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Foreword

This special publication is a compilation and review of the
NASA-sponsored research on forced-flow, once-through boilers for use in
spacecraft electrical power generation systems. Emphasis is on the
heat-transfer and fluid-flow problems. In addition to space applications,
much of the boiler technology presented herein is applicable to such
terrestrial and marine uses as vehicular power, electrical power generation,
vapor generation, and heating and cooling.

The studies presented herein were performed primarily in the period
between 1961 and 1971 The research was done mainly at the Lewis
Research Center and has been previously reported in piecemeal fashion.
Some of the work was done under contract, and a small but significant
amount of the data are presented herein for the first time. A large amount of
related work is referenced and commented upon but not discussed in detail.
Examples of such related research areas are condensation, cavitation, line
and boiler dynamics, the SNAP-8 project (mercury-Rankine cycle), and
conventional terrestrial boilers (either supercritical or gravity-assisted
liquid-vapor separation types).

The emphasis of this research effort has been to develop the technology
for once-through compact boilers with high heat fluxes to generate dry vapor
stably, without utilizing gravity for phase separations. Many different
approaches to the problem were pursued, primarily experimentally, and
several potential solutions were obtained. In some areas, tests, analyses, and
integration of the results were not completed because of a shift in priorities
toward other work.

Following the introduction to this boiler study and a background
section that discusses, tutorially, the complex aspects of the boiling process,
the text is divided into two parts. Part I presents the numerous boiler
configurations that were tested in attempts to obtain good and stable
performance. Part II goes into various boiling characteristics, such as
stability, initiation of two-phase flow, pressure drop, and heat transfer
Correlations of data for use by designers are also presented whenever they
are available. Throughout the text, discussions of tests on alkali metals are
interspersed with those on water and other fluids on a phenomenological
basis rather than on the basis of temperature level or, even, application. This
approach should give a better perspective on the problems that are common
to most boilers.
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INTRODUCTION AND BACKGROUND

INTRODUCTION

Forced-flow boiling phenomena must be
understood in order for rational designs of
Rankine-cycle energy conversion systems to
be made. This is especially but not exclusively
true for applications in space, where
compactness is important. In addition,
forced-flow boiling, because of its high
heat-transfer coefficients, is also applicable to
cooling problems where high heat fluxes are
required, such as in cooling nozzles and other
surfaces subjected to high-temperature
environments.

Future space vehicles may require the
capacity to generate relatively large amounts
of electric power For large power levels the
Rankinecycle system appears attractive. In
this system, power is generated by
turboalternators driven by vapor generated in
a boiler The vapor is then condensed and the
waste heat of condensation is rejected in a
radiator. In order to minimize the size and
weight of the radiator and to achieve high
efficiency in space, boiling temperatures of
the order of 1450 K are required. The alkali
metals (sodium, potassium, etc.) have been
advanced as working and heat-transfer fluids
in order to meet the high-temperature (and
moderate pressure) requirements. In turn, the
need for suitable containment materials for
the alkali metals has led to selection of
refractory-metal alloys (niobium, tantalum,
etc.) for system components. In addition to
the high-temperature requirements, the power
system must operate unattended for periods
in excess of 10000 hours in a stable and
reliable manner under zero-gravity conditions.

For design of a space power system
boiler, new information was required in
regard to two-phase heat transfer and pressure
drop, definitions of various boiling regimes,
predictions of critical heat-transfer conditions
such as the “boiling crisis” and critical flows,
and requirements for thermal and hydraulic
stability The available analytical predictions
of two-phase heat-transfer and hydraulic
performance had limited or wuncertain
applicability and in most cases required
accurate experimental data for their use.

For use in spacecraft Rankine-cycle
power systems, the once-through boiler
concept was most attractive and was selected
for study In this technique, a subcooled
liquid is converted into a superheated vapor in
one continuous pass through the boiler. This
publication summarizes the research on such
boilers conducted at the Lewis Research
Center and also some closely related work on
pressure drop and heat transfer. The major
emphasis is on alkali metal heat-exchanger
boilers, since space power system boilers will
most likely be of this type. NASA has also
put considerable effort into the development
of mercury boilers for the SNAP-8 program.
But little comparison of these data to those
for alkali metals and water is made herein
because of significant differences in physical
properties, especially liquid density and
surface tension. Many of the experiments to
be described were performed with water,
since boiling experiments with liquid metals
are difficult and expensive to perform.
However, with the exception of liquid
thermal conductivity, low-pressure water has
boiling properties similar to those of alkali
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metals; and water itself may be of interest for
many terrestrial applications. In addition,
experiments made with other fluids, such as
the Freons, and numerous analytical studies
have contributed to the understanding of
forced-flow boiling phenomena and are
included. An attempt is made to point out the
important results and the problems that
remain unsolved. Selected correlations and
analyses are given, and a bibliography
covering much of the pertinent research in the
areas mentioned is included. It is subdivided
into various subject categories and includes
many publications not cited in the text.

BACKGROUND

During the boiling of a fluid flowing
through a channel, several heat-transfer
regimes are encountered. A typical case is
illustrated in figure 1. The liquid to be
vaporized enters the channel and is heated in
the liquid phase to the point where bubble
nucleation first occurs. Nucleate boiling
continues until enough vapor is generated
that the resulting increase in velocity is
sufficient to suppress nucleation. Beyond this
point, heat is added to a thin liquid film and
vaporization occurs at the liquid-vapor
interface. Throughout these boiling tegimes,
liquid is being entrained in the vapor ¢ore. In
spite of any redeposition of liquid from the
core to the film, at some point there is no
longer sufficient liquid to wet the wall, and
the liquid film breaks down, with a large

Nucleate

Preheating boiling

Boiling
initiation

Suppression
of nucleation

Figure 1.

