions.

Basing on these tests, the influence of various inlet con-
ditions as well as the L/D ratio was studied in a large
number of test series, the individual results of which are
detailed in the tables 1 to 49+). Table 1 gives a summary of
the tests made in the range of the first type burnout. In the
order of the L/D ratio the tests are initially given without
flow disturbing elements at the inlet of the test channel.
Subsequently, the data are given with twisted tapes and
orifice plates at the test channel inlet. The summary is
concluded by a test series where the test channel had a
sinusoidal heat flux distribution over its length.

As a next step, the question was of interest to find how the
maximum heat flux changes 1f the long inlet section is re-
moved and the flow is allowed to enter the test channel direct
via a sharp-edged inlet. In this case, both the velocity pro-
file as well as the thermal profile can develop only from the
start of the heated length onwards whereas, previously, in the
tests with a long inlet section, a fully developed velocity
profile existed. As explained in further detail in Chapter
3.3.1.2 the critical heat flux tends to increase by an
appreciable percentage only with short test channels with an
L/D ratio of 10 and less if the inlet section is omitted. With
an L/D ratio of 40 the improvement is so small already as to
be hardly measurable.
+)It may be pointed out in this connection that, in applying the
numerical values, be it for purposes of comparison or as a basis
for design criteria, attention has to be paid to what hydrodynamie
inlet conditions existed such as undisturbed inlet, twisted tapes
or orifices at test channel inlet.

o/
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Orifice plates have a similar effect as a keen-edged inlet,
namely, a contraction of the flow in the inlet, but they cause
an additional pressure loss. The investigations into the
influence of orifice plates on the critical heat flux in
boiling were made in two test series with test channels of
0.7 cm diameter. Two different orifice plates were used , the
dimensions and layout of which are shown in Fig. 13. The
orifice plate of the first test series was located 4 cm
upstream of the start of the heated length and had an opening
of 0.4 cm. In the second test series, the orifice plate was
located directly at the inlet of the heated length with an
opening of 0.3 cm dia. The test channel with the No. 1

orifice plate had an L/D ratio of 80 and the one with the No.2
orifice plate an L/D ratio of 40. In Figures 14 and 15,

the results of these tests at 70 and 100 kgf/cm2 are compiled.
A discussion of the influence of these flow disturbing
elements is given in Chapter 3.3.1.4.

More success was achieved with twisted tapes. Three
different types of twisted tapes were investigated with
helix angles of 75, 56 and 48°, the definition of the helix
angle being

¢ = B | (9)

In this expression h is the length of one turn of the
twisted tape and D the diameter of the test channel.

The exact arrangement of the twisted tapes is shown in
Fig. 16.

For reasons of comparison, all these tests were made with
test channels of 0.7 cm dia. and an L/D ratio of 40 was
adopted. While smaller values of L/D promise an improved
effect they are not so interesting from the practical point
of view of their use in a nuclear reactor. Such twisted
tapes suggest themselves as the simplest and cheapest
elements in the core because they can readily be fitted

in place of the spacers necessary at certain intervals

./
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between the fuel rods. The distance between two spacers
is usually 40 to 50 D. Typical results obtained with these
three twisted tapes are reproduced in Figures 17, 18 and 19.

Studies of the influence of the pressure on the transition
from nucleate to film boiling had been made to a sufficient
extent only under conditions of free convection, i.e., in
pool boiling. In forced convection channels no clear
information was available and we have, therefore, tried in
individual tests to obtain information on this. The pressure
influence varies as the mass flow increases as can be seen
from the results for 290 g/cmzs and 350 g/cmas shown in
Figures 20 and 21. In both cases, the test channel had a
diameter of 0.7 em and an L/D ratio of 80. The pressure

was varied from 20 to 100 kgf/cmz.

Figures 22 and 23 represent the test results with test
channels of 1.1 and 1.5 cm dia. With their aid and the
data obtained with tubes with a diameter of 0.7 cm, 1t was
possible to determine the influence of the free flow area
on the critical heat flux.

During the tests described so far, the test channels
invariably had a constant heat flux distribution over their
length. Fuel rod bundles in pressurized water and boiling
water reactors show a sinusoidal heat flux distribution
caused by the neutron flux distribution and, therefore,

the question 1is of lnterest as to how far the results
obtained with constant heat flux are valid for sinusoidal
heat source distribution.

o/ o
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For this reason, the critical heat flux under conditions of
sinusoidal heat flux distribution was studied in a round

internally-cooled test channel of 0.8 cm inside dia and an
L/D ratio of 80 at 70 and 100 kgf/cm®
the test channel wall had been weakened correspondingly

. For this purpose,

by reducing the outside diameter stepwise, giving an as
near as possible approximation to the sine form within the
possible machining tolerances. The ratio from maximum to
minimum heat flux was 2 and the ratio of the maximum heat
flux to the mean heat flux 1.2. The results of these
investigations are summarized in Fig. 2&4.

The factors liable to influence the transition from nucleate
to film boillng investigated in the scope of the present
work can be conveniently sub-divided into three groups, i.e.:

hydrodynamic inlet conditions,
L/D ratio,
general thermodynamic and geometric parameters.

The first two groups are main objects of these studies.
Generally, these factors are not independent of each other,
but associated with each other by a series of complex
conditions.

In not too long test channels, the inlet conditions
determine the velocity profile and the thermal profile

at the location of the boiling crisis. The heat transfer

in single-phase non-boiling flow is essentially determined
by these profiles. The question, therefore, arises to what
extent they also govern the heat and material exchange in
boiling, and to what extent the critical heat flux is liable
to be affected by them. The L/D ratio of the test channel
contributes to establishing both the thermodynamic and the
hydrodynamic conditions at the burnout point. Other
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thermodynamic and hydrodynamic parameters, such as the
degree of sub-cooling,or steam quality,respectively,
pressure and mass flow are generally decided by economy
considerations for the reactor and,in connection with

safety considerations arising out of the burnout problem,
are given parameters. In contrast to these, it i1s possible
by ingenious control of the inlet conditions to improve
burnout safety and/or to improve the output of a pressurized

water or boiling water reactor.

Influence of the hydrodynamic inlet conditions

Little information 1s available on the question of the
design of the core support plates and spacers in the core of
P.W. and B.W. reactors to achieve optimum heat transfer and
pressure loss conditions. Investigations and studies of this
problem have, however, to start on a sound understanding of
the influence and the effects of the hydrodynamic inlet
conditions on the conditions in two-phase flows. The tests
described in the following which were made on simple
geometries are intended to contribute towards this aim.

Undisfturbed inlet section

In internally cooled tubes with single-phase media the
well-known turbulent velocity profile will have fully
developed after a distance of 40 to 50 D. In two-phase
flows, both the shape and the development of the velocity
profile are considerably dependent on the steam quality,
the density difference between the two phases and the mass
flow. After a distance of 100 to 200 D it can, however,
generally be anticipated that the inlet conditicns have
subsided. In ocur tests on disturbed inlet channels, the
channel was therefore preceded by an inlet section with a
length of 100 to 200 D.
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The results obtained with these test channels were mentioned
earlier in Chapter 3.2 and are compiled in Fig. 11 and 12.
Essentially, they serve as a basis for comparison of the
studies discussed in the following of various inlet effects.

Essential information on the processes at the time of burnout
can be derived from the variation of the surface

temperature of the heated test channel during transition

from nucleate to film boiling.

We have tried by measuring the wall temperature at the
burnout point to obtain data on this. The sensing elements
were the three-wire thermocouples referred to in Chapter
2.5.2.Fig. 25 shows the variation of the temperature at

the test channel wall as well as the variation of the mass
flow at the moment of transition from nucleate to film boiling
for a flow with the abovementioned inlet conditions. The
heated length of the test channel had an L/D ratio of 40

so that up to the burnout location both the velocity
profile and the thermal profile,i.e. the density
stratification, were able to develop to a large extent. The
time as abscissa in Fig. 25 runs from right to left and the
distance between the two vertical lines entered there is

0.1 s. Furthermore, the step in the line at the top of the
oscillogram marks the time at which the burnout detector
cuts off the power by which the test channel is heated.
Considering the temperature variation.eH, it can be clearly
seen at the right-hand side of the oscillogram how the wall
temperature suddenly changes by a small amount of about 5 to
10°c. Allowance has to be made for the fact, however, that
the sensing element was applied to the uncooled side of the
test channel wall and, therefore, does not directly indicate

of o
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the temperature of the heat emitting surface. Subsequent

to this small temperature drop,brief statistical variations
develop which eventually,in an almost steplike rise,lead to
fully developed film boiling.

The slight temperature drop on inception of the boiling
crisis suggests an improvement in the heat transfer by
complete evaporation of the two-phase boundary layer

existing up to that point. Subsequent statistical temperature
variations are indicative of local steam blankets and,
consequently,hot spots developing which, initially, are
wetted again and again with liquid until eventually film
boiling prevails. The mass flow m is little affected by

these burnout processes and continues constant.

5.3.1.2 Sharp-edgeai inlet

In actual fuel elements of boiling and pressurized water
reactors, an undisturbed inlet flow such as was considered
in the previous chapter almost never exists. Usually, the
coolant enters through the core support plates direct into
the heat emitting channels of the fuel elements. Burnout
tests with channels having a sharp-edged inlet therefore
very closely approach conditions prevailing in practice.

In our tests with sharp-edged inlets, the test channel was
designed so that upstream of the start of the heated length
a large-bore tube was provided. By the sudden change from
the large flow area into that of the heated channel the
flow was contracted and considerably accelerated. The start
of the hydrodynamic inlet section therefore coincided with
the start of the heated length and the origin of the
thermal profile.



As the test showed, the sharp-edged inlet brought about
an appreciable increase in the critical heat flux only
with test channels of small L/D ratios. This improvement
is shown in Figures 26 and 27 for an L/D ratio of 10 at
pressures of 70 and 100 kgf/cma. As shown by the tests,
it may amount to 8 to 15% and is not to a marked extent
dependent on the mass flow which was varied between the
values of 230 g/cmes and 350 g/cmgs. As sub-cooling 1is
decreased and the state of saturation approached,
measured at the test channel inlet, this improvement
decreases which can be simply explained by the fact that,
as the steam quality increases,the inlet disturbances

- subside more quickly due to the higher two-phase friction

3.3.1.3

and fail to take full effect up to the point of the
boiling crisis.

An omission of the unheated inlet section failed to
produce any noticeable inocrease in the critical heat flux

in the tests with L/D ratios of 40, 80 and more.

Orifice plates at the inlet

The fuel rods of the reactor core are mostly supported in
plates provided with holes through which the coolant is
admitted. These holes affect the inlet conditions in the
reactor core in a manner similar to orifice plates. They
cause a conslderable constriction of the flow whose wake-
disturbances influence the heat transfer conditions down-
stream of the inlet point over a longer or shorter distance.
A constriction of the flow, if not to such a great extent,
also occurs with test channels having sharp-edged inlets
and, therefore, orifice plates can be expected to produce
a simpler effect on the burnout behaviour as was discussed
under Chapter 3.3.1.2 in connection with the tests without
an inlet section, i.e., with a sharp-edged inlet.

o/
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Investigations on the influence of this type of inlet
disturbances were included in our work and two different
configurations of orifice plates at the inlet to the test
channel were studied. The design of these two orifice
plates was discussed earlier and shown in Fig. 13. The
orifice plate No. 1 was fitted to a 0.7 cm inside diameter
tube with an L/D ratio of 80. Between the orifice plate
and the start of the heated section there was an extended
space with a length of about 4 cm. This inter-space
provided partial damping of the disturbances and the
remainder had long subsided before reaching the burnout
endangered point after a distance of 80 D. The orifice
plate No. 2 was directly fitted at the inlet to the heated
section and, in this case, the tube had an L/D ratio of 40.
Fig. 28 shows the tests made with this orifice plate at a
pressure of 100 kgf/cmg. In the upper half of this figure
are plotted the values for the critical heat flux versus
sub-cooling. The lower half shows the relationship of the
maximum attainable heat fluxes with and without orifice
plates. As shown by the two curves plotted in this part
for mass flows of 290 and 230 g/cm2s the improvement en-
hances as sub-cooling decreases and steam quality increases.
The effect of the orifice plate was found to be little
dependent on the mass flow.

If this gain in heat flux level is compared to the
additional amount of pumping power - the pressure loss
at the orifice plate was 1 to 2 kgf/cm2 - 1t can be seen
that this type of flow control element does not provide
an economic means of improving the burnout safety in
nuclear reactors.

of
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3.3.1.4 Twisted tapes at inlet

Compared to the measures discussed so far to influence flow,
a much better effect on the critical heat flux in boiling
can be achieved by fitting short twisted tapes into the
inlet of the heated section. These impart to the flow a
swirl component which, depending on the helix angle and

the amount of kinetic energy, will subside on its way
through the heated channel more or less quickly.

The influence of the swirling flow on the burnout behaviour
depends to a marked extent on the hydrodynamic and thermo-
dynamic parameters of the flow conditions as well as the
helix angle. Our tests were made on test channels with an
L/D ratio of 40 with twisted tapes having three different
helix angles viz. 75, 56 and 48°. The tape with the
greatest helix angle was found to produce the least swirl
and, in our tests, produced no noticeable effect on the
critical heat flux in boiling. In contrast to this, it

was possible with the two other twisted tapes, the twisted
tape No. 2 with a helix angle of ¢ = 56°, and the twisted
tape No. 3 with a helix angle of ¢ = 48° to achieve a
remarkable improvement in the burnout heat flux level of
the test channel. The figures of the critical heat flux
obtainable when fitting these twisted tapes were referred
to in Chapter 3.2 and are compiled in Figures 17, 18 and
19 mentioned there. It could be seen from Figures 18 and
19 that, with a steam quality of 5 to 8 percent by weight,
measured at the inlets to the test channel, the curve of
the critical heat flux with swirling flow shows a minimum
and that there is partly considerable scatter pf results.
In isolated instances, it was noticed that 1n this range
swirling flow may even adversely affect the burnout
performance of the test channel.
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The improving effect of the twisted tapes No. 2 and No. 3
is summarized in Figures 29 to 34. The order is according
to the system pressure and the mass flow, Figures 29 to

32 showing the conditions at 70 kgf/cm2 and the Figures 33
and 34 those at 100 kgf/cm2. For a mass flow of 230 g/cmas
at a pressure of 70 kgf/cm2 Figures 29 and 30 show the
improvements obtainable with these twisted tapes. The
influence of swirling flow increases both as the steam
quality increases and as sub-cooling decreases and, near
the state of saturation, is zero with a helix angle of 56°.
The twisted tape with 48° helix angle showed a sudden
change in the critical heat flux loading with an inlet
steam quality of approximately 5%. In the range of this
low steam quality, slug flow prevails according to the
measurements made by Baker [56], Collier [57], and

Hewitt [58], a flow regime which most adversely affects

swirl.