Liquid-film
evaporation

2

reduction in heat-transfer coefficient, often
more than an order of magnitude. This
transition has been variously termed *“boiling
crisis,” ‘‘departure from nucleate boiling,”
“onset of dry-wallboiling,” and “burnout,” as
well as other names. This film breakdown is
generally followed by a transitional regime
wherein a considerable amount of liquid
remains on the wall. Eventually, only a few
droplets remain on the wall, and most of the
heat added through the wall goes into heating
the vapor. It then becomes difficult to
vaporize the remaining liquid droplets.

In order to design a forced-flow boiler, it
is necessary to be able to predict the
heat-transfer and pressure-drop characteristics
in each of these regimes. This probiem is
complicated by the wide variety of possible
two-phase flow regimes and by various
thermodynamic nonequilibria, such as
subcooled boiling in many fluids, liquid bulk
superheat in alkali metals, and liquid droplets
in superheated vapor. It is also very important
that the boiler not interact with other
components of the flow system to produce
instabilities. The following sections describe
these problem areas in more detail.

Stability

The problem of boiler instabilities is
quite serious in systems using forced-flow,
once-through boilers. Such instabilities lead to
poor performance of the system and can even
cause failure. Lowdermilk, Lanzo, and Siegel
(ref. 1) found that flow oscillations could

Droplet vaporization and
vapor superheating

Liguid fitm = Flow

breakdown

Typical heat-transfer regimes for boiling in flow channel.



INTRODUCTION AND BACKGROUND

cause a large decrease in the heat flux at the
boiling crisis. The instability could be
prevented by restricting the flow upstream of
the test section, thereby decoupling or
isolating the boiler from the upstream liquid
leg, which can also contain vapor or gas voids.
In this regard, they found that a compressible
volume upstream of the test section had a
destabilizing effect. Similar results were
reported by Aladyev, Miropolsky,
Doroschchuk, and Styrikovich (ref. 2). Jeglic
(ref. 3) noted three types of instability that
may occur in two-phase flow' interfacial, flow
excursion, and oscillation. One important
class of oscillation instability is that due to
dynamic coupling of the boiler feed system
and the subcooled boiling region. Jeglic and
Grace (ref. 4) observed flow oscillations in
subcooled boiling;, these oscillations were
strongly dependent on the thermodynamic
conditions existing in the boiler. It has also
been reported that restricting the boiler exit
has a destabilizing effect. Thus, the boiler
feed system, inlet, and exit geometries are all
quite important.

The first type of instability to receive
much attention with regard to forced-flow
boilers was the flow excursion instability,
sometimes called the “Ledinegg instability ”
This problem generally results from improper
matching of pump and boiler hydraulic
characteristics, as was first reported by
Ledinegg (ref. 5). As discussed in reference 3,
this instability results in a rapid change of
flow rate with time and in a tendency toward
finding a stable value corresponding to the
pressure drop imposed on the system. This
type of instability may be explained with the
aid of a typical curve of pressure drop AP
against boiling fluid flow rate W, , as shown in
figure 2 (from ref. 3). (Symbols are defined in
appendix A.) If the operating point is in the
negative-slope portion of the boiler
pressure-drop curve when the slope of the
supply system curve is less steep than the
slope of the boiler curve, the system is

o e

\\\ <iab|e supply system

N\

\
\ /Operating point

All vapor./ ~

A\
Boiler AP‘\
\

Unstable supply system

[/

Pressure drop, AP

N

All liquid

g

Boiting-fluid flow rate, W,

Figure 2. Pressure drop as function of flow rate for typical boiler
and supply systems (ref. 3).

unstable. The operating point may jump to
one of the other two points of intersection.
This type of instability may be avoided by
increasing the slope of the supply system
curve, that is, by increasing the system
pressure drop to steepen the pump
characteristic (refs. 3 and 6 to 8).

As research and development of
Rankine-cycle power systems continued,
other modes of instability were recognized,
such as boiler—feed system coupling,
excursions caused by the flashing of
superheated alkali metals, and interactions of
boiler and condenser. Boiler—feed system
coupling instabilities occur when the dynamic
of time-varying flow resistances of the boiler
and its feed system produce, instantaneously,
a situation similar to the Ledinegg instability
described in the preceding paragraph.
However, since this instability is caused by
the dynamic flow resistances (generally
termed impedances by analogy to electric
circuits), it produces oscillations rather than
excursions (refs. 9 to 14). The solution to the
problem is generally to restrict the flow at the
boiler inlet.

The instabilities due to both actions in
the condenser and breakdown of liquid
superheat are related to the sudden formation
or collapse of vapor. The rapid collapse of a
vapor void can cause reverse flow downstream
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of the void and simultaneously increase the
flow rate upstream. This obviously can cause
instabilities throughout the flow loop. With
sudden void formation, as in superheat
breakdown, the reverse (or at least reduced)
flow occurs upstream of the void and
increased flow occurs downstream, but the
destabilizing effects are similar

Initiation of Vaporization

In order to initiate vaporization in a
liquid, either the pressure must be lowered
below saturation pressure or the temperature
raised above saturation temperature.
Vaporization generally cannot be initiated
exactly at saturation conditions because of
surface tension effects and the unavailability
of nucleating sites. For a spherical vapor
bubble of radius r at saturation pressure P, to
grow, the pressure P, of the surrounding

{
liquid must be less than

P=pP - —
1 p M

where o is the surface tension. This equation
is derived from a force balance on a static,
spherical bubble The nonequilibrium
condition required to initiate vaporization can
be obtained by different processes, therefore,
there are several different ways in which the
amount of nonequilibrium can be defined
Such terms as “liquid tension” (ref 15),
“bulk superheat,” and “wall superheat” are
used.

In boiling initiation studies the superheat
terminology is generally wused For
nonmetallic liquids the term “wall superheat”
is commonly used, since boiling can usually
be caused by bringing the liquid in contact
with a sufficiently hot surface, even when the
bulk temperature of the liquid is less than
saturation. Surface boiling with the liquid
bulk temperature less than saturation is
termed subcooled boiling. Some of the more
important studies on the initiation of boiling

in nonmetallic fluids are references 16 to 18,
and more are listed in the bibliography under
“INITIATION OF VAPORIZATION.” The
important parameters in determining the wall
superheat are heat flux, mass velocity, liquid
bulk subcooling, fluid physical properties, and
surface condition.

In order to boil the metallic fluids, it is
often necessary to raise the liquid bulk
temperature considerably above saturation
(e.g., refs. 19 and 20), thus, the term bulk
superheat 7, - T, is used. The effects of
physical properties and surface condition have
been studied in references 19 to 25, Chen
(ref 23) and Holtz (ref 22) have pointed out
the importance of the pressure-temperature
history of the fluid and surface. The effects of

mass velocity and heat flux or wall
temperature have not been resolved at
present.

When vaporization is achieved by
lowering the pressure of the liquid below
saturation, the term “liquid tension” is
generally used to describe the nonequilibrium
condition before vaporization occurs. The
liquid tension is given by P;— P, Such
terminology has commonly been used in
cavitation studies (e.g., refs. 26 to 31). The
existence of liquids at pressures below zero
absolute has long been known (ref 15). This
phenomenon has been attributed to the
considerable magnitude of the intermolecular
cohesive forces (ref 32) Many experimental
measurements of these negative absolute
pressures appear in the literature, such as
references 33 and 34 for water and reference
35 for organic liquids.

Void Fraction

In describing the characteristics of
two-phase flows, the relative flow rates and
velocities of the two phases must be known.
The relation between the flow rate and
velocity of each phase is, in turn, related to
that fraction of the flow-passage area
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Figure 3. Typical variation of void fraction with quality for various

pressure fevels.

occupied by each phase. The fraction of the
area occupied by the vapor is termed the void
fraction «, the liquid fraction is then 1 - o
The continuity equation relates the void
fraction to the densities and velocities of the
phases and the quality (vapor mass-flow
fraction) x as follows

(a) )

a= (2)
u\ (0o
Il+x|{—(— ] -1
Ug ] \ Pg

Typical variations of void fraction with
quality for various pressures are shown in
figure 3 in a manner similar to that of
reference 36. Considering the effect of
pressure, it can be seen that as pressure
increases, o approaches x At lower pressures
and especially at low qualities, the slip ratio
ug/u, is a most important parameter but is
not generally known. Nonequilibrium is also
important, since the quality does not
necessarily correspond to that calculated from
a heat balance. Thus, because of the analytical
complications, there are many empirical

correlations (refs. 37 and 38) and
semitheoretical predictions (refs. 39 to 42) of
the void fraction.

Flow Patterns

A  multitude of flow patterns is
conceivable for two phases flowing
concurrently, as is the case in a boiler tube.
This makes it difficult to develop reliable
correlations of two-phase pressure drop,
heat-transfer coefficient, and boiling crisis.
Some of the flow patterns typically
encountered are shown in figure 4. These are
only a few, other flow patterns are plug,
wave, dispersed, fog, spray-annular, froth, and
rivulet. Most flow pattern studies have been
with adiabatic, two-component systems (e.g.,
refs. 43 to 49), although some data exist for
diabatic conditions such as those of references

{a) Bubbly flow.
(b) Slug flow.
(c) Stratified flow.

{d) Annuiar flow.

Figure 4.  Typical two-phase flow patterns,



FORCED-FLOW ONCE-THROUGH BOILERS — NASA RESEARCH

g Dispersed
Bubble
Annular
31 I 04:_ Wave
[
5. =
s
S,
® -
S
s 10—
5l o
| Stratified
Lol o1l
mzm'l 1 11£° 1 102 10° 10?

< PsB )

. 2 U3
. 5(_31__)" foret| 11 o)
P, ref O I ref\ 01

X \pg, ref

Figure 5. - Flow pattern map of Baker (ref. 43); horizontal flow.

50 to 57. These results are generally presented
in terms of flow pattern maps similar to that
of Baker (ref 43), which is shown in figure S.

Pressure Drop

Knowledge of boiling pressure drop is
important in the design of power systems and
cooling applications. The pressure drop must
be known to determine local saturation
temperatures and pumping power
requirements. The boiling pressure drop is
also an important parameter in the dynamics
of the system.