As steam quality increases the improvement obtainable by
swirling flow is enhanced and, as shown in Fig. 30, in which
the ratio of the critical heat flux is plotted with and
without swirl, attains values of 30 to 50%, depending on

the helix angle of the twisted tape, at a steam quality of

= 0.2 which, at the location of the boiling crisis,

A= 0.4. A higher mass flow also tends to
improve the effect of swirling flow. Extrapolating the

x
E
corresponds to x

curves, entered in Figures 31 and 32 for a mass flow of

290 g/cmgs, for a steam quality of Xg = 0.2 - as a com-
parison with the abovementioned values - an improving effect
of these twisted tapes between 50 and 70% is arrived at for
this condition. In contrast to this, the influence of the
velocity on the effect of swirl is negligible in the region
of sub-cooled flow.
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Fig. 33 shows a comparison for a system pressure of

100 kgf/cm2 of the burnout values for test channels with
twisted tapes having a helix angle of 48°. Qualitatively,
the same trends as in the case of a pressure of 70 kgt/cm2
appear, dependent on mass flow and steam quality, but,
quantitatively, the improvement is higher than in the
measurements previously discussed. Thus, as shown in

Fig. 34, an increase in the critical heat flux due to swirl
of about 20% was observed even in the region of minimum
swirl influence, i.e. at a steam quality of Xg = 0.05.
Under conditions of sub-cooled flow, a higher mass flow
tends to reduce the improving effect of swirl.

The improvement with high steam quality is to be attributed
to the centrifugal action of swirling flow because, in

this case, annular flow prevails in the test channel with
the steam flowing at the centre entraining water droplets.
These water droplets are thrown out to the heat emitting
wall and, thereby, improve the water supply at the heating
surface. As to the improvement observed in the sub-cooled
range, three reasons may be stated. Compared to the non-
swirling flow, there is a higher turbulence in the swirling
flow and, consequently, a more intense agitation of the
boundary layer adjacent to the wall, and the local

velocity is increased by the vector of the swirl components.
Furthermore, it appears that, in the sub-cooled range, too,
a steam film forming initially due to the centrifugal
action in the flow will again and again be penetrated by
liquid, whereby film boiling is shifted to higher heat

flux levels.
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The differences in the thermodynamic and hydrodynamic
processes during boiling crisis in the case of swirling
and non-swirling flow can be ascertained only by means of
indirect measuring techniques. In connection with the
present work, an attempt was made to obtain information
on this by measuring the wall temperature at the burnout
point. Figure 35 shows the variation of the temperature
at the test channel wall as well as the variation of the
mass flow at the moment of transition from nucleate to
film boiling under conditions of swirling flow. If one
compares with this, the temperature variation under
conditions of non-swirling flow, which is shown in Fig. 25
and discussed in Chapter 3.35.1.1, essential differences
will be found. As 1s shown by these tests, what is missing
here is both the small temperature decrease which, with
non-swirling flow, characterized the commencement of the
boiling crisis as well as the statistical fluctuations.
With swirling flow the temperature rise followed an
exponential function with a nearly smooth rise. This
suggests more stable heat transfer conditions during
swirling flow compared to non-swirling flow. It appears
that due to the swirl there exists a uniformly sub-cooled
core flow which 1s separated from the heating surface by
only a thin superheated boundary layer.
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3.3.2 Influence of the L/D ratio

As explained in the preceding chapters, it was found during
the investigations into the effect of the inlet conditions

on the critical heat flux in boiling that twisted tapes
proved most effective in improving the burnout performance of
the channels. This increase in the critical heat flux has
been attributed to a change in the conditions in the core
flow and a reduced boundary layer thickness at the heat
emitting wall. Similar conditions also prevail in the thermal
inlet zone because the thermal profile on starting the heating
will near the wall initially show a very steep density
gradient and temperature gradient, respectively, which flatten
out downstream. Consequently, a proportionate improvement in
the eritical heat flux, and a similar temperature variation
in the heat emitting wall as with swirling flow, ought to be
obtainable in the range of this thermal inlet zone. However,
as the boiling crisis with uniform heating always occurs

at the end of the test channel, 1t 1s necessary, in order to
locate it in the thermal inlet zone, to adopt correspondingly
short channels. In Fig. 36 the temperature variation during
the boiling crisis at the wall of such a short test channel
with an L/D ratio as small as 10 has been plotted. If a
comparison is made with the temperature variation measured
under conditions of swirling flow as shown in Fig. 35 and
discussed in Chapter 3.3.1.4, the same smooth exponential
rise in the temperature occurs in the short test channel as
in the case of swirling flow although, in this case, a long
unheated inlet section ensured that non-swirling flow pre-
vailed and the normal turbulent velocity profile was able to
develop fully.

Considering that the pattern of the burnout process in the
thermal inlet zone 1s the same as under swirling flow, a
similar improving effect on the critical heat flux level
was to be expected as previously mentioned. In Fig. 37
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has been plotted the dependence of the critical heat flux
on the length/diameter ratio with a mass flow of 290 g/cmas
for pressures of 70 and 100 kgf/cm2 as well as various
degrees of sub-cooling at the inlet of the channel. This
graph shows that the critical heat flux with a short test
channel may be a multiple of that with L/D ratios of the
order of 100 or more. The main influence is in the range of
0<L/D <100. As the curves are referred to a constant degree
of sub-cooling at the inlet,attention should be paid to the
fact that as a second parameter,in addition to the L/D
ratio,the steam proportion at the location of film boiling,
which increases as the heated length is increased,enters
into the results. Therefore, two further examples of
constant steam quality at the outlet of the test channel,
i.e. at the location of the boiling crisis have been
additionally shown in Fig. 37 for the same mass flow. It
can be clearly seen here that the curves from an L/D ratio
of 100 onwards run almost parallel to the abscissa and,
consequently, the slight drop observed previously for

xg = constant between L/D 100 and 140 can now be attributed
only to the change in steam quality at the location of
boiling crisis,and not to an increase in the L/D ratio.

If one compares values of the critical heat flux given in
Fig. 37,which were obtained with a channel with an L/D
ratio of 5,with data obtained with an L/D ratio of 100,it
will be found that these values differ by more than 300%.
Whereas no information was available in the literature on
the influence of the hydrodynamic inlet conditions on . the
critical heat flux in boiling a few studies had been
published on the dependence on the L/D ratio. Out of
recently published work mention should, above all, be made
of the tests by Lee and Obertelli [44], by Tong, Currin
and Engel [27] as well as Bergles and Rohsenow [47].

Fig. 38 shows a comparison of our data relating to the

/e
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dependence of the critical heat flux on the L/D ratio with
the data furnished by these authors. There is good agree-
ment with these data, in particular, those made by Lee and
Obertelli as well as Tong, Currin and Engel under conditions
very well comparable with ours. It should be noted, however,
that the 5 test series entered in Fig. 38 were carried out
with test channels of various diameters and also at various
pressures and mass flows. Therefore, only a qualitative
comparison is possible and suitable corrections would have
to be applied in order to bring about perfect quantitative
agreements. In the values of the critical heat flux for L/D
ratios greater than 100 there are slight differences compared
to the data of Lee and Obertelli as well as Tong, Currin and
Engel. Lee and Obertelli found a slight drop in the critical
heat flux even up to L/D = 400 whereas the curve arrived at
by Tong, Currin and Engel shows hardly any slope from

L/D = 100 onwards.

In conjunction with the tests on very short test channels,
the question arises as to what extent heat dissipation from the
heated channel to the power leads has to be allowed for in
the calculation of the heat flux. In the error analysis

laid down in Chapter 2.7.5. it was already shown that, com-
pared to the total heat supplied, the heat dissipated by con-~
duction in the case of the tubes used by us with a wall
thickness of only 0.05 cm is negligible even for L/D ratios
as small as 5. If the wall thickness is increased to 0.1 cm
and more, the heat conduction in the axial direction has to
be taken into account in order to avoid errors which may

then amount to several percent.

Fig. 39 shows the temperature distribution in the 0.05 em

thick wall of a test tube with an L/D ratio of $ and an
inside diameter of 0.7 cm as obtained by the method of

/o
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calculation explained in Chapter 2.7.5. For reasons of
symmetry, it is sufficient to consider only half the tube
length in the calculation. The heat dissipated to the power
leads by conduction can be determined from the temperature
gradient at the end of the heated length. In the case of our
tests, this is less than 1% and, consequently, is within the
measuring accuracy.

3.3.3 General thermodynamic, hydrodynamic and geometric parameters

In reviewing the burnout literature it will soon be found
that more, and more detailed, information 1s available on the
1nfluehce of sub-cooling, and steam qualiﬁy, respectively,
system pressure, mass flow and channel diameter than was the
case in the previously discussed parameters. The reason for
this is partly in the fact that these are factors which are
of decisive importance in any design and optimization
calculation of P.W. and B.W. reactors. For a given pressure,
the degree of sub-cooling influences the thermodynamic
efficiency of a P.W. reactor and, in the case of B.W. reactors,
a detailed knowledge of the steam quality in the core is
indispensable for the nuclear and thermodynamic design. On
the mass flow depends the heating margin in the core in

P.W. reactors which, in turn, determines the heat stresses in
the core structure. Via the pumping power to be provided,

the mass flow also affects the economy of the plant. B.W.
reactors in operation, or under construction, mostly operate
at a system pressure of 70 kgf/cm2 whereas P.W. reactors
normally are operated at pressures of 70 to 140 kgf/cm2.

The burnout studies to be found in available literaturé are,
therefore, with few exceptions limited to this pressure
range. The diameter of the fuel rods and, consequently, the
hydraulic diameter of the test channel result, firstly, from
the nuclear calculations on neutron economy as well as fuel
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enrichment and burn-up and, secondly, from thermal cal-
culations 1in respect of the heat transfer conditions in
the core. Although the majority of actual reactors have
hydraulic diameters varying only between 1 and 1.5 cm
burnout studies are to be found in the literature on the
influence of this parameter in a range of 0.1 to 3 cm.

Degree of sub-cooling and steam quality,respectively

Considering the influence of the degree of sub-cooling,and
steam quality,respectively,on the critical heat flux in
boiling it 1s important to accurately define the point 1in
the core on which the study 1is based, in other words, a
basic distinction must be made whether the conditions are
considered at the inlet of the heated channel or those at
the location of burnout. In investigations into the
critical heat flux in boiling with uniformly heated channels,
the condition at the channel outlet is almost always
identical with the location of the boiling crisis because
this invariably occurs at the end of the heated length.:

Customarily, the test data on the critical heat flux in
boiling are in the literature referred to the condition at
the test channel inlet. There are two reasons for this:
firstly, the results referred to the inlet condition can
be presented with greater convenience and clarity than 1f
they are referred to the outlet condition. Secondly, it is
only the condition at the inlets of the core of a P.W. or
B.W. reactor which can be directly controlled because the
outlet condition depends on the interaction of nuclear
thermodynamic and hydrodynamic parameters in the fuel
element. This is also the reason why nearly all burnout
correlations are based on the inlet condition.
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With undisturbed flow conditions, the critical heat flux
steadlly decreases as sub-cooling diminishes and the steam
quality rises. This fact, which is known from the literature,
is confirmed by our data which are shown in Figures 11 and

Seen,

12 discussed 1in Chapter 3.2 and reproduce the results of
tests with undisturbed inlet. If flow disturbing devices or
twisted tapes are fitted to the inlet of the heated section,
this will affect the pattern of the critical heat flux
variation versus sub-cooling,or steam quality, respectively,
and, from a steam quality of 5 to 8% onwards, an increase
will be found in the maximum heat flux level.

For a better understanding of the hydrodynamic and thermo-
dynamic processes leading up to boiling crisis,it is no

doubt important for the state and, in particular, the

steam quality,or sub-cooling,respectively,at the burnout
location to be exactly known. If its mean value is calculated
via the energy balance,this will by no means be representative
of the actual conditions because the various flow conditions,
the velocity difference between the steam and water as well
as the boiling and condensation delay are not taken into
account. Nor does it provide any information on the steam
bubble,or temperature,distribution in the flowing medium
across the test channel area at the location of burnout.

If the critical heat flux in boiling is plotted against the
steam quality at the outlet of the test channel, as this
was done in Fig. 40 for a pressure of 70 kgf/cm2 as well
as various L/D ratios and mass flows, the curves show a

similar steady decrease as the steam quality x, increases

A
as was observed in Fig. 11 in which the inlet quality was

chosen as the abscissa.
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Due to the manner of representation, the curves with the
lower mass flows are invariably above those with higher
velocities.

3.3.3.2 Pressure

The main emphasis of our measurements was in the pressure
range between 70 and 140 kgf/cmz. However, they extended
down to 20 kgf/cmz.

Studies on the influence of pressure on the transition from
nucleate to film bolling had been carried out only under
conditions of free convection i.e. with pool boiling.
According to measurements made by Kazakova [45] as well as
Cichelli and Bonilla [56] the critical heat flux in this
case rises from about 60 W/cm2 at 1 kgf/cm2 to about

300 W/cm2 at 75 kgf/cm2 in order to decrease again at
higher pressures. In forced convection channels, the location
of this maximum of the critical heat flux is greatly
dependent on the flow velocity. As the mass flow 1lncreases
it shifts towards lower pressures. This 1s clearly shown

by the work done by Macbeth [22] from which the representa-
tion of the pressure dependence of the critical heat flux
has been reproduced in Fig. 41. According to this, the
critical heat flux pattern shows a pronounced maximum at
mass flows from 100 to 400 g/cmas between the pressures of
10 and 50 kgf/cma. As the mass flow decreases this maximum
diminishes noticeably and, at 100 g/cmgs, the critical

heat flux in the region below 100 kgf/cm2 is only little
pressure dependent and only above this pressure decreases
appreciably. These curves were interpolated from the
measuring points entered in Figures 21 and 22. As can be
seen from the graphs in Pigures 42 and 43,the pattern

found by us of the critical heat flux versus pressure
corresponds to the interrelationship found by Macbeth.

/e
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As 1s shown by these curves,the position of the optimum

is influenced also by the inlet quality,in addition to the
mass flow. While, in view of the relatively small difference
in the degree of sub-cooling, 1t is not possible to make
generally valld statements, it is clearly shown both with

a mass flow of 290 g/cmzs and 350 g/cmes that the maximum

is shifted towards lower pressures as the sub-cooling
increases.

In Fig. 44, data found by Macbeth, Lee and Obertelli as well
as M.A.N. for a constant inlet quality Xg = O are compared.
Although the absolute values of the critical heat flux are
not directly comparable,because the measurements were made
at different L/D ratios, hydraulic diameters and mass flows,
there is clear agreement 1n the trend of the pressure
pattern, in particular,in the viclinity of the maximum. If
one compares the pattern at higher pressures, the measure-
ments by Lee and Obertelll tend to be slightly higher than
the figures of Macbeth and our own results.

Mass flow

The greater part of our measurements were made at mass flows
between 200 and 400 g/cmes. This range was extended down-
wards to 100 g/cmES in test channels with larger hydrauliec
diameters. Comparing the test results compiled in Figures 11
to 24, where the mass flow is plotted as a parameter, it
will be found that a change in mass flow from 100 to

400 g/cmzs influences the critical heat flux only.little.
This is confirmed by the data given, 6 by Macbeth [22] and

Lee and Obertelli [44]which are shown in Fig. 45. Only at
mass flows of less than 100 g/cm2s can a greater drop in
the critical heat flux level be observed.
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If the heat flux 1s plotted against the conditions at the
inlet to the test channel, as this has been done summarily
in Figures 11 and 12, it can be seen that in the sub-cooled
range a slight improvement can be achieved in the critical
heat flux whereas from a certain steam quality onwards the
velocity increase has a negative influence, a tendency
which agrees well with other tests such as those made by
CISE [1f].In Figures 46 and 47, the interrelationship
between the critical heat flux and the mass flow at

various L/D ratios and degrees of sub-cooling has been
plotted for pressures of 70 and 100 kgf/cmg. As shown by
the curves drawn there, it 1s possible in the sub-cooled
range to approximate the values with a high degree of
accuracy by a linear function. Two essential trends can be
observed, firstly, that the influence of mass flow
increases as the L/D ratio becomes greater and,secondly,
that its influence on the burnout heat flux becomes greater
as sub-cooling 1s 1increased.

3.3.3.4 Channel diameter

The quantitative influence of the test channel diameter on
the critical heat flux in boiling is not uniformly stated
in the literature. This 1s most evident if the various
burnout correlations are studied for their diameter
dependence such as has been done in Fig. 48 for the
correlations by Weatherhead [28], Menegus [23] as well as
Lee and Obertelli [44]. In these graphs the relative

values of the critical heat flux related to 1 cm channel
diameter are plotted against the hydraulic diameter. The
three curves show different trends. Whereas Menegus has

the critical heat flux constant from a test channel diameter
of 1 cm onwards,it continues to decrease at diameters above
2 cm according to Weatherhead as well as Lee and Obertelll.

/e
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The results found by us with a constant L/D ratio in tubes
with 0.7, 1.1 and 1.5 cm inside diameter,which are plotted
in Fig. 49 for a mass flow of 230 g/cmes,show that this
influence increases exponentially below a channel diameter
of 1 cm as the channel area decreases. Furthermore, the
influence of the diameter is dependent on the system
pressure and the degree of sub-cooling at the inlets to the
test channel as can be seen from the curve families plotted
in Fig. 49 for 70 and 100 kgf/cme. As the pressure rises
the limit above which the diameter of the test channel has
no longer any influence, 1is shifted towards higher values.

The influence of non-uniform heat flux

If the burnout data obtalned with test channels having a
uniform heat flux distribution are taken as a basis for
design calculations for pressurized water and boilling water
reactors whose fuel elements have a sinusoidal heat source
distribution over their length, 1t 1s usually assumed that
the differences in the heat flux distribution have only a
minor influence on the burnout behaviour. Recent measure-
ments with sinusoidal distribution of the heat flux over
the length of the test channel have been reported by

CISE [41] and the general conclusion may be summarized in
the statement that with equal dimensions and equal
thermodynamic and hydrodynamic conditions a heating channel
with sinusoidal heat flux distribution will transmit the
same total heat to the coolant as a channel with uniform
heat flux distribution. Supplementary to our measurements,
the critical heat flux was therefore studied for conditions
of sinusoidal heat flux distribution in a channel with a
length/diameter ratio of 80. For reasons of convenient
manufacture and better availability, a tube inslide diameter
of 0.8 cm was adopted and, therefore, these tests are not
directly comparable with the previous measurements under
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conditions of uniform heat flux distribution where the
channel diameters were 0.7, 1.1 and 1.5 cm. However, from
the three test series referred to, the conditions for a
0.8 cm channel inside diameter can be very easily inter-
polated. We have carried out this interpolation for 70 and

100 kgf/cm2.

In Figures 50 and 51 the data so interpolated are compared
with the data obtained with sinusoidal heat flux. As a basis
for the comparison, the mean heat flux defined by Qtotal/F
was taken for the sinusoidal heat flux test channel. As can
be seen from the data plotted in Figures 50 and 51,1t is

"possible with sinusoidal heat flux distribution to transfer

the same total amount of heat as with uniform heat flux and,
consequently, an equal heat flux can be achieved.

e B e e e A " A T Y D S S D W — . - . Y S W e W e e i U e e - .-

In view of the equations compiled in Appendix 1,the question
arises whether it i1s useful and desirable, at the present
stage of our knowledge, to add to the number of already
existing correlations for the critical heat flux in boiling
a new,more or less empirically developed,function.'On the
other hand, if one evaluates the experimental test results,
a sharp distinction should be made between the boiling crisis
under absolutely stable flow conditions and burnout that is
caused by instabilities such as perlodical or singular
changes in the pressure and mass flow. Boiling processes in
the heated test channel tend to increase the pressure drop
which, in the case of a not sufficiently steep delivery

R
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characteristic, is liable to lead to a sudden reduction of
mass flow and, consequently, burnout. The level of the
maximum heat flux obtainable under these conditions 1s,.

as shown by the experience:; accumulated by us in the course
of the tests, considerably lower than under conditions of
hydrodynamically perfectly stable flow. It does not have to
be pulsations always which reduce the critical heat flux,
there are also single sudden mass flow reductions which
influence the performance of a test channel and are liable
to cause burnout. It appears certain that the wide scatter
of the burnout data given in the published literature are
partly due to unstable flow conditions and not so much to
a lack of accuracy in measuring techniques.

The direct comparison of test data presented by other
authors is usually difficult because the test parameters

do rarely coincide completely. It appears convenient
therefore to make this comparison on the basis of a burnout
equation. We have initially used as a basis the burnout
correlation by CISE. This correiation was chosen because

its range of validity imecluded almost all our test parameters
and because it 1s relatively recent and therefore takes

into account the latest data available at the time it was
formulated.

Comparison with CISE correlation

For the correlation of our test data the equation to be
used out of those presented by CISE is that applying to
the region of low steam quality. It reads:

(67700773 - *in) L (10)
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where:

W = the total heat flux necessary for producing film Watt
boiling

r = mass flow g/sec

Hgl = heat of evaporation kcal/kg

p = absolute system pressure at

Popr = critical pressure at

G = mass flow per unit area g/cmas

Xy, = enthalpy at test section inlet kcal/kg

L = heated length of test channel cm

D = hydraulic diameter cm

The validity range given by CISE for this correlation is:

D 2 0.7 cm
45 kgf/cm® € p € 150 kgf/cm®
100 (1 - ‘g——)3 g/cm®s < G €400 g/cms

cr
xo>0 P Xy = steam quality at test channel outlet

xin‘ 0.2

The data measured by us in tubes with a diameter of 0.7 cm
are compared with the data predicted for correspondding
hydrodynamic and thermodynamic conditions by the CISE
correlation in Fig. 52. As abscissa are plotted the data
predicted according to CISE and as ordinate the data
measured by us which means that the predicted and measured
data coincide for all points which are on the 450 line.

For greater convenience, lines of constant deviation of

+ 10% have been entered which start as a straight line from
zero. The graph shows that, for the test channel diameter

o/
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of 0.7 cm shown here, the CISE correlation tends to

predict lower values for all L/D ratios studied than were

observed in our tests. While the differences between the
measured and predicted critical heat fluxes with L/D ratios
of 140 and 80 do not exceed 25% they tend to become greater
at smaller L/D ratios where they partly exceed 50%.

If, in contrast to this, the data found by us with test
channels of 1.1 and 1.5 cm diameter are compared with the
CISE correlation the agreement is very good as can be seen
from Fig. 53. The reason for the relatively poor agreement
between the predicted and measured data with test channel
diameters of 0.7 cm may be in the fact that this diameter
represents the lower limit of the validity range of the
CISE correlation. In addition, however, Fig. 52 showed that
the differences tend to become greater as the L/D ratio
becomes smaller. For a comparison, we then included the
data found by Lee and Obertelli 44 , as shown in the next
chapter, and it was then found that their data also are
higher, in the case of small test channel diameters and
small L/D ratios, than those predicted by means of the

CISE correlation. This has caused us to extend the validity
range of the CISE correlation by adding a few correction
factors to cover smaller test channel diameters and smaller
L/D ratios.

Extension of the CISE correlation

To preserve the original form of the CISE correlation, the
extension was carried out in a-manner that only additional
terms were added. In the course of the work it proved
necessary, in addition to the two geometric parameters,
diameter and L/D ratio, also to apply small corrections

o/
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for the influence of the pressure, the degree of sub-cooling
at the inlet of the test channel and the mass flow. With
these correction factors, the extended CISE correlation

may be presented in the following form:

gy = 9 ° KL/D . KXE . Km . Kp -KD (11)

where:

q, critieal heat flux predicted from original CISE
correlation (equation 10)

KL/D additional term to allow for influence of
L/D ratio

Kx additional term to allow for influence of

E inlet steam quality on Apo
Km additional term to allow for influence of

mass flow on dpg

K additional term to allow for influence of
system pressure on dpo

additional term to allow for influence of
hydraulic diameter on dpg

These additional or correction terms for the factors
affecting burnout behaviour, viz. L/D ratio, inlet quality,
mass flow, pressure and test channel diameter, were
calculated on the basis of comparisons with numerous test
results, and the following analytical equations were found
for the individual factors:
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K p = 1.44% - 5.919:107> (L/D) + 2.907-107> - (L/D)°

K = (1 + 1.2°xE+ 2.5.132) e ’1-04'13 (213 + 1).(10.D/L)2
o (m-290) - (D/122.63°L)

K = 1.6467 - 1.3591 - 10" 2p + 6.3464 + 10™2 p2

k, = (0.7/m)% 7

The CISE correlation so extended is valid for the following
range:

10 € L/D € 140

2 P 2
100 g/cm“s & m £400 g/cm“s

2 2
20 kgf/cm“ € p €150 kgf/cm
0.5 cm€D €1.5 cm
At individual points, the correlation may perfectly well be
extrapolated beyond the range indicated above. Thusg, 1t is
applicable, for instance, for L/D ratios of 5 with a high
degree of accuraey in an Xp range between ~0.15 and O. The
~difference between the observed value and the predicted

value 1s here + 10% maximum.

3.4.3 Comparison of results with the extended CISE correlation

By adding the abovementioned correction terms it has been
possible to extend the CISE correlation so that it re-
produces all our test data with a deviation of less than + 10%.

o/
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Also, the data given by Lee and Obertelli [44] as well as a
large part of the measurements of CISE {11 ’ #8] agree very
ﬁell with the extended correlation. Some measurements by
CISE, especially with small test channel dlameters, appear
to yield low values of the critical heat flux in boiling.
This 1s also supported by a comparison with test data of
other authors. Fig. 54 gives a comparison of the data
obtained from our test channels with an inside diameter of
0.7 with the extended CISE correlation. For L/D ratios
between 10 and 140 the agreement is better than + 10%. Only
with very short test channels having an L/D ratio of 5 and
degrees of sub-cooling measured at the inlet to the test
section below Xg = - 0.15 does the correlation deviate to

a greater extent from the observed values.

Pig. 55 shows a comprehensive comparison between data
obtained by M.A.N., Lee and Obertelli [44] as well as

c1SE [11 , 48] and the extended CISE correlation. In
conclusion, a few graphic comparisons have been carried out
in Figures 56 and 57 between our test data and those given
by CISE as well as Lee and Obertelll.
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4. Second Type Burnocut (Pulsating Burnout)

The second type of burnout differs from the first type
essentially by the fact that, on its inception, fluctuations
occur in pressure and mass flow and that the critical heat
flux attainable is 20 to 50% lower than in the case of first
type burnout. The object of the present work 1is not'only to
reproduce data on the maximum attainable heat flux under
conditions of pulsating burnout, but also to explain how these
pulsations arise and by what parameters they can be controlled.

Looking at Figures 58 and 59 in which part of the burnout
data observed by us are plotted against the degree ?f sub-
cooling at the inlet of the test channel xp = ~—=—- , 1t can
be clearly seen how the pulsating burnout suddenly arises in
the region of x5 = -0.05 to —0.08 and, from there, extends
into the reglon of higher sub-cooling. It was observed,
however, only in the case of test channels with relatively
great L/D ratios and, in fact, was not found to occur with
L/D ratios of 5 and 10. As can be further seen from

Figures 58 and 59 and as will be explained in greater

detail further below, second type burnout 1s greatly
dependent on the throughput, the system pressure, the
geometry of the test channel and also on the location of
various apparatus in the test loop, such as throttling valves
and pressure vessels filled with compressible media. It 1is,
therefore, important for a characterization of the test
results to clearly define these "layout-controlled" conditions,
in addition to the thermodynamic and hydrodynamic parameters.
The results shown in Figures 58 and 59 were observed with

the test loop so arranged that it proved to be most
susceptible to pulsations. This was the case when the
pressurizer, which is partly filled with compressible steam,
was conhected between the circulating pump and the test
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channel inlet and when, furthermore, there was no
sufficiently effective throttling point upstream of the
test channel.

An example of the pressure, temperature and flow pattern
during pulsating burnbut is given by the traces in Fig. 60
which were recorded at.atmospheric pressure. During the
pulsations, periods of pure water flow alternate with
relatively long periods of pure steam flow. This oscillogram
was recorded by means of the bubble probe described in
Chapter 2.5.6 and it also indicates that, between the two
types of flow regime, there was for a short time a two-phase
flow, the irregularities in the oscillogram suggesting that
the steam bubbles were not homogeneously distributed 1in the
water but combined in slug-type voids. In phase with the
flow pattern are the pressure measured at the test channel
inlet and the surface temperature of the test channel.

In order to find an answer as to how these pulsations arise
and by what forces they can be damped,and eliminated,
respectively,it 1s necessary first of all to consider the
physical processes during inception of these instabilities.