Correlations of boiling pressure drop are
numerous. A number of these correlations are
based on the early work of Lockhart and
Martinelli (ref 58), for example, those of
references 36 and 59. Levy (ref 60) has
proposed a momentum exchange model, in
which he postulates. that as void fraction,
quality, and densities of the two-phase flow

vary, momentum exchange equalizes the sum
of frictional and gravitational head losses for
the two phases. Thom (ref. 61) has developed
a semiempirical correlation in which
momentum, energy, and mass balances are
solved, assuming that the slip ratio u,/u, is a
function of the density ratio p,/p, only, the
two-phase friction factor was correlated as a
function of quality only
Helical-flow-promoting inserts are often
used in forced-flow boilers to improve
separation of the phases, to increase
heat-transfer coefficients (thereby reducing
the required heat-transfer area), and to
produce a more stable and reliable system.
However, these benefits are accompanied by a
larger pressure drop across the boiler than
with no inserts. Thus, in order to achieve an
optimum design, it is necessary to know the
pressure-drop penalties imposed by the helical
flow inserts, as well as the performance
improvements obtained by their use.
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Heat Transfer

Although there have been numerous
studies of boiling heat transfer, there is still
no generally applicable means of prediction
available, particularly for high-density-ratio
fluids such as alkali metals and low-pressure
water, This is especially true of the subcooled
boiling regime, where nonequilibrium effects
are important, although the subcooled boiling
heat-transfer correlations of references 62 to
65 give reasonable design approximations in
many cases. Some correlations proposed for
net-quality boiling heat-transfer are given in
references 57 and 66 to 73.

Typical variations of the boiling
heat-transfer coefficient and quality with
axial distance through a boiling heat
exchanger are shown in figure 6, the
heat-transfer coefficient is normalized to the
all-liquid value. Boiling heat-transfer
coefficients are much higher than liquid
values prior to the boiling crisis and then
decrease rapidly with distance, eventually
reaching a value of the order of a gas
heat-transfer coefficient. For purposes of

r Subcooled
! Tiquid
, region Vapor
Vs Heat-balance superheating—l,
e subcooled Heat balance~
- 10—~ LOH- boiling
k- I }
@ e I
&8s = VA Quality, x
3 E 0 sH- Boiling crisis
2z
©'5
BE 6 | Ainitiation
E 8 " A |ot boiling
S > ’ Normalized heat-~
= k= 4 transfer coeffi-
3 cient, hihy
2\
¥ Zero heat-
_jl/}'/ balance
0 quality
,/(~—Heat balance
P 2 R B R
0 2 .4 6 8 10

Normalized distance, 2/ LH

Figure 6. - Typical boiling heat-transfer performance.

discussion, three heat-transfer regimes are
defined: the subcooled regime, from the
inception of boiling to zero heat-balance
quality ; net-quality boiling prior to the crisis;
and the postcrisis regime. This is, of course, a
great oversimplification, and more detail is
given where appropriate.

Boiling Crisis: Liquid Film Breakdown

When there is no longer sufficient liquid
on the heated wall to maintain a continuous
liquid film, the liquid film breaks down and a
drastic reduction in the heat-transfer
coefficient occurs. This transition has
variously been called “the onset of dry-wall
boiling,” “departure from nucleate boiling,”
“boiling crisis,” or “burnout.” The term
“boiling crisis” is used in this report for
simplicity.

. The boiling heat-transfer transition
herein called the boiling crisis must be known
for both power systems and cooling
applications. In heat-exchanger boilers the
transition may be accompanied by more than
an order-of-magnitude change in heat-transfer
coefficient. In cooling applications, physical
failure (burnout) of the containment material
may occur because excessive wall
temperatures are reached. Although the
boiling crisis has been the subject of
numerous experiments, analyses, and
correlations, there remains much uncertainty
in predicting the boiling crisis for any
particular system. Much of this uncertainty
can be attributed to flow system
characteristics and instabilities.

Drying of Vapor

In conventional stationary powerplants,
generally no attempt is made to vaporize all
the incoming liquid, instead the vapor and
liquid are separated, and the remaining liquid
is recirculated. However, compact systems,
such as those for space use, are usually
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CD-11693-33

(a) Twisted-tape insert.
(b) Helical vane insert.
{c) Helical wire insert.
{d) Helical wire insert with plug.

Figure 7. ~ Types of boiler tube inserts.
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Figure 8. - Rotating boiler concept.

designed to vaporize all the incoming liquid.
This is the ““once-through boiler” concept. In
order to dry the vapor, the two-phase mixture
is often swirled within the boiler, thus
centrifuging the liquid to the heated wall,
where it can be vaporized.

This swirl has generally been obtained by
means of inserts such as those shown in figure
7, by coiling the tube, or by a combination of
inserts and tube coiling. These approaches
have resulted in varying degrees of
improvement, as for example in the mercury
boiler development programs (refs. 74 to 77).
Generally, these swirl techniques improve
overall performance. But, they increase
pressure drop and tend to promote rivulet
flow with its associated problems, such as
vapor superheat with liquid still present (refs.
74 to 78). Part of the problem may be due to
the shear of high-velocity vapor on the liquid,
causing the liquid film to be torn apart.

A more novel approach to producing dry
vapor is to rotate the boiler, as shown
schematically in figure 8 Experiments on
such a boiler are reported in references 79 and
80. A rotating boiler has many obvious
advantages. It is insensitive to gravity field
and orientation. The liquid-vapor interface is
rather sharp and stable, yielding a steady flow
of both vapor and liquid. Because of the
centrifugal action on droplets in the vapor
space the exit vapor should have low moisture
content (high quality). Heat fluxes
considerably higher than for pool boiling at
normal earth gravity should be attainable. The
use of a rotating boiler, however, requires
moving parts and rotating seals. The cyclone
boiler concept (fig. 9) represents an attempt
to combine the benefits of the rotating boiler
with the simplicity of having no moving parts.
The liquid or two-phase feed mixture flows
into the boiler tangentially and vaporizes
because of the pressure drop in such a manner
that a vortex flow pattern is established. The
liquid is centrifuged to the wall and is then
driven toward the apex of the cone by
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Vapor

CD-11694-33

Figure 9. - Cyclone boiler concept,

secondary flow effects (ref. 81) augmented by crossflow heat exchanger, wherein the
surface tension and, for some cases, gravity, two-phase flow passes through a bank of
while the vapor exits from the top. heated tubes on which the liquid impinges

Still another method of drying is the and is vaporized (ref. 82).