Fig. 61a shows the pattern of the pressure drop in a boiling
water flow under conditions of different rates of heating
and correspondingly different rates of evaporaticen. At small
rates of flow, a low heating rate is sufficient to evaporate
‘waier.and steam generation 1s accordingly not very intensive
so that the resistance characteristic assumes the slightly
curved form of curve 1 in Fig. 61a. If the heating rate is
increased, evaporation occurs already at greater mass flows
and steam generation is noticeably accelerated so that the
pressure drop in the test channel increases sharply.
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Accordingly, the curves 2, 3 and 4 plotted in Fig. 61a are
obtained for the resistance characteristic. They are
characterized in that there 1s a pronounced minimum and
maximum in the two-phase region. These curves show that,

in spite of decreasing mass flow due to the steam volume
produced, the pressure drop in the two-phase flow increases.
If, in Fig.61a, the delivery characteristic of the A
propulsive force produced by the pump is also entered, the
operating points will be obtained as the intersections
between the delivery and resistance characteristics. If it

1s assumed,for the present example,that the resistance
characteristic is represented by the curve 3 entered in

Fig. 61a the intersections are I, ITI and III. These operating
points may be of a stable or unstable nature. According to
Griffith [59], the stability criterion is obtained from the
balance of the forces acting on the flow. This flow is stable
ir

5A Ef - 5AEW £ 0 (12)
&m &m
where:
8A pff = pressure drop produced by propulsive force
A PW = pressﬁre drop due to resistance in test channel
&m = the variation of the mass flow.

If this criterion 1s applied to the example of curve 3 shown
in Fig. 61a it can be readily seen that the points I and III
are stable states whereas point II represents an unstable
condition.



If the heating rate is increased in a system which is in
the operating state I,whereby the resistance characteristic
shows, for instance, the pattern of curve 4,a new inter-
section of the delivery characteristic and the resistance
characteristic is at point I' where the stability criterion
is no longer fulfilled. This leads to a marked reduction in
mass flow down into the range of almost pure steam flow
which shows substantially poorer heat transfer conditions,
and point II' is obtained as a new stable operating state.
Tnis instability 1s, however, not sufficient to produce
pulsations; it will produce a singular mass flow reduction
which, in turn, may result in burnout.

Pulsations are oscillating phenomena and causedby the inter-
action of exciting and damping as well as inertia and
resilience forces. Energy storage,corresponding to that in

a spring,is effected by the compression of compressible
media located upstream of the test channel. Such a space
filled with compressible medium is, for instance, the
pressurizer which 1s partly filled with steam. If, according
to Griffith [59], the test channel with the pressurizer
connected upstream is considered as a vibrating system, the
inception of pulsations can be explalined by the following

process.

If,in increasing the heating rate, the point I' is reached
as mentioned above, and flow conditions in the test channel
become unstable as a result, this will lead to a marked
reduction in mass flow and simultaneous increase of the
pressure drop in the test channel. The quantity deiivered
by the pump will then be split into two partial flows at
the point of connection of the pressurizer. One flow will
g0 into the pressurizer and the other will pass through the
test channel. Thereby, the pressure in the pressurizer 1is

/.
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raised and, in a first approximation, it can be assumed that
the pressure rise follows the law of the adiabats. This
means that, at the beginning of the overflow, a greater
amount is received per unit time by the pressurizer for a
given pressure rise ap than at the end of the compression
process. Consequently, the branched off volume flow becomes
smaller as time progresses. According to Griffith, water
will flow into the pressurizer until the gradient of the
-{%{%- in the pressurizer becomes greater
than the resistance increase in the test channel and,

pressure rise

consequently, the pressure rise per unit time at the inlet
of the test channel. In the further process, water may even
overflow from the pressurizer into the test channel, whereby
an oscillation is initiated.

As a result of this pressure and mass flow storage in the
pressurizer, different delivery characteristics will be
obtained, as shown in Fig. 61b, at each moment of inflow and
outflow of the partial quantity from and to the pressurizer
which have different intersections with the resistance
characteristic, of the unstable or stable type. This makes it
possible for a system, which had changed from an unstable
condition II into the stable condition III, to return to
condition II by a change in the delivery characteristic. In
a bolling water system, the possibilities of energy storage
are very numerous and not limited to the compression of

steam in the pressurizer. Other possibilities of energy
storage are the evaporation heat of the steam bubbles as well
as the compressibility of the steam in the test channel
region.

There have been various attempts to explain the excitation of
pulsations from the evaporation process in nucleate boiling.-
Heat transport during evaporation calls for a certain degree
of superheating of the boundary layer adjacent to the heat-
emitting wall. In the case of very smooth and polished sur-
faces, this may amount to as much as 30 to SOC?.This causes a

/.
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bubble forming from a bolling nucleus to grow very rapidly
causing volume changes and pressure variations. However,
heating surfaces for engineering purposes, such as the
cladding material of fuel rods and the tube wall of test
channels, almost invariably have a sufficiently great
roughness, resulting from the manufacturing process, to
preclude any such high superheating temperatures in the
boundary layer. As superheating decreases the rate of growth
of the individual steam bubbles diminishes and the volume
change produced per steam bubble will no longer have
sufficient energy to cause appreciable pressure variations
in the channel so that the evaporation process cannot be
considered as a primary excitation cause for the pulsations.

Several authors have attributed the cause of the excitation
of the pulsations to the intermittent flow regime of
slug-type flow. The amplitudes of the pressure fluctuations
caused by this would have to correspond to the assoclated
pressure loss in the liquid or vapour phases, and their
frequency would be given by the time which 1t takes for a
liquid slug, or a steam void, to pass through the channel. Our
measurements at atmospheric pressure, where the flow regime
was studied by means of the bubble probe described in
Chapter 2.4.6, permit the conclusion that during pulsating
flow there is for a short time slug flow between the time
periods of the liquid and vapour phases. But pulsations also
occurred at higher pressures in regions where, according to
the experience reported in the literature, slug flow was not
assumed to occur.

In our measurements, which were made by means of the probes

described in Chapter 2, we were able to find clear differences
in the patterns of first type burnout and pulsating burnout.

of o



- 70 -

Fig. 62 compares the variation with time of the heating
surface temperature and the mass flow for either type of
burnout. The oscillogram in the upper part of this
illustration shows the conditions at the moment of first

type burnout, l.e., under hydrodynamically stable conditions
and that in the lower part those during pulsating burnout.

The time plotted as abscissa runs in both oscillograms from
right to left. Furthermore, the time when the burnout
detector cuts off the power which heats the test channel is
marked by the step in the line at the top of the oscillograms.

Looking at the oscillogram for the first type burnout
initially, it can be clearly seen from the temperature curve
at the right-hand side of the oscillogram how the wall
temperature suddenly decreases by a small amount. Subse-
quently, there are briefl statistical fluctuations developing
which, in an almost steplike rise, lead to film boiling.
After shutting off the heating power, the wall temperature
subsides immediately according to an exponential function.
The mass flow is almost unaffected by the boiling crisis
during first-type burnout and remains constant.

Different conditions prevail during pulsating burnout which
is illustrated by the oscillogram in the lower part of

Fig. 62. Starting from completely stable conditibns. mass flow
variations occur suddenly as the heat flux is increased, and
these increase sharply after a few perliods. Also, the pattern
of the heating surface temperature variation differs
essentially from that during first-type burnout. Again, there
is a slight temperature discontinuity to be observed before
the actual temperature rise. But the rise is at a much
steeper angle than in first-type burnout and without the
statistical fluetuations observed there. A striking feature
is the initially very slow decrease of the heating surface

of .
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temperature after cut-off of power whereas in first-type
burnout this decrease takes place almost without delay.
During pulsating burnout, the temperature curve gshows the
anticipated decrease in the form of an exponential function
only after 0.1 to 0.2 seconds. This delay can be explained
only if one assumes that an extensive steam blanket is formed
in the test channel which, after cutting off the heating
power, has to be displaced by the flow first before cooling
of the heating surface is restored at an intensive rate. In
order to verify that this delay in the temperature drop is
due solely to the steam blanket existing in the test channel
a few theoretical studies were made which are set out in
Appendix 2. If the rate of displacement for this steam
blanket is equated with the mean velocity of the flowing
medium that existed before burnout the conclusion can be
derived from this that the test channel was almost completely
filled with steam over its entire length.

The pressure fluctuations at the moment of pulsating burnout
were found to attain amplitudes of approximately + 1 kgf/cm2
at a total pressure of the flowing medium of 70 kgr/cma. On
shutting off the heat supply by the burnout detector, the
pulsations receded at once, and stable flow conditions were
restored.

In several cases, the observation was made during our measure-
ments that periodical fluctuations occurred in the heating
surface temperature on inception of the burnout process

which showed an absolutely uniform frequency and which were
not, as in the case of the hydrodynamically stable burnout,
statistically distributed over time. An example of these
periodical temperature variations is shown by the oscillogram
reproduced in Fig. 63.
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4.2 Literature Review

A number of theoretical and experimental studies have been
published on the stability of boiling water circuits. Almost
none of these deals with the problem of a burnout risk due
to instabilities in the coolant. Lowdermilk [60] and

Aladiev [6{] were among the first to observe that burnout
may also be caused by pulsations in the flow. Recent
investigations have been due to Silvestri [11] who already
made a number of systematic tests. All three authors in-
dependently arrived at the conclusion that marked pressure
fluctuations preliminary to burnout will substantially
reduce the maximum attainable heat flux. It was attempted

in those studies to reduce the liability for pulsations to
arise by design modifications of the circuit. It was found,
in particular, that eliminating all spaces upstream of the
heated channel, which are filled with compressible media,

as well as fitting of throttling devices at the inlet of

the meating channel, tend to contribute substantlially towards
a stabilization of the conditions and, thereby, delay the
inception of pulsations. The test facilities used by
Lowdermilk, Silvestri and Aladlev differed essentially from
the layout of our test loop. Whereas we used a closed circuit
with a centrifugal pump to circulate the water the three
authors used open circuit systems where the coolant, i.e. the
water or the water/steam mixture were delivered from outside
and, after passing the test section, were discharged through
an automatically working or manually-operated throttling
valve to atmosphere. Silvestri used a reciprocating pump to
produce the flow, Aladiev fed steam into water, and
Lowdermilk maintained the flow by means of a continuous
pressure from a nitrogen cylinder acting on a plastic bag
filled with water.
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Very recently, a number of other studies have been published
which, in addition to burnout measurements, deal mainly with
the instabilities in flowing two-phase mixtures.

Mention may be made of the investigations by Becker et al.
[62] , oriffith and Maulbetsch [59], Bergles et al. [62],
Weatherhead [64), Gouse and Andrysiak [65], Jeglic and

Grace [66], Boure [67], Cesterline and Lee [68], Stenning

and Vezirglu [69], as well as the General Electric [70].
These authors have given criteria for the inception of
pulsations in the form of equations.Whereas Becker, Boure

and Bergles based their stabllity considerations on the

three equations describing the conditions of flow in the
channel,i.e. the continuity equation, the theorem of momentum
and the energy balance,it was assumed by Jeglic and Grace
that it 1s the slug flow regime which 1s responsible for the
inception of pulsations. The latter worked on the basis of
the equation given by Yang and Clark [71] which defines the
growth of a steam bubble forming on the heated wall. Griffith
and Maulbetsch analysed the vibration behaviour of a system
consisting of a heated channel in conjunction with a vessel
connected directly adjacent to i1t upstream and filled with a
compressible medium and, starting from the delivery and
resistance characteristics provided stabllity criteria for
the flow of a two-phase medium. All these studies constituted
a substantial contribution towards a better understanding of
the problem within the scope of their validity. However, in
order to be able to establish criteria of broader validity

it will be necessary to carry out further tests. The number
of possible influence factors on the pulsations 1s so large
and the definition of the thermodynamic and hydrodynamic

oS
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parameters so complex that a mathematical formula to cover
the whole problem can, if at all, have a chance of success
only if a clear picture is afforded by an adequate number of
experimental results. We have therefore placed the emphasis
in our investigations into the pulsating burnout clearly on
the experimental side. In addition to a contribution towards
a better understanding of this phenomenon it has been our
secondary objective in these measurements to work out design
criteria for pressurized water and bolling water reactors
and, thereby, to provide further basic information for an
increase in power and improvement in economy of these reactor
types.

Presentation of Test Results

The parameters affecting pulsating burnout can be divided
into 4 groups viz. thermodynamic, hydrodynamic and geometric
factors and parameters which reflect the layout of the test
loop. Our tests were made on round internally-cooled tubes
with inside diameters of 0.7, 1.1 and 1.5 cm with a wall
thickness of 0.05 cm and a length/diameter ratio of the
heated section of 5 - 140. The mass flows studied extended
through a range from 100 to 400 g/cmas at pressures between
70 and 140 kgf/cma. The maximum sub-cooling at the test
channel inlet was 150° which corresponds to Xp = -0.5. In
most cases, however, the degree of sub-cooling extended from
60° (xE = -0.3) to the saturation line (xE = 0). Pulsating
burnout was observed to occur only under conditions of
sub-cooled boilling as well as very low steam qualities.
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As already mentioned in Chapter 4.1, it was found at the
beginning of the measurements that the pulsating burnout
was greatly affected by the location of various equipment
within the test loop. We therefore carried out our in-
vestigations initially with the loop arranged in a manner
where 1t showed the greatest susceptibility to pulsations.
This was the case when the pressurizer was connected
directly upstream of the test channel and when as few
throttling points as possible existed between the circulating
pump and the test channel. A general survey of the test
results obtained with this loop layout was given earlier

in Figures 58 and 59 discussed in Chapter 4.1 which, at
pressures of 70 and 100 kgf/cmz, include values at L/D
ratios between 40 and 140 and mass flows between 230 and
350 g/cmzs. The difference between first type burnout and
pulsating burnout is brought out clearly again in Fig. 64
in the example of a test series at 70 kgf/cm2 and 230 g/cmz.
The L/D ratios were chosen as the parameter in these graphs
with values of 40, 80 and 140. All tests referred to up to
now were made with a channel diameter of 0.7 cm. Results for
test channels of 1.1 and 1.5 cm diameter are shown in
FPigures 65 and 66. The L/D ratio there was 40 at pressures
of 70 and 100 kgf/cm® and the mass flow was between 100 and

230 g/cmas.

With the layout producing maximum susceptibility to
pulsations the influence was subsequently studied of various
thermodynamic and hydrodynamic parameters such as pressure,
degree of sub-cooling, mass flow and L/D ratio. These
measurements are reproduced in Chapters 4.4.1 to 4.4.5.
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In our experimental studies, which, in fact, were intended to
provide design criteria for boiling water and pressurized
water reactors and to improve the burnout performance of

such installations, it was one of the objectives in the
investigations into the pulsating burnout to evaluate design
and flow-control measures that were apt to obviate

pulsating burnout. Out of a number of possibilities there

are two which offer practical engineering advantages: firstly,
to enhance the stiffneass of the oscillating system in
reducing the compressibility of the flowing medium and,
secondly, to provide throttling points to increase the
damping forces. A large compressible volume is represented

by the pressurizer with its steam space which is an essential
component of all pressurized water reactors and acts as a
surge tank. The tests showed that the pulsations were far
more affected by measures taken to influence the flow and
oscillations upstream of the test channel than measures
applied at downstream points. The liability for pulsations

to arise decreases sharply, as explained in Chapter 4.5.1,

if a pressurizer connected upstream is relocated to a
location downstream of the test section, thereby eliminating
a large compressible volume between the circulating pump and
the test channel. The transition from first type burnout to
pulsating burnout was shifted as a result towards higher
degrees of sub-cooling. Throttling and, consequently, an
increase in the pressure drop immediately at the inlet to

the heated channel proved to be a reliable, if uneconomio,
means of controlling pulsating burnout. As a higher throttling
effect invariably penalizes pumping power the designer would
endeavour to keep the pressure drop required to improve
safety from pulsations to the absolute minimum. We have
investigated this minimum throttling effect required for
various design, thermodynamic and hydrodynamic conditions.

2
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The results are reproduced in Chapter 4.5.2. In these tests,
a variable orifice was fitted to the inlet of the test
section and the measurements were made with tubes of 0.7,
1.1 and 1.5 cm diameter at L/D ratios of 40 and 70 and
pressures of 70 and 100 kgf/cma. Furthermore, fixed orifices
were fitted to the inlet of the test channel and their
influence on the pulsating burnout measured. For the sake of
completeness, the effect of a throttling orifice located at
the test channel outlet was also investigated.

The test objects and the principal test parameters of all
test series referred to and carried out to study the
pulsating burnout are conveniently tabulated in Table II.
The individual results of these test series are to be found
in the Tables 50 to 112. In the following chapters, the
individual tests are explained in greater detall and the
effects of the various factors are discussed.

FPor greater clearness,it is convenient to deal with the

various test parameters in the following in separate chapters.

In the Chapters 4.4.1 to 4.4.5 are discussed the results
obtained with a layout of the test loop where maximum
susceptibility to pulsation existed. The Chapters 4.5.1 to
4.5.4 are in respect of the measures by which pulsating
burnout can be controlled.

The influence of the mass flow

The tests made by us covered the range which is of interest
in reactor engineering, i.e., flow rates between 100 and
400 g/cmes. The observation was made that as the mass flow

/e



- 78 -

increases the effect of the pulsating burnout decreases to
disappear eventually completely. This influence is exemplified
in Fig. 67. With a mass flow of 230 g/cm°s, the sudden
transition from first type burnout to pulsating burnout can
still be clearly seen here whereas with a mass flow of

290 g/cmas both types of burnout steadily blend into each
other and, at 350 g/cmas, the maximum attalnable heat flux

in pulsating burnout hardly differs any more from the first
type burnout. This influence of the mass flow can also be
seen from the graphs 65 and 66 discussed previously in
Chapter 4.3 where the data for test channels with diameters
of 1.1 and 1.5 cm are plotted. Specifically,1t will be noted
that for the smallest mass flow measured of 100 g/cmas the
pulsating burnout extends into the range of positive steam
quality and the transition to first type burnout takes place
only with a steam quality of 5 to 10% measured at the test
channel inlet. This applies both for a pressure of 70 kgf/cm2
and 100 kgf/cma. This observation that pulsating burnout does
in fact occur under conditions of low steam qualities in the
case of very small mass flows was made already by both
Aladiev [61], and CISE [41]. Fig. 68 shows some data found

by Aladiev [61] plotted for a mass flow of 40 g/cmes in a

0.8 cm diameter channel with an L/D ratio of 20 at a pressure
of 100 kgf/cm=.

If one were to assume with Jeglic and Grace [66]that the
slug flow regime is contributary to the development of
pulsations one could explain the decrease in the pulsation
intensity with increasing mass flow from the fact that slug
flow tends to occur to an appreciable extent only with low
flow velocities. According to the findings of Bergles et al.
[63] whose data are reproduced in Fig. 69 for a pressure of
T0 kgf/cm2 slug flow 18 possible only up to a mass flow of

/.
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approximately 150 g/cmzs and a steam quality between 5 and #0%.
A somewhat more obvious explanation is that the inertia forces
of the flow increase as the square of the flow velocity and
that therefore ever greater exciting forces are necessary for
the flow velocity to be reduced or even for its direction to
be reversed.

The influence of the degree of sub-cooling and steam quality

As already mentioned, the transition from pulsating burnout to
first type burnout will occur in the case of mass flows above
100 g/cmas only i1f sub-cooled flow prevails at the test
channel inlet. The change from one type of burnout to the
other was almost invariably observed with a sub-cooling of

Xp = ~0.05 to -0.08. As the degree of sub-cooling is increased
the maximum attainable values of the critical heat flux in
pulsating burnout more and more approach those attained in
first type burnout until eventually there is hardly any
difference between the two types of burnout in respect of the
maximum heat flux. It was noticed in this range that points
which were on the curve of first type burnout nevertheless
showed slight osclillations in the mass flow.

This difficulty in discriminating between pulsating burnout
and first type burnout is clearly brought out by Figures 70
to 72. In Fig. 70 the maximum heat flux 1s plotted against
the degree of sub-cooling and two curves are drawn, one for
first-type burnout and the other for pulsating burnout. In
the region of high degrees of sub-cooling there are two
measuring points, one on the curve for pulsating burnout
and .the other on the curve for first type burnout, marked
by the numerals 71 and 72. These numerals indicate the

Fig. Nos. of the oscillograms relating to each point which
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record the variation with time of the wall temperature, the
mass flow and the pressure. With respect to polnt 1, which

1s on the curve of the pulsating burnout, and the relevant
osclllogram Fig. 71 it follows both from its position in the
gx~-diagram and the oscillogram that it is clearly a pulsating
burnout. In contrast to this, the point 72 is on the line of
first type burnout, i.e., for hydrodynamically stable flow.
But the oscillogram in Fig. 72 clearly shows pressure
fluctuations,and periodically recurring temperature peaks

are also lo be observed in the temperature curve on inception
of burnout so that, judging from its appearance, this

measuring point ought to come under the heading pulsating
burnout although in the gx diagram it is on the line of the
first type burnout.

The influence of the system pressure

The tests made by us essentially covered a range from 70

to 140 kgf/cme. Individual tests were included at atmospheric
pressure. The measurements showed that as the pressure rises
the intensity of the pulsations decreases and that
eventually at pressures above 100 kgf/cm2 pulsating burnout
generally fails to occur, As the pressure 1ncréases the
difference in the maximum attainable heat fluxes between the
two types of burnout diminishes. This is elearly shown in
Fig. 73 in which the measurements at 70, 85 and 100 kgf/cm2
have been entered for a mass flow of 300 g/cm2s at an L/D
ratio of the test channel of 40. At the point of transition
from first type to second type burnout the values show the
maximum difference at 7O kgf/cm2 whereas at 100 kgf/cm2 the
difference ishit a few percent. Also, the transition here is
no longer sudden as at the lower pressures but both types of
burnout blend steadily with each other.

/.
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An increase in pressure also causes the transition point to
be shifted towards higher degrees of sub-cooling as can be
seen from Figures T4 and 75 for a test channel with an L/D
ratio of 80 with mass flows of 300 and 350 g/cmas.

This pressure-dependence of the pulsations can be explained
by the fact that the volume expansion occurring during
evaporation diminishes as the pressure increases. As a result,
the amplitude of the excitation forces is reduced. An
essential factor for the steam volume produced at constant
heat flux is the dependence of the heat of evaporation on

the pressure. A comparison shows that the specific volume of
the steam at 70 kgf/cm2 is higher by the factor of 1.5 than
at 100 kgf/cm2 whereas the heat of evaporation differs only
by the factor of 1.14 between these two pressures, in other
words, the steam quantity produced, measured in kg, is 14%
higher at 100 kgf/cm> than at 7O kgf/cm®, but the volume flow
is reduced because of the lower density which is smaller by
the factor of 1.5.

As the pressure 1ncreases'the compressibllity of the steam
produced in the heated channel as well as in the pressurizer
decreases, providing, as it were, a greater "stiffness"

of the system. This enhances the frequency of the vibrations,
leads to smaller amplitudes and changes the resonance
behaviour of the circuilt system.

The influence of the test channel diameter

The test channels studied during our investigations had
diameters of 0.7, 1.1 and 1.5 cm. A comparison is afforded by
Fig. 76 in which the measurements are plotted for channels
with these 3 diameters for a mass flow of 230 g/cmzs and a
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pressure of 70 kgf/cmz. It can be seen that under conditions

of pulsating burnout the maximum heat flux 1s almost
identical for all three test channels, i.e. the diameter has
no influence. Also, transition from pulsating to first type
burnout is at the same degree of sub-cooling viz. at Xg =
-0.05. This conclusion, that the test channel diameter is of
no influence in the region of the pulsating burnout,differs
essentially from conditions under first type burnout where
the critical heat flux, at least iIn the range of small
diameters, 1s greatly affected by the channel area.

4.4.5 The influence of the length/diameter ratio
As shorter test channels are used there is less difference
in the maximum heat flux between pulsating and first type
burnout. Whereas with test channels having L/D ratios of
Lo, 80 and 140 this difference, as previously shown in
Fig. 64, amounts to 50% and more, no pulsating burnout was
observed in our tests with channels having L/D ratios of
5 and 10.

The resistance in the heated channel 1s composed of the
impact losses at the inlet to, and outlet from, the channel,
the frietion of the single-phase flow,or two-phase mixture,
respectively, and the acceleration of the mixture
necessitated by the evaporation process. The relative
percentage of the inlet and outlet impact losses which in
their absolute magnitude remaln the same increases as the
channel length is reduced. As a result, the effect of the
two-phase friction on the overall pressure drop is less
marked and 1ts influence on the shape of the resistance curve
in the bolling range is diminished.
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4.4.6 Tentative analytical summary of test results at the

transition from pulsating to first type burnout

It can be seen from Chapters 4.4.1 and 4.4.5 that, at the
point of transition between the two types of burnout, there
are partly substantial differences in the maximum attainable
heat flux the value of which depends on the L/D ratio, the
pressure and the mass flow. We have tried, for better
predictability, to present this interrelation in the equation

given further below. This equation permits the ratio of the
maximum heat fluxes in hydrodynamically stable burnout and
pulsating burnout at the point of transition to be calculated;
41t 1s valid, however, only for the thermodynamic and
hydrodynamic as well as the geometric and physical design
conditions existing in the test loop in which the test data
here presented were obtained. For these test conditions,

the equation reads

9stab _ (1L/D-1801) 1.6, 157.5 - 1.42 (13)
dpuls pem (0.743 -0.21 %OD )
where
Astab w/cm2 eritical heat flux in hydrodynamically
stable burnout
p kgf/cm2 working pressure
L/D length/diameter ratio of test channel
dpuls W/cm2 eritical heat flux in pulsating burnout
m g/cmzs mass flow
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This correlation applies to pressures from 70 to 100 kgf/cmz,
mass flows from 230 to 350 g/cm®s and L/D ratios of 40 to
140. With an L/D ratio of 40 and a pressure of 100 kgf/cm2

it is limited upwards to a mass flow of 230 g/cmas because
pulsating burnout will not occur for greater mass flows.
Apart from that, the equation applies only to a design of the
test loop where the pressurizer is connected upstream of the
test section and where there is no additional throttling
point at the test section inlet.

As repeatedly stated, the test results discussed in Chapter 4.4
were obtained with a layout of the test loop that proved most
liable to produce pulsations. By relocating compressible
volumes upstream of the test channel to a location downstream
and by the provision of throttling points directly at the
inlet to the heated length of the test channel, pulsations
can be obviated to a large extent. Fig. 77 gives a general
picture of how such modifications of the loop layout tend to
affect pulsating burnout.

The influence of these measures 1s proposed to be discussed
in greater detail in separate chapters hereunder:

The influence of the location of the pressurizer connection

If the point of the pressurizer connection was relocated

from an upstream position to a downstream location by opening
the valve 7 shown in the schematic diagram of the test loop
in Fig. 78 and closing the valve 6 the tendency for pulsations
to arise decreased to a marked extent, and pulsating burnout
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was shifted into a region of higher degrees of sub-cooling.
In addition to Fig. 77 already referred to, this is clearly
to be seen from Fig. 79 in which the test data obtained
with channels having L/D ratios of 40 and 80 have been
plotted for various locations of the pressurizer. The mass
flows in these tests were 230 and 300 g/cmes.

The improvement achieved in the stablility of the circuit by
relocating the pressurizer connection was explained re-
peatedly in the preceding chapters. As shown in Chapter 4.1
the total mass flow 1is split up in two partial flows when
the pressure drop in the test channel increases due to the
bolling process, one flowing through the test channel and
the other flowing into the pressurizer. If then the
pressurizer connection 1s relocated to a downstream point
this momentary by-pass no longer exists and all water
delivered by the pump flows to the test channel. Another
important factor for the mass flow and pressure pulsations 1is
that, when the compressible media are removed ahead of the
test channel, the"stiffness"™ of the system will be greatly
enhanced.

4.5.2 The influence of throttling points on pulsating burnout
Throttling action and, consequently, an increase in the

pressure loss directly at the inlet of the test channel

is a reliable, although in practice uneconomical, means of
obviating pulsating burnout. Initial studies of this aspect
were made, inter alia, by Silvestri [41], who fitted
throttling devices at the test section inlet and, depending
on the pressure loss produced, was able to shift the
transition from pulsating burnout to first type burnout to
ever higher degrees of sub-cooling. We have in our tests

./
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also applied throttling which, initially, was provided by
various orifice plates fitted to the test channel inlets
and outlets. The dimensions and arrangement of these orifice
plates is shown in Figures 13 and 80. The results obtained
with the orifice plate marked with the numeral 1 in Fig. 13
are plotted in Fig. 81. This provides qualitative confirma-
tion of the results obtained by Silvestri [41], to the
effect that the inception of pulsating burnout is shifted
towards higher degrees of sub-cooling. If, in addition to
such throttling action, the pressurizer connection is re-
located from an upstream location to a position downstream
of the test channel, the effects of the two measures will
be cumulative and, in fact, during all our tests with all
flow velocities,degrees of sub-cooling and pressures
investigated only first type burnout was experilenced.