PartI

BOILER CONFIGURATIONS

One of the major problem areas in the technology of Rankine-cycle power systems has
been the design of high-performance, dependable, compact boilers. The boilers must operate
stably with a minimum of entrained liquid in the exit vapor stream. Numerous boiler
configurations have been tested in attempts to obtain the desired performance. A summary
and review of these configurations is presented in part I. Part I presents data and correlations
for the various boiling characteristics of interest, that is, stability, initiation of two-phase flow,
pressure drop, and heat transfer

1






Chapter 1

PLAIN, STRAIGHT TUBES WITH NO INSERTS

The simplest forced-flow, once-through
boiler design is the plain, straight tube with
no inserts. Table 1 summarizes the
experiments on this type of geometry for
heat-exchanger boilers. There have also been
numerous direct-heated experiments (see the
bibliography), but these have generally been
limited to the low-quality and subcooled
boiling ranges.

SODIUM BOILING

Because alkali metal working fluids are
desirable for space power systems from a
thermodynamic viewpoint, experiments were
conducted at the Lewis Research Center on
sodium boiling in a refractory-metal,
heat-exchanger boiler (ref. 83).

TABLE I - SUMMARY OF EXPERIMENTS ON PLAIN-TUBE HEAT-EXCHANGER BOILERS
Boiling | Heating Boiler tube? Ranges of test variables Refer-
fluid fluid ence
Heated Inside di- | Boiler-exit saturation | Boiling-fluid flow Exit quality,
length, LH ameter, D | temperature, Tbe, s rate, Wb Xg
cm | in. |cm | in, K Op g/sec Ibm/hr
Sodium | Sodium 124 49 1 27]0.50 | 1211-1355]1720-1980| 9.5-48 75 - 380 0.08-0.93 bg3
Water | Water |113 44. 5|1 09| 430 ~377 ~219 5.7-65 45-518 0-10 85
154 60.5(1.11| 436| 337-388 | 147-238 | 6.2-109 | 49-864 [0.002-1 0F
Freon- | Water 91.5( 36 80| 315f 321-333 | 117-139 }22.1-82 6}175-656 0.12-0.63 10
113
Potas- | Sodium [232 91 5[1.70} 67 | 1089 - 12291500 - 1750 |17.7-366 {140-2900| 0.06-0.93 94
sium
Water | Steam |[609 [240 1.00 355-404 | 180-267 |30.2-693 240 -~5500 0-10 66
(con-
dens-
ing)

4¥ertical upflow, single tube, unless otherwise noted.

by, 08-mm (0. 082-in. ) orifice upstream of inlet; not considered an inlet device.

13
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Test Facility

Figure 10 is a simplified diagram of the
two main flow loops of the sodium-boiling
heat-transfer facility, described in more detail
in reference 83 Both main loops contained
sodium and were joined thermally by the
single-tube-in-shell heat-exchanger boiler All
components designed to operate at
temperatures above 1090 K were fabricated
of niobium-— l-percent-zirconium alloy and
were contained in a high-vacuum vessel
Complete details of this vessel and its
pumping and monitoring systems were
reported by Groesbeck (ref 84). The lower
temperature components of the system were
constructed of 316 stainless steel. The heat
was generated by electric resistance heaters,
and the heat rejection was by sodium-to-air
heat exchangers.

Two-phase loop. - The alternating-
current (ac) conduction pump (pump 1 in fig.
10) pumped the test fluid through a throttle
valve and an electromagnetic flowmeter to the
preheater Power was supplied by a
125-kilowatt saturable-core reactor Heat was
generated in both the preheater tubing wall
and the flowing sodium. In preliminary tests
the sodium flowed directly from the
preheater to the boiler inlet. Extreme flow
and pressure instabilities often occurred,
including reverse flow, when the preheater
often filled with vapor So, prior to the final
tests, pressure-drop devices were installed
between the preheater and boiler These were
a 0.208-cm-diameter orifice (fig. 11) and a
reversible helical-induction electromagnetic
pump (pump 3 in fig. 10). When operated in
the reverse mode, this pump opposed pump 1
and provided a pressure drop analogous to the

ND< 5
¥
Condenser coof- | l
ant throttle valve ! I
e |
I
|
| !
| ®
Expansion tank : e .
I A | Contact b—q—' Main heater } < Expansion tank
i Q| condenser
| a
! 0
{ Q Test boiler
; o
(B
: Two-phase loop Heating loop :
|
Isolation i !
valve g
]
; \_‘ . M:xmg tee
Sodium-to- } <
air heat |} " | Sodium-to-
exchanger | — Orifice | air heat
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Simplified schematic of sodium-boiling test facility.
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~~ 13,7-mm (0. 540-in.) o.d, by
9. 25-mm (0, 364-in.) i.d.

~ 2.54-cm (1. 0-in.) i.d.
by 1. 27-mm (0, 05-in, )
wall tube
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Flow

Figure 11.  Orifice upstream of test hoiler

\;Pressure tap lines7
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\
\\ - Thermocouple well

\
M Test fluid inlet

Figure 12,

15

dynamic braking of an induction motor. On
leaving the boiler the test fluid entered the
shell side of the contact condenser, where it
was condensed and cooled by mixing with
bypass coolant flow The condenser consisted
of a vertical shell containing a coolant
distributor tube. The flow then passed to the
air-cooled finned heat exchanger.
Heating-fluid loop. — The heating loop
was very similar to the two-phase loop. The

.main heater was similar to the preheater but

was larger (600 kW). In place of a condenser
the heating loop used a mixing tee to cool the
heating fluid for recirculation to the lower
temperature stainless-steel piping.