During the tests with the No. 2 orifice plate also shown in
Fig. 13 which caused a higher pressure drop than the No. 1
orifice plate, pulsating burnout was no longer observed

with the test channels used having L/D ratios of 40 and at
all flow velocities and all pressures irrespective of the
location of the pressurizer connection. For completeness®
sake, the influence of an orifice plate fitted to the test
channel outlet was also investigated. The entrance flow
conditions at the inlet of the channel were completely
undisturbed in these tests. As shown by the data reproduced
in Pig. 82, such throttling action at the test channel outlet
also influences pulsating burnout to the effect that its
inception 1s shifted towards higher degrees of sub-cooling
and completely obviated at higher pressures above 100 kgr/cma.
However, if the values obtained during these tests, which
apparently are on a line with first type burnout, and if
they are compared with other test results which were obtained
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under completely identical conditions but without throttling
at the test channel outlet, it will be found that the test
points ascertained with outlet throttling are 25 to 0%

lower. As more detailed investigations by means of oscillograms
of the temperature variation and mass flow and pressure showed,
pulsations did in fact not occur but, shortly before

inception of burnout, a marked reduction in mass flow was
observed. This single and sudden mass flow reduction must

also be looked upon as an instability although this type of
burnout is not necessarily identical with the pulsating
burnout. It is therefore less useful to provide throttling
points at the outlet of the heating channel.

Increased throttling invarilably costs additional pumping
power and the designer would therefore endeavour to keep
this additional pressure loss to the very minimum necessary.
We have, for thils reason, made a number of investigations to
determine how great the pressure drop at the test channel
inlet has to be in order to obviate pulsating burnout under
given thermodynamic and hydrodynamic conditions or rather

to shift it towards higher heat flux levels. For this
purpose, an adJustable throttling device was fitted to the
test channel inlet which permitted infinite variation of the
pressure loss within wide 1limits. The design of this
throttling device is shown in Fig. 83.

It consists of two opposed pistons arranged perpendicular to
the flow direction and spaced 180o apart fitted in a lenticular
body located directly at the inlets to the test channel and,

at the same time, serving as a minus pole for the electric
power. Infinitely variable adjJustment of these pistons which
at their inner end have a diameter of 8 mm, is by screw
extensions and permits the originally circular cross

sectional area of the test channel to be closed to any extent

/.
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desired until the desired throttling action is obtained. The
pistons and their screw extensions are fitted in a pressure
tube and sealed by stuffing boxes against atmosphere. The
pressure drop across the throttling point is measured by
means of a single-leg mercury manometer connected to pressure
tappings upstream and downstream of the throttling point. The
tests with this type of adjustable inlet throttling included
tubes of 0.7, 1.1 and 1.5 em diameter and L/D ratios of 40
and 71.5. At pressures of 70 and 100 kgf/cm2 and mass flows
of 100 to 400 g/cmzs, they covered a range of -0.25 <xE<O
inlet sub-cooling.

The Figures 84 and 87 show the observed burnout values in the
abovementioned test range for lines of equal pressure drop

at the test channel inlet. As throttling was increased the
inception of pulsating burnout was shifted towards ever higher
degrees of sub-cooling until, eventually, it failed to occur.
Considering in the abovementioned graphs a state of constant
inlet sub-cooling 1t will be found that as throttling is
increased the heat flux at which pulsating burnout occurs
tends to be at higher values. As sub-cooling is decreased

the throttling action required to obtain first type burnout
became increasingly smaller.

The question arises why pulsating burnout can be avolded by
throttling at the test section inlet and for what reason the
necessary pressure drop required for this becomes less as
sub-cooling diminishes. As already mentioned in Chapters 4.1
and 4.4.5 the well-known resistance characteristic applies

to two-phase flow in a heated channel which, depending on the
heat flux, may assume various shapes. By providing a throttling
point at the test section inlet a modified resistance
characteristic 1s obtained by superimposition of the S-shaped

o/
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boiling curve on the curve for the pressure drop at the
throttling point which has the shape of a parabola. The use
of this measure - assuming that there is no compressible
volume between the throttling valve and the test section -
permits the unstable branch of the boiling characteristic

to be eliminated and, thereby, pulsations to be avoided.
Fig. 88 shows an example in which, by addition of the

curves 1 and 2, the curve 3 is obtained which permits stable
operation of the circuit.

Pulsating burnout cannot recur until the resistance
characteristic composed of the pressure drop at the throttling
point and two-phase friction again shows unstable operating
conditions in its interaction with the delivery characteristics.
However, this will now be the case only at much higher heat
flux levels than under conditions without throttling at the
test channel inlet.

Not in all cases do pulsations have sufficient energy to
cause burnout. The pressure and temperature traces re-
produced in Fig. 89 show that, as the heat flux is increased,
it is possible for pulsations which have already started to
subside agaln and that then the heat flux can be raised
until hydrodynamically stable burnout occurs.

For convenient representation, it has been attempted to give
an equation which permits the minimum pressure drop required
to attain hydrodynamically stable burnout as a function of
mass flow, pressure and sub-cooling. It is valid for an L/D
ratio of the test channel of 80 with upstream-connected
pressurizer.
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2.08
P, = [ (lm - 285]) + 1o'£] [1.5 -7.2 - 1o’3p]- Ix)

1.2
(14)
_ 2.75 | .
- [ (Im - 240}) + }6%} [0.467 +7.62 * 10 3p:’

1466 _
where
Pmin mm Hg minimum throttling
m g/cmzs mass flow
P kgf/cm2 pressure
b 4 - sub-cooling of flowing medium

at inlet

This equation 1is valid for mass flows of 230 to 350 g/cmas,
pressures of 70 to 100 kgr/cm2 and a test channel diameter
of 0.7 cm. If it 1is desired to apply 1t to other loop
arrangements 1t is axliomatic that attention should be paid
to hydrodynamic and design similarity of the system.

Frequency and amplitude of the pressure and mass flow

varlations preceeding pulsating burnout

Information on the frequency and the amplitude of the
oscillating phenomena can be derived from the oscillograms
taken of the temperature, pressure and mass flow at the
moment of pulsating burnout. Both values are dependent on
the damping, the compressibility and the inertia of the
system. The greater the damping, the compressibility and
the 1lnertia the smaller the frequency of the pressure and
mass flow variations. As the oscilllograms discussed else-
where in this report have shown, the frequency of the
oscillations of pressure and mass flow agree completely
in almost all cases. Figures 90 and 91 show examples of

./
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the dependence of the frequency of these oscillations on

the degree of sub-cooling. The higher the degree of sub-
cooling the lower the medium steam quality in the test

channel which agaln, because of the decreasing compressibility
of the system, leads to higher frequency of oscillations.

The test data entered in Fig. 90 are based on a channel with an
L/D ratio of 40 whereas the channel in Fig. 91 had a ratio

of 80. This increase in the heated length has, as anticipated
and shown in the traces, a frequency-reducing effect on the
oscillations. The characteristic patterns of the pressure

and mass flow variations for two widely different degrees

of sub-coolling are again shown in Figures 92 and 93. If,
finally, the compressibility of the system is varled by
connecting the pressurizer upstream in one case and down-
stream in the other case, this measure will as shown in

Fig. 94 also affect the frequency of the pressure and mass
flow variations.

In the course of our studies, we also lnvestigated the
dependence of the frequency and amplitude on the degree of
throttling at the test channel inlet. These tests were made
at a pressure of T0 kgf/cm2 and mass flows of 240 and

290 g/cmzs with a test channel having an L/D ratio of 40
and a diameter of 0.7 cm.

The system pressure in these tests was measured by means of
a high-frequency pressure piek-up directly at the test
channel inlet. Instead of the mass flow, the pressure
differential across the adjustable throttling device shown
in Fig. 83 was determined which is a measure of the
instantaneous flow through the test channel.
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The results which are reproduced in Figures 85 and 96 show
that, as throttling at the test channel inlet 1s increased,
both frequency and amplitude of the pressure and mass flow
variations decrease which 1s to be anticipated according to
the physical laws governing a forced damped oscillation.
The pattern of the pressure varlation shortly before _
inception of burnout 1s shown in Fig. 97. Here, the curve 1
describes the variation of the pressure differentlal across
the throttling device, curve 2 the system pressure whereas
curve 3 shows the temperature measured at the test channel
wall. The "plus" direction indicated in the trace of the
system pressure means an increase and, correspondingly,

the "minus" direction a decrease. It can be seen from this
trace that the maximum amplitude of the pressure variations
occurred directly after inception of film boliling, 1i.e.,
during the increase of the temperature in the test channel
wall. In the evaluation of the test results which have
been plotted in the preceding graphs in Figures 95 and 96
the last amplitude occurring before inception of film
boiling was taken as a basis in each case.
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As discussed in detall in the preceding chapters, pressure

and mass flow fluctuations arise in pulsating burnout which
lead to an excessive increase in the temperature of the heating
surface. The question now arises: iz this pulsating burnout

a physically different phenomenon from inception of film
boiling during burnout under steady state flow conditions or

is a condition reached after all where in spite of the

pressure and mass flow fluctuations and the resulting

enthalpy changes of the coolant the criteria of film boiling
exist in spite of the relatively low heat flux?

1
\

With the heat flux kept constant, fluctuations in the mass

flow will cause periodic changes in the steam quality at the
outlet of test channel and in the flow velocity. Assuming a
sinusoidal pattern of the mass flow fluctuations, the inter-
relationship between steam quality at the test section outlet,
enthalpy of the flowing medium and mass flow can be represented
by the following system of equations:

81 . 61.M.F_D X _9.0 (15)
6t dz o p P
de, L0 .1 -0 (16)
) 5z F

M=A+ Cos(wt) + M, ~ A (17)

1}
xaiz1 | (18)
r .

where

1 - enthalpy of flowing medium kcal/kg

t - time coordinate sec

z - path coordinate m

m - mass flow kg/h

P = density kg/m3

F = cross sectional area m2

D - diameter m



q - heat flux H/om2

A - constant kg/h

Ho - mass flow before inception of

pulsation kg/h

w - constant 1/sec

p 4 = steam quality -

1' = saturation enthalpy kcal/kg
- evaporation heat kcal/kg

The abovementioned system of equatiens presupposes the
existence of a homogeneous steam/water mixture in the test
section.

The differential equations 15 and 16 were transformed into
difference equations and the system integrated stepwise by

a computer. If the values computed for the steam quality on
the basis of this system of equations are plotted against
mass flow for any point of time within an oscillating period,
the continuous curve shown in Fig. 98 will be obtained. In
the same graph can be entered the boundary line for the
hydrodynamically stable burnout, i.e. the film bolling, which
is obtained if, for a constant heat flux, the steam quality
at the test channel outlet 1s plotted against various mass
flows. Below this boundary line there will be nucleate boiling
under hydrodynamically stable conditions, above it the
criterion of film boiling will have been exceeded. If then a
continuous curve 18 entered for that heat flux at which
dynamic¢ burnout Just occurs, and if this continuous curve
touches the boundary line of the hydrodynamically stable
burnout, this would suggest the conclusion that dynamic burnout
and hydrodynamically stable burnout are identical in their
physical nature and that, in the course of the periodic
fluctuations, a state is reached in the test channel for a
short period during which the criteria of film boiling apply.

/e
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Accurate information on the pattern of the continuous curve
are conditicnal, above all, on a perfectly exact measurement
of the mass flow fluetuations in respect of amplitude and
frequency. Mass flow fluctuations in the course of our tests
were mostly made by means of a rotary vane Potter-type flow
meter located at a short distance upstream of the test channel.
As check measurements showed, this Pottermeter, while giving
very exact readings of the frequency of the mass flow
variations, was greatly affected by damping processes and
intermediate storage of the fluid so preventing any accurate
information being obtained oen the amplitudes. The attempt was
therefore made, by measuring the pressure drop over the heated
length of the test channel, to measure the actual amplitude of
- the mass flow fluctuations. Fig. 99 shows 3 examples for the
pattern of mass flow fluctuations briefly before and during
inception of dynamic burnout. As the frequency of these mass
flow fluctuations is very low and, since they have a rate of
propagation through the test channel of as low as about 0.5 m/s,
a value which is far below the velocity of sound in two-phase
mixtures, this method of determining mass flow fluctuations
from the pressure difference is not affected to any great
extent by the pressure waves occurring in the test channel.

OQur tests have shoewn that the dynamie burnocuts will occur
only when the mass flow fluctuations go below the zero line,
which means that a reverse flow occurs in the test channel,
in other words, the mixture of high steam quality which Just
flowed through the test channel is returned into the channel
once more and undsrgoes considerable superheating.

This would suggest that in dynamic burnout we are concerned
more with & drying up of the heating surface and that, for
a moment, there was only superheated steam in the channel
which has relatively poor heat transfer cocefficients.
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In individual cases, dynamic burnout was found to ococur already
when the mass flow was Jjust dropping to zero and, consequently,
complete stagnation of the flow oceurred in the test channel.
The pattern of steam quality variation at the outlet of the
test channel has been plotted in Fig. 100 against the mass flow
for a typical incidence of dynamic burnout. As can be seen

from the graph this curve for the interrelationship between
steam quality and mass flew intersects the above discussed
boundary line for the hydrodynamically stable burneut instead
of Just touehing it as one would have assumed. This corroeborates
the assumption that dynamic burnout is caused by the short-
time production of superheated steam in some part of the teat
channel.



APPENDIX I

Summary of Analytical Correlations to prediet the Critical
Heat Flux

A Further Compilation of Burnout Equations i1s given in [ﬁ{]

In the following is a summary of the analytical correlations
available to us for the predietion of the critical heat flux

in first type burnout. The order of the list is alphabetieal

by the names of the authors and does net constitute a valuation
of the individual correlatioens. Sinee the equatiens in mest
cases contain empirically found constants a conversion into

the metric system of units has frequently been omitted.

1) Correlation by Bernath [6]

Burnout equation

"
pwe = Ppne (Tw,onB - Tpns) (1)
where: T =1.8|57 1n p - S#(perp)- ¥ |+ 32
w,DNB . P+i5’" ¥
(2)
D
e 48
e "1 De
P
where D1 - b
Notation: De in. hydraulic diameter
calculated from wetted
circumference
Ph in. wetted circumference
o
TH’DRB ) 4 tube wall temperature

at burnout location

/.



TDNB Op temperature of coolant
at burnout point

v ft/sec  velocity

hpve BTU/hr-ftz-oF heat transfer coef-
ficient at critical heat flux

| 4 pslia system pressure

qQ"pyg BTU/hr-rt? critical heat flux

Range of validity:
Geometry: round tubes

500 psia<¢ P € 3000 psia

5.5 rt/seccvbc 54 ft/sec

xA<O X, = quality at test section
outlet

6 2

0.5 x 10° BTU/hr-rt2¢ ¢ ¢2.3-10
14}"<D° & 0.66™

BTU/hr-f't

2) "Bettis" correlations [7]

Burnout eguation

for round tubes (0.2-106 € g & 8.o-1o6 1b/nr-rt2)

¢ H - .5
B.O. B.O. G 2 -0.0012 L/D (4)
-C. ( ) (1 + ) -e
10° LIPS 101
original equation: c, = 0.28
design equation: C, = 0.182
for rectangular channels (1.6-106 € G¢€ 5.0~106 lb/hr-rta)
g H -2.5 f -0.0012 L/S
B.0. B.O. G
=c, ( ) (1 + == -e (5)
10° 2 Y407 107
original equation: 02 = 0.37
design equation: C, = 0.240

2
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for rectangular channels (0.2.106 L3¢ 5'1.6-106 lb/hr-rta)
¢B.0. S (HB.O.) -2.5.e -0.0012 L/S
3 3 > (6)
10 10
original equation: C} = 0.50
design equation: C3 = 0.325
Notation: D ft hydraullc diameter
G 1b/hr-rt2 mass flow
HB 0 BTU/1b enthalpy at burnout point
L ft heated channel length
95 o. BTU/hr-rt?  critical heat flux

Range of validity:
1850 psia € P € 2150 psia
500 BTU/1b # Hy o. % 1000 BTU/1D
21 € L/D € 365

59 € L/S € 468

3) Correlation by Buchberg [1, 5]

Burnout equation

(%% 0. =% 692 (Tgaq = Tp.0.)7"%° (7

o
for (TSat - TB.O.) >3 R

Notation: G lbm/fta-hr mass flow
TB 0 Op temperature of flowing
medium at burnout point
o
TSat F saturation temperature
(g) BIU_ critical heat flux

A 2

B'o. hr-rt
of o
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Range of validity:
250 psia € P € 2000 psia

0.96'106 1bs/hf—ft2 LA 7.65'106 1bs/hr-ft2
0.92°10° BTU/hr-£t2 @ @) € 2.92-10% BTU/hr-rt?
B'o.
4) Correlation by Cicchitti [9, 10]
Burnout equation
-n
Q=577 *r *K-y- (_Q___ (8)
135.6
Definitions:
Y u (9)
a=v'/(v'-v*) (10)
K =K' - (D/z.sh)’V4 (11)
Notation: D cm hydraulic diameter
G g/cmaa mass flow
K' - pressure-dependent value
q W/eme critical heat flux
r kcal/kg heat of evaporation
vt m}/kg specific volume of water

in saturated state
v" m}/kg specific volume of
saturated steam
x - steam quality
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5) Correlation by "CISE" [11]

General burnout equation

8 9- B
SH =7C Pcf . rLs (12)
B G52 0315 (=5 - 1)0-Fp 1M

Burnout equation

for constant heat flux:

P
2} - (1 Por -x.) - ’L
rH (%66) 73 7 ' 116,315 == - 1) 0.5 5, 1.5,
(13)
Notation: D cm hydraulic diameter

G g/cmas mass flow per unit area

Hgl kecal/kg heat of evaporation

L cm heated length

L8 cm heated length in quality
range

W Watt burnout heat flux for
heated length

ﬁs Watt burnout heat flux for
heated length within
quality range

P kgf/cm2 system pressure

Pcr kgf/cm2 critical pressure

r g/sec mass flow

Xn - quality at test section
inlet
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Range of validity:

4s kgf/cm2 ¢ p €15 kgf/cm2

100 (1 - B/P_.)° g/cn®s ¢ G < 400 g/cms

> I < 20%

X, » 0 (quality at test section outlet)
D 9?2 0.7T cm

6) Correlation by Gambill [12]

Burnout equation

q"DNB = (q"DNB)PB + (q"DNB)FC (1%)

Definitions for sub-cooled range:

1/4
o-g,'8 (pp -9 ,)
(a"pyg) =K * He ° . < & 1
DNB PB fg PE )
8
pp. 0.923 o AT |
+ ( 5;) ('é‘g—g;s——) | (15)
K=0.12-»0.17
e, is referred to 0.5 (TSat + TDNB)
(q"DNB)FC = hpe (T, g = Tpns) (16)
T, DNB = [TG + Tguy - 0,25V ] 1.8 + 32 (17)



- 103-

Values for TG:

Notation:

Tgat/ 705 4
.524
.55
- 6
o7
175
L ] 8
.9
1.0
Heg BTU/1b
(o)
DNB F
(o)
Q.
TSat F
(o)
Tw,DNB
[o]
ATS (¢] F
\'f ft/sec
e, BTU/1b-°P
g £t/hr?

2
8, 1b,-ft/lb.-hr

To (°c)

.0
14.5

33.5
54.0
61.4
60.8
51.7
33.5

heat of evaporation
constant

temperature of coolant at
burnout location

temperature according to
Bernath curve
saturation temperature

tube wall temperature at
burnout location

sub-cooling at burnout
location

velocity
specific heat
gravitational acceleration

constant
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hFC BTU/hr-ftzhr heat transfer coefficient
for forced convection

qQ"pyp BTU/hr-£t? critical heat flux

n

(q DNB)FC BTU/hr-t° heat flux under forced
convection

(a"ppg) BTU/hr-£t° heat flux under free

PB convection

o lbr/ft surface tension

$r 1b/ft3 density of liquid

Pe 1b/t° density of steam

7) Boundary curves by General Electric [13]

Burnout equations:

£5.0.710

6 0.705 + 0.237 (G/106) X< x4 (18)

By o./100 = 1.634-0.270(6/10°)-4.710 x x¢xex,  (19)

By o./10° = 0.605-0.164(c/109-0.653 x  x,¢x (20)
Definitions:

x, = 0.197 - 0.108 (0/106) (21)

x, = 0.254 - 0.026 (G/106) (22)
Range of validity for equations 18, 19, 20:

P = 1000 psia

0.4 + 10%¢6¢6.0 -+ 10° 1b/hr-rt2

0¢x¢=-0.45
0.245 j.ns(DH ¢ 1.25 ins
29 ins<¢L ¢ 108 ins
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Extended equatlions for other pressure ranges:
(@g.0.7p = (B.0.)1000 psia * 440 (1000 - P) (23)
Extended equation for x» x, and Dy < 0.6 ins:

2

(¢B.o.)nﬂ = Pg o, - d (Dg°- 0.36) (x-a) (23)

with d = 2.19 - 10°
Notation:

DH ins hydraulic diameter

G 1b/hr-£t2 mass flow

L ins heated tube length

P psia system pressure

X - steam quality

Pp 5. BTU/hr-rt? critical heat flux

8) Correlation by von Glahn [14, 15]

V. Glahn calculated the critical heat flux from the so-called
critical degree of evaporation >

xc = f1 = ﬁ-:g (25)
0.4
- P "
¢ -1 " C@pT L (L8 Oy (26)

1 p B

(1.3-L/D-P1-2/p*2) M

NB is designated the boiling number and attained from the
equation

Ny = (n"2 - (g -ap) Y2)/(p" -0 D) (27)

o/
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The constant heat flux is given by:

x =f

c

. 4 - q - L/D

G -Ah

- ¥0-3 (28)

P =1 for cylindrical channels
F=20 for rectangular channels

0.4
F = [Di/(Da+D1)](D1/Da)

0.4
P = (0.5)(P1/D,)

for annuli heated at the inner
tube circumference D1

for annulil heated at both
sides

X, is to be taken from the charts given. From this, the
critical heat flux can be predicted in turn.

Notation:

=)

% U ©

:?D:l"ﬁ

Ah

o

kcal/mzh
kcal/kg

kp/m

hydraulic diameter
diameter of outer tube of annuli

diameter of inner tube of annuli

characteristic value for shape of
test channel

mass flow

heated length

mass flow

total power supplied

Prandtl number, referred to D
Reynolds number, referred to D
critical degree of evaporation
gravitational acceleration
critical heat flux

enthalpy difference

surface tension
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7" kg S/m2 dynamic viscosity of
saturated steam

n ' Kg s/m2 dynamic viscosity of water
in saturated state

p " kg/m} density of saturated steam

p ! kg/m3 density of water in saturated
state

4 ”

9) Correlation by Grifrith [16]

Burnout equation

glp,- p_) k 2| 1/3
£ L (29)
/M1 pl-cl

Pp.o0.= T [P/Pc] - (F) pg(Hg-Hb)

Definition:
u, *D- p -c, (T_-T
(F)=1410"6(-2— P 1y,0. 015 | 2 A Y (32)
/M1 Peg’ “rg
- 1/2
u, .D -c,(T_-T,)
+0.5:1077 } (= L R I W Rl M- (31)

/1 pg'Hfg

The function f (P/Fc) is given in the form of graphs same
as various physical factors.

Values for f (P/Pc) according to Griffith:

P/Pc f(P/Pc)
0.005 125
0.01 26
0.05 1
0.1 24
0.5 6.3
1.0 1.4
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Notation: D rt
Hy BTU/1b
Hp,  BTU/1b
He BTU/1b
P psia
c psia
T, °p
T, p
N BTU/1b-°F

hydraulic diameter
mean enthalpy
heat of evaporation

enthalpy of saturated
steam
system pressure

critical pressure

mean temperature of
coolant

saturation temperature

specific heat of 1liquid

32.2 tt/soc2 gravitational acceleration

ug rt/sec

2
¢B_ 0. BTU/hr-ft

/N 1b/ft-hr
>
Pg 1b/ft

P, 1b/ft>

Range of validity:

0.0045 ¢F— < 0.97

cr
0 rt/sec ¢ u, <110 ft/sec
0°F «¢T

0.075 - 106

BTU-ft/fta-hr-oF heat conductivity of

liquid

mean velocity of flowing
medium

critical heat flux
viscosity of liquid

density of saturated steam
density of liquid

7 € 280 °p (sub-cooling)

BTU/hr-rt2¢ ¢ < 11.4°10° BTU/hr-rt2

0 ¢x, 0.7 (quality at test section outlet)
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10) Correlation by Iwaschkewic [17]

Burnout equation

KKP - qu/r+ (g°Y ") 0.5 (o .AY) 0.25 (32)
K -1
Kep = 1.9 - 1072 - Re [1+1.8-1o‘6-vq(z1l+-§—)§ +xu)-ne]
2
(33)
Definitions:
K, = (h -h)/r with K, = 0 for T=T* (>4)
Ky = 1,(ay /o )12 witn Ky = 50 for Ky » 50 (35)
Ky = L,/dy with K, = 125 for K, 2 125 (36)
Re = w(o /AY)Va/Y’ . for D(l\‘!/")v2 > 1 (37)
Re =w - D/ ¥ for D(AY/°)1/2 € 9 (38)

for T=T'; x20 (39)

r = r(1-xA)

rt - r{1+K2' [1+o.o65( p'/ p")°‘8]} for T<T* (40)

v_ = q/q Withq=% fQ'dU (41)
u

Definition of characteristic dimensional parameter D:

for tubes: D = half tube radius
for rectangular
channels with one-

sided heating: D = channel width
with both sides
heated: D = half channel width



Notation:

kcal/s m

- 10 -

m/s°

kcal/kg
kcal/kg

2

kcal/kg

m/s

characteristic value for
critical heat flux

boiling length
hydraulic diameter
gravitational acceleration

enthalpy of coolant

enthalpy of water in saturated
state

length over which sub-cooled
boiling prevalls

critical heat flux

heat of evaporation

veloclty

quality at test section outlet
surface tension

specific gravity of water in
saturated state

specific gravity of saturated
steam

density of water in saturated
state

density of steam in saturated
state
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Range of validity:

0.02 cm ¢ dh < 3.0 cm

0 °c<A'r2 < 160 °c

0<x, 0.7

A
0.3 m/s € w &34 m/s

3.5 cm¢L <180 cm L = channel length
2 - 10 ¢€Re ¢ 3 - 10°

15<K} ¢ 2000
0 €K, <220

o.11<}<5 < 48

11) Correlation by Janssen, Levy and Kerwinen [181

Burnout equation for annuli heated at inner circumference:

-6 1+ 0.16 - P* - 0.04 . p*2
003685 ¢ 10 ° q = °
[1 - 0.008 " E - g'0-8 ]

. {0.0172 . g - g*9-8_ Jo.3175 s+'2—1-8534's+'1]

- [2.u+ 3.2 - D, ¥0.85° D - g+]°

+72 ' +1 +2
. [x-0.629'g +0.3429°g"  -0.2894+40.0020° g
| (42)
Definitions:
Pt - Trc3>'6 (1000 - 14.2 - p) | (43)
gt = 0.2045 - 1078 . g (34)

E =\,%— (D, - p,) 02 (45)
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12) Correlation by Jens and Lottes [191

Burnout equation

9B.0. G/Fy\n 0.22 | 16

B0 _ ¢ - (P . (8, -5 (46)
10 10

Notation:

C1, n - constant

G/F lb/h-ft2 mass flow

Gxn Op mean water temperature

8 s °p saturation temperature
ag o BTU/h-ft2  critical heat flux

The constant C1 and the exponent n in the above equation
were determined according to empirical values by the
Purdue University and the University of California.

C, and n for equation (46)

UCLA Purdue
Pressure C1 n C n
1

psia

500 0.817 0.16

1000 0.626 0.275 0.915 0.275

1500 0.445 0.50 0.545 0.500

2000 0.300 0.725




- 113 -

Range of valldity:

UCLA Purdue
P (psia) 500, 1000, 2000 1000, 2000, 3000
G/F -
(1b/hr-£t?) 0.96°10%G/Pe7.79-10° | 0.9-10%0,/Fet.48-10°
?BTU/hr-r@) 0.94-10%q ¢3.76+10° 1.08-10%qe.21-10°
L/D  (-) 109 22 ¢L/D <168
(94-8,)
o
("PF) 1<(8,-9 ) <163 1< (®_ -8 ) ¢ 149

13) Correlation by Konkow and Modnikowa [201

For a quality range of a two-phase flow in vertical channels
their equation defines at what quality the water film in the
boundary layer disappears and consequently the poorer heat

transfer to steam commences.