Test section. — A single-tube-in-shell
heat exchanger with no inserts, described in
the preceding section and in more detail in
references 83 and 84, was tested in the
sodium-boiling heat-transfer facility (fig. 10).
The experimental boiler is shown in figure 12.
The boiling fluid flowed vertically upward,
and the heating fluid flowed downward. The
test section is described and the ranges of test
variables given in table L.

Pressure tap lines

i
{
I
i

|
Test fluid outlet J

=15 cm~{

C-68410

Sodium boiler
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Test fluid inlet Test fluid inlet  Effective heat- Exit
feed condition  saturation  transfer coefficient, quality,
temperature, W ( Btu ) Xe
KO (m2 \tenedOp),
o Two phase 1325 (1925) 17500 (3090 0.62
o Liquid phase 1321 (1918) 19500  (3430) .42
Faired shell temperature profile
—— —— Estimated tube temperature profile
Open symbols dencte shell temperature

Half-filled symbols denote shell terminal temperature
Solid symbols denote tube terminal temperature

| | l | | | I l |

0 2 4 -6 .8 1.0 1.2 1.4 1.6
Distance from centerline of shell exit, m

| I | l | | |

1450,—
2140
4
2100 1425
2060 1400
20 L s
™ 3
< =]
g '
2 480 &
2 2 1350
1
2
1940
1325
1900}
1300
18601
75
1235
l
-10

0 10 20 30 40 50 60
Distance from centerline of shell exit, in,

Figure 13. - Comparison of sedium boiler temperature profiles for two-phase and liquid-phase boiling-fluid inlet conditions. Nominal
boiling-fiuid flow rate, 27 g/sec (215 bm/hr); nominal heating-fluid flow rate, 630 g/sec (5000 Ibm/hr).
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General Resuits

Average overall heat-transfer
coefficients, two-phase pressure drops, and
boiling crisis conditions were obtained. Both
steady and unsteady boiling performances
were evaluated. The Dboiler heat-transfer
performance depended greatly on the
boiler-inlet flow condition, whether liquid or
two phase. Critical (boiling crisis) qualities in
excess of 0.90 were sometimes obtained
under steady conditions. But also, liquid bulk
superheat temperatures as high as 140 K were
obtained in the test section before the
initiation of boiling.

The initiation of boiling was one of the
major problems encountered because the
alkali metals have the ability to remain in the
liquid state at bulk temperatures well above
saturation. However, with two-phase flow at
the boiler inlet the problem of liquid
superheat within the boiler was eliminated.

The effect on boiler performance of
flashing at the upstream orifice was quite
complicated since a liquid boiler-inlet
condition gave both the most steady and the
most unsteady results of the entire
investigation. Figure 13 illustrates the
differences between two-phase and liquid
inlet conditions. Shell and boiling-fluid
temperatures are plotted against axial
distance. Both sets of conditions were
essentially the same except that, in one case,
the sodium entering the boiler tube was in a
two-phase state (flashing at the orifice) and,
in the other case, the inlet feed was a
subcooled liquid. For the two-phase feed the
shell temperature increased along the boiler,
following a generally smooth curve, which
indicates a continuous increase in vapor
quality and the same general regime of heat
transfer. (The boiling-fluid temperature was
estimated from considerations of two-phase
pressure drop, as no local fluid measurements
were made.)
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In contrast, the shell temperatures for
the liquid inlet case showed a slight initial
increase and then were almost uniform to
about halfway along the boiler At this point
there was a sudden transition and the shell
temperatures increased rapidly and followed a
curve very similar to that for the two-phase
inlet condition. The isothermal zone
represented a region of liquid sodium
superheated by about 60 K. Sudden flashing
from this superheat would yield a
heat-balance vapor quality of about 0.02.
Beyond this point, the overall heat-transfer
coefficient was even greater than that for the
two-phase inlet case. The reduced exit
quality, in this case for the liquid inlet
condition, reflected the sizable length of the
boiler over which little or no heat transfer
took place. Obviously, these flow regimes
were not optimum, and they could not be
conveniently studied or visualized in such a
complex, high-temperature facility.

WATER BOILING

Because experiments on the boiling of
alkali metals are difficult and expensive to
perform, and since water may be of interest in
some cases and has many boiling properties
similar to those of the alkali metals, a series of
experiments on water-boiling heat exchangers
were conducted at the Lewis Research Center.

Most of the results are presented in references
85 to 87

Test Facility

In order to understand the effects of
inserts and inlet restrictors on boiler
performance, it is necessary to know how a
boiler performs without such devices. For this
reason and generally to support the alkali
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Figure 14.  Schematic of water-boiling facitity.

metal boiling research, the experimental
studies of reference 85 on pressure drop and
heat transfer for water boiling in
vertical-upflow single-tube boilers were
undertaken on the test facility shown in
figure 14. This facility with some
moaodifications, including the wuse of
electrically heated test sections, was also used
for the experiments of references 4, 9, and 86
to 92.

Two-phase loop. — The boiling-fluid
flow was supplied by a gear pump at pressures
to about 1000 kN/m? absolute and was
measured by a turbine flowmeter, The flow
then passed through a coiled stainless-steel
electric preheater having a maximum power
of 70 kilowatts and then through a control
valve into the test section. From the test
section exit the fluid was piped to a spray
condenser The condenser coolant
(recirculated water) was supplied by a
centrifugal pump. From the condenser the
fluid passed to a multiple-tube heat exchanger
cooled by cooling-tower water In most cases
the condensate recirculating pump was shut

off, and the condensing was done in the heat
exchanger.

Heating-fluid loop. — The heating-fluid
loop was designed for operation at pressures
to 1400 kN/m? absolute and temperatures to
450 K. The heating water was pumped into a
tank equipped with immersion heaters of
220-kilowatt maximum output. The flow of
heating water through the test section could
be changed from the usual direction counter
to the boiling-fluid current to a parallel flow
direction by reversing the two connecting
flexible lines. The heating-fluid flow rate was
measured by a turbine flowmeter.

Test sections. — A heat-exchanger test
section i1s shown schematically in figure 15.
There were two such test sections, both
consisting of two concentric stainless-steel
tubes. The test section dimensions are given in
table I and figure 15. Thermocouples were
inserted in both inlet and exit plenum
chambers and in the heating-fluid inlet and
exit lines. Also, thermocouples were installed
on the outer walls of both the shell and boiler
tubes. The ranges of test variables for both
test sections of reference 85 are given in
table I.

General Results

Correlations of overall pressure drop and
mean boiling-side heat-transfer coefficient
were obtained. These correlations are
presented in chapters 6 and 7, respectively.
The correlations are also used in chapter 2 for
baseline comparisons in determining the
effects of boiler tube inserts on heat transfer
and pressure drop. The pressure-drop
correlation used herein is shown in reference
93 to agree fairly well with the data of
reference 83 for sodium, reference 94 for
potassium, and reference 66 for water. These
comparisons are all for boiling in heat
exchangers with no inserts.
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To temperature recorder

To pressure gage

To temperature
recorder

Inner wall thermocouple
installation

To pressure gage

Insulation—

To pressure gage

6 DDy

Cross section
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To temperature recorder

Figure 15.
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Dimension Test section
y L 1 2
Total length of boiler 122 163
tube, L, m {fd) 4,000 | (5.33
Insulated length (each 4,45 4.45
end), Ly, cm (ft) (0. 146) | {0, 146
Heated length, Ly, 113 1.54
m () .70 | 5.04
Inner diameter of 1.09 111
boiler tube, D, cm (f) | (0, 0358) | (0, 0363)
Outer diameter of L27 127
boiler tube, Dy, cm (ft) | (0, 0417) | (0, 0417)
Inner diameter of 2.54 2.54
Ly shell tube, Do, cm (ft) | (0, 0833) | (0. 0833)
[ Quter diameter of 2.8 2.86
shell tube, Dy, cm (f) |(0.0937) | (0.0937)
Boiler tube wall 0,0089 | 0.0081
thickness, 6, cm (ft) (0..0029) | (0. 0027

N-insulating
material

i |

<— Boiler flow .

Diagram and dimensions of plain-tube water-boifing heat exchanger
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DISCUSSION OF PLAIN, STRAIGHT TUBES

Since complete vaporization to a vapor
quality of 1.0 was not obtained for any case
tested with straight hollow tubes, these results
were primarily useful in establishing criteria
for the selection of necessary inserts and inlet
devices. It was found that an inlet device must
provide enough pressure drop to stabilize the
flow and, in addition, that it may be
advantageous to cause the fluid to flash across

the inlet device in order to fix the point of
boiling initiation. Inlet-region plugs also help
to prevent the formation of the generally
unstable slug-flow regime. Several types of
helical flow inserts have been tested in alkali
metal boilers (refs. 94 and 95). The purpose
of such inserts is to maintain liquid on the
boiler tube wall at high vapor qualities. For
many of the experiments to be described in
subsequent chapters a full-length helical wire
insert was used for this purpose.
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Chapter 2

BOILER TUBE INSERTS AND INLET RESTRICTORS

Swirl-generating inserts have commonly
been used to improve boiler tube
performance. By swirling the two-phase
mixture the heavier liquid is centrifuged to
the wall and liquid entrainment in the vapor is
reduced. This swirl has been obtained by
inserting twisted tape (fig. 7(a)), helical vanes
(fig. 7(b)), or helical wires (fig. 7(c)) into the
boiler tube; by coiling the tube, or by a
combination of inserts and tube coiling.
Experiments on heat-exchanger boilers with
inserts or tube coiling are summarized in table
II. Flow-stabilizing inlet restrictors, such as
orifices and venturis, were also investigated in
heat-exchanger boiler tubes and are discussed
later in this chapter, along with a novel
blade-type insert.

WATER BOILER WITH HELICAL
WIRE INSERTS

A water-boiling heat exchanger with a
full-length helical wire insert, shown in figure
16, was employed for a variety of tests. The
dimensions and the ranges of test variables for
each configuration are given in table II. The
test section dimensions are the same as those
of test section 2 of reference 85, The wire was
0.16 cm in diameter and had a
pitch-to-tube-diameter ratio of 1.9. This test
section was first tested with no inlet restrictor
and with and without inlet-region central
plugs, as reported in reference 86 and
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dimensioned in table I1. The test section flows

were countercurrent.