Burnout eauation

F

x = [Q'(O/AY AT CTR A Y')] =0.125 (nt  qmy=0.2.p, 0.5

. [D/( o/ by )1/2]+o.2

Notation:

. [O.}5+500/(ReF-v'/v"+}50)]

(47)
D m tube diameter
Pi‘F - Prandtl number for film
flow
ReF - Reynolds number for film
flow
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q kcal/mah heat flux
r kcal/kg heat of evaporation
v, v! mo/Kg specific volume in

saturated state

b ¢ - quality

o kp/m surface tension

vyt kp/m” specific gravities in
saturated state

t _ "

oy = Y Y

v' m%éec kinematic viscosity of
1iquid phase in saturated
state

" n' kp s/cm2 dynamic viscosities in

saturated state

Range of validity:

20 kgf/cm2<p € 200 kgf/cm2

10 g/cm?s <G €1320 g/cm°s

8 - 3 2 . 6 2
10” kcal/m“heq¢ 3.34% ° 10 kcal/m“h

0.004 meD€0.0322 m

14) Correlation by Labuntsow [211

Burnout eqguation

g =1.25 - 105 - £(p) {1+ [e.5/em ] - u’-}‘/“-r(n) (48)

/e
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Definition:
, y
£(p) = "2 (1 - /o) - (%9)
£f(AT) =1+ (15/p) - e, - AT o (50)
Notation:
P kgf/cmza system pressure
Pyr kgf/cmza critical pressure
w m/s velocity -
AT °c sub-cooling

The equation (44) applies only to sub-cooled flow.

15) Correlation by Macbeth [22]

Burnout equation for round tubes:

g, 1076 - Py - 1076 - 0.0605 (5/L)° 7-(G-10"6)%T5.a na (51)
Notation:

G 1b/hr £t mass flow

L £t ' heated length

S ft hydraulic diameter

A hi BTU/1b sub-cooling )

2, BTU/hr £t° critical heat flux for

Xg = 0
g BTU/hr rt? observed critical heat flux
E
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16)- Correlation by Menegus [23]

Burnout equation
B,- &r Y4V
“(1+ B, + T4 —2) (14y v+ )
o 2 D o D

1
14+ )

Definitions:

2
a = ( 2go-p)(o;2o.6-r) - 0.04126+0.08341 - ifgggﬁgl— (53)

Bo = (B8 (s25a3p) + 1.818-1078 (B (BWE) (54
B, = [1.2)#'10'“+1.098-10'5(%65)] ( gggop) (55)
Y- (%i%%§?%&£ + 1.080-107°)( 2°° P)+1.81u-1o'6(7§6) (56)
LI 1.176-1076 (+55)+2-016.10" +2.576-1o‘4(l%9) (57)
8, = 3.888-107 (755) + 1.037-10 -6,1.8816- r107(420 ~ (58)
Notat;on: D e hydraulic diameter
psia system pressure
v ft/s mean velocity of coolant
AT2 °¢ sub-cooling
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Range of validity:

1 kgf/cm2<p <164 kgf/cm

2

0 m/s<«V <16 m/s

0 °c« AT, <146 ¢

0.368 cm<D«< 54 cm

17) Correlation by Reynolds [7]

Burnout equation

1.94 - . P . He .8
(o) T = 14910 ER) (e (ER) 10 (KB (s9)
‘ o b /ur g * D |
Notation:
8
T - relative boundary layer
thickness
D ft hydraulic diameter
G 1b/hr-rt2 mass flow
Hfg BTU/1b heat of evaporation
g ft/sec2 gravitational acc¢eleration
g, ft—lbm/lbf-sec constant
uy ft/sec mean flow velocity
g BTU/hr-£t°  heat flux
o 1b/ft surface tension
pb 1b/ft3 mean density of liquid
Pf 1b/ft3 density of liquid in
saturated state
et 1b/ft-hr viscosity of liquid in

saturated state
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Range of Validity:

0.18 ins <D <0.306 ins
50 € L/D < 80

500 psia ¢ p< 2000 psia

6 2

0.66 + 10® 1b/hr-rt2¢ 6 ¢3.6°10%1b/hr-rt2

0.01 <xA < 0.67

0 °r ¢ AT1 < 313 °F (inlet sub-cooling)

6 6

0.6 - 10° BrU/hr-rt2<¢ ¢ ¢ 2.8 - 10° BTU/hr-£t?

18) Correlation by Smolin, Poliakov, Yesikov 247

Burnout equations

y

q=10' (1 -Rg) "1 . ¢07 (60)
for K,, € 0.345 . 10~ m°s/kg
lim = 7°
qa =9.1 - 108 (1 - x)>-2 . g©-8 (61)
for K,, 2 0.345 - 1072 m°s/k
1im = ©- &
Definition:
1 - x
K =
lim G
Notation:
G kg/mgs mass flow
Rg - dimensionless volumetric.
steam quality
q keal/m°h critical heat flux
x - quality
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Range of validity:

p = 150 kgf/cm2
D = 0.8 em

0 «x €0.5

19) Correlation by Tippets [25]

Burnout equation

a, = c" 6"/ (62)

Definitions:

g p; (1 +p./p.)
¢ = L L& : (63)

2 2
Brpp- Tp-C .b(1+{p L/pg)

. .
1+ (1+Ct = —-E—I:
£ = < 52 (64)

L . . .G -
C: Prpr © Tp) G - heg

m
c* = k' (21(31(4) / '2 (65)
= KU 66
¢t = KU /U, (66)
Notation:
ct, c" - empirically determined
econstants
b e hydraulic radius (e.g. tube
radius)
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fF -
P~
G lbm/ft sec
hfg BTU/lbm
K‘,K},Kh,xs -
m -
q, BTU/sec~-ft
UL ft/sec
ﬁé ft/sec
X, -
pr lbm/ft}
>
Pg 1b_/ft
¢TPF -

2

friction coefficient acc. to
Fanning

mass flow

heat of evaporation

constants

empirically determined constant
critical heat flux

mean velocity of liquid over
free flow area

mean velocity of steam over
free flow area

steam quality at critical
heat flux level

density of liquid
density of steam

multiplication factor for
two-phase pressure drop

20) Correlation by Tong. Currin and Engel [26, 27]

Burnout equation for sub-cooled range:

” _ .
AQpNB = (0.23 - 10

+ 0.094 * G)*(3.0+40.01" A T_ )

© (0.435 + 1.23 - 7 9-0093 L/Dey. (4 7 - 1.4.78) (67)

Definition:

a=0.5%2 [(p,,)/8., 17 (pp/ o)™V (68)
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Range of validity:

6 2

0.2 - 107 1b/hr-ft
800 psia ¢«p € 2750 psia
21 &£ L/De < 365

H a 300 BTU/1b

<G «<8.0

10” 1b/hr-ft

in
O O
0 "F & ATscc 228 “F
0.4 - 10° BTU/hr-rt2 <q < 4.0 - 10

0.1 in <De < 0.54 in

6

6

Burnout eguation for quality range:

2

BTU/hr-ft

2

6

_ _ =17 D_y. -1.5G/10

AHDNB = 0.529 (Hf Hin)+(o.825+2.36 e e) Hfge
-0.0048 L/D
.548 -

+ 0.548 Hfg (69)
Range of validity:
0.4 - 10% 1b/hr-rt2 < 6 < 2.5 - 10° 1b/hr-rt2
800 psia «p ¢ 2750 psia

9 ” < L & 76 n

N .
Hy, 2 400 BTU/1b
0.1 - 1o6 BTU/hr-ft2 < q «<1.8 ° 106 BTU/hr-ft2

0 «x t £ 0.9

exi
0.1 in<De € 0.54 in
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Notation:
De in hydraulic diameter
1b/hr-rt° mass flow

He BTU/1b enthalpy of liquid in
saturated state

Hfg BTU/1Db heat of evaporation

Hin BTU/1b enthalpy at test section
inlet

L in heated length

ATsc Op sub-cooling at burnout point

qBNB BTU/hr-ft2 critical heat flux

Xexit - outlet guality

Pg lb/ft) density of steam

Pr 1b/£t> density of water

21) Correlation of Weatherhead [28]

The correlations given by Weatherhead apply only to the
sub-cooled boiling range.

6 2

Burnout equations for p » 500 psia, G & 0.9 - 10 1b/hr-ft

D

h ? 0.125"

for all ranges of subrcoollng:

9GpNB 2 “1/2Hp, g M He-Hpyg
= « D ) ( ) (1+ tanh ——————x
100 2 h 102 " 10° 100 ) (70)
=3 Hf
m= 0.175 = 10 ;—5
g
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for (Hf-—HDNB) > 50 BTU/1b:

PN -1/ /2 He-Hpnp
=%£D —18) (“_'6) (1+tanh ————=) (71)
100 h 103 100
for p €500 psia or Dh £ 0.125:
Cl" /
DNB G 1/2 H,-
= 1.75°D ( ) (1+ ) ¢ Hpnp (72)
10° b 1% (1o )
6 2
for G € 0.9 * 10° 1b/hr ft
”
dpyg B o Hp-Hpym
= (1.75 + § ~~=p—) (73)
10° 1000 3 100
Notation:
Dh in hydraulic diameter
G 1b/hr-rt2  mass flow
HDNB BTU/1b enthalpy at burnout point
Hf BTU/1b enthalpy of liquid in
saturated state
Hfg BTU/1b heat of evaporation
"
9pNB  BTU/hr-ft°  critical heat flux
Veg ftj/lb difference between specific

volume of water and specific
volume of steam in saturated
state

./
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22) Correlation by Wilson and Ferrel |29|

Burnout equations

a
q=¢, - £(p) [02 . c(s/L)"] (74)
Definitions:
. 2
a = Ay + Ay + AT, + Ay - AT (75)
£(p) = 1.83 - 59 *+ 1072 * p (76)
Constants Rectangular Channel Tube
c k7.4 27.4
1 -3 -3
C, 2.273 - 10 0.853 < 10
A1 0.44 0.3987
A, 7.3 - 107" 10.36 + 107"
A) 0 —1.027'10-6
Notation:
G 1b/hr-ft2 mass flow
L ft heated channel length
S e hydraulic diameter
(width for rectangular
channels, inside dia.
for tubes)
A T, °c sub-cooling
p kgf/cm2 system pressure
Q . BTU/hr-ft2 critical heat flux

/.
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23) Correlation by Zenkewic [%0]

Burnout equation

L

" .
f:%lgg = Hgg i—-&j—;——gﬁ . (g§)°'65 [95 + 420 (-x) |
. 320 000
o == T.192.6 p,/p,#0.9(x) | 0-00%6 (77
(;ﬁ pf‘pg)
Notation:
G 1b/hr-ft°  mass flow
Hfg BTU/1b heat of evaporation
g, 1b -ft/lb.-hr® constant
afyg BTU/hr-rt?  critical heat flux
b'e - steam quality
g 1bf/ft surface ténsion
P 1b/ft” density of liquid in
saturated state
Pg 1b/ft?  density of saturated steam
L 1b/ft? . density of sub-cooled liquid
/U 1b/hr-ft  viscosity

Range of validity:
1400 psia ¢ p ¢ 3000 psia

6

0.3 - 10 6

1b/hr-ft2¢ G ¢5.2 ° 10 2

1b/hr-ft
0.157" « D, < 0.473"
7.3" ¢ L ¢ 63"

3.6 °F < (T ng) < 180 Op

Sat™Ip
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APPENDIX II

Prediction of Cooling-Down in the Wall of the
Test Channel after Cutting-0ff the Heat Supply

1. Problem Outline

From the characteristic traces of the temperature and mass
flow in pulsating burnout shown in Pig. 62 is to be seen
that, on interrupting the heat supply after occurrence of
burnout, the temperature of the tube wall decreases very
slowly initially, and only 0.1 to 0.2 seconds after shut-down
does the expected cooling-down process begin to follow an
exponential curve. The temperature variation referred to is
shown schematically in Fig.10l. At point A the transition
‘takes place from nucleate to film boiling, at point B the
electric heating power is shut off, then there‘is gradual
cooling-down from B to C, until eventually the anticipated
cooling-down process starts at C.

With a view to proving that the section B-C, i.e. the range
of slow temperature decrease, 1s only due to the steam
cushion existing in the test channel and the associated low
heat transfer, the calculations described in the following
were made, starting from two different assumptions.

In Case 1, it was assumed that the heat transfer coefficient
after shutting off the heating power will instantly assume a
value which corresponds to that with water cooling. For the
Case 2, a low heat transfer coefficient corresponding to
cooling by steam was assumed in the range B-C which then,

at Point C, suddenly increases to the heat transfer coefficient
of Case 1.

In detail, the following values were taken as a basis in
the calculation.
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Assumption for Case 1:

Heat transfer coefficient: a = 5000 kcal/mah degree
Wall thickness of channel: s = 0.5 mm

Heat conductivity of channel: A = 14.5 kcal/mh degree
Specific heat of channel: c = 0.12 kcal/kg degree
Density of channel: p = T800 kg/m3

Modified assumption for Case 2:

Heat transfer coefficient:
Range B-C: @ = 1000 keal/m°h degree
5000 kcal/mah degree

Range C-D: a
S, A, ¢ and p correspond to the conditions in Case 1.
For the range B-C, a time period of t = 0.2 second was
determined on the basis of the temperature/time trace

(Fig. 62).

Calculation Procedure

To simplify the calculation be it assumed that the tube wall
is a flat plate, completely insulated at one side. Be it,
furthermore, assumed that there is no heat conduction in the
longitudinal direction of the channel.

The heat conduction in the plane plate is defined by the

formula 2
5% 5 &

5t 6 x

Purthermore, the surface of the tube at the cooled side
is zgoverned by the condition

5%
A — =a(0°-0F)
6 x
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The symbols in these expressions have the following
meaning:

temperature

= time

= coordinate in the direction of the tube wall thickness
A/ c -y the temperature conductivity

the heat transfer coefficient

the specific heat

specific gravity

< 0o PP X o o
i

i

For the Case 1, the method indicated by U. Grigull [72] for
the prediction of the temperature equalization in simple
bodies by means of the abbreviated Fourier analysis was
used. In Case 2, the same method was applied up to Pq}nt C,
and from Point C onwards the , Differenzenverfahren by

E. Schmidt [73] was used.

Results

The results of the calculation are shown in Fig.102. It is
found that in the assumed Case 1, i.e. with constant q,

the curve of the temperature variation follows steadily an
exponential function. In Case 2, however, with a sudden
change of the a-coefficient at Point C, the result of the
calculation agrees very well with the temperature variation
measured in the test (Fig. 62), in other words, at the
beginning of the cooling-down process, there is a very slow
decrease of the temperature due to the low heat transfer
coefficient of the steam and, from Point C onwards, intensive
cooling starts by the following water.
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