No Inlet-Region Plug

Typical results for the boiler with the
helical wire insert but with no inlet-region
plug or inlet restrictor are shown in figure 17.
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Figure 16.
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Diagram and dimensions of water-boiling heat

exchanger with full-length helical wire insert.
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TABLE II. SUMMARY OF EXPERIMENTS ON HEAT-EXCHANGER BOILERS WiTH HELICAL
FLOW PROMOTERS BUT NO INLET PRESSURE-DROP DEVICE
Boiling | Heat~ Boiler tube? Helical flow promoter Inlet- Ranges of test variables IRefer-
fluid ing region ence
fluid Heated Inside plug Boiler-éxit saturation Boiling-fluid flow Exit
length, diameter. length temperature, T, . ra.t_e, Wy, quality,
Ly D Xy
cm | in. K oF g/sec bm/hr
em | in. jem { in.
Water |Water| 154 60,5(1.11]0, 436 Full-length, 2.10-cm-  |.eu.. - ~378 ~219 7.4-13 59-102 10.08-1.0%| 86
(0. 83-in.-) pitch, 12.1] 5.0 ~380 ~222 7.4.13 58-101 t1-1.0%
1:6-mm- (0.0625-in.-)  [25.4]10.0 ~377 ~219 ~7.4 ~59 05-1.0%
diameter helical wire
Freon- 81. 3 32 {1.09] 430{Full-length, 3. 17-cm- 12. 7] 5.0 ~322 ~120 23.0-99.8] 182. 793 20-1.0"| 11
113 (1.25-in.-) pitch,
1. 6-mm- (0.0625%in.-)
diameter helical wire
Freon- 81.3| 32 1.098] 430{Full-length, 3.17-cm- 12.7{ 5.0 326-340 27--153 [16.2-65.4] 129-520 12-1.0%} 12
113 (1.25-in.-) pitch,
1.6-mm- (0.0625-in.-)
diameter helical wire
Freon- 81.3| 32 [1.09] 430} Full-length, 3.17-cm- 12.7] 5.0 326340 27153 14,5 115 1.0" 13
113 (1.25~in.-) pitch,
1.6-mm- (0. 0625-in.-}
diameter helical wire
elical vane
Potas- |Sodi- | 232 o1 5|1 70{ .67 }| with 0.64-em p/D=6.0)-=uu}cneu 1047. 1211| 1425-1720 | 31.5..200 | 250-2300{0.09-1.0%| 94
sium| um 2.34] .92 K(0.25-in.-) p/D=6.0f~cuu] mmm 1089 - 1228{ 1500 -1750 | 27 7-75.7} 220-600 09-1.0%
2.34| .92 |ldiameter p/D=2.2{=ax-]--=- | 1061 -1246] 1450 -1765 | 27. 7..302 | 220-2400] o02-1.0%
| \centerbody
Potas- |Lith- {P229 (P80 |1.70| 67 |Helicalvane for two-  |C9.4{%s. 7 {%1255 - 1420i%800-2100 | Y30-80 |[%240-630 |%.5-1.0%] g8, 07,
sium] ium thirds of boiler length, 98
(boiler followed by 0. 32-cm-
1) (0.125-in.-) diameter
helical wire to exit;
p/D~3

AVertical upflow, single tube, unless otherwise noted.
Horizontal, curved tube.
“Tapered down to 0.64-cm- (0.25-in.) diameter centerbody in length of 8.4 cm (3.3 in.); extended two-thirds of boiler length
Approximate; detailed data not published.
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Exit quality x, and boiler pressure drop APp
are plotted as a function of the boiler-exit
temperature difference 0, = Tp; — Tp, s in
figures 17(a) and (b), respectively, for
nominally constant flow rates, boiling-fluid
inlet temperature, and exit pressure. For exit
qualities less than that at which the boiling
crisis {dry-wall boiling) occurs in the plain
tube (x. =~ 0.82), there is little effect of the
helical wire on x, for a given 0,.. Actually,
the exit quality for a given 0;, appears to be
slightly less with the helical wire than with
the plain tube. However, the rate of increase
of x, with 6,, remains unchanged tox, = 1.0
with the helical wire, indicating that there is
no significant change in the overall
heat-transfer coefficient, which would be the
result of delaying the boiling crisis to very
high quality. For the plain tube (ref. 85), the
performance beyond the onset of dry-wall
boiling was very erratic and unpredictable.
Even with the helical wire, however, an exit
quality of 1.0 was not reached without flow
oscillations of at least 5 percent. These flow
oscillations were usually accompanied by
pulsating high-temperature readings at the
boiling-fluid inlet. These temperature rises
were, at times, as much as 35 K. Since the
boiling-fluid inlet thermocouple was located
just upstream of the boiler tube inlet end,
these erratic high-temperature readings may
have been caused by back slugging of vapor or
hot liquid.

The pressure drop shown in figure 17(b)
is considerably greater than that for the plain
tube. It was generally found necessary to
adjust the throttle valve to cause a fairly large
total-system pressure difference in order to
maintain a reasonably steady boiling-fluid
flow rate. At high exit qualities the pressure
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drop across the throttle valve was about 90
kN/m2. Comparable throttle-valve pressure
drops with the plain tube did not yield such
high qualities with stable flow.

Downward-tailed symbols denote flow
osciliation of £51o 10 percent

Upward-tailed symbols denote flow
oscillation greater than +10 percent

Solid symbols denote vapor superheat

L bo » ¥
o
~Exit quality at onset of
ol Plain tube / @ dry-wall boiling for
Z (ref. 85)—~ plain tube (ref, 85)
k- Q
o
=
<4
o
@t 1 1 1 1 1 1
o 70,
= 10 &
= 2 o » »
o 84— & a
T 1 5%
£ ogw 0 ®
e s ]
=3 4 ® n
g T2
s g ®
505 Plain tube (ref. 85)
(-] [~
[--]
q 60 70
Boiler-exit temperature difference, 8., K
3 % 70 9% 10 130
Boiler-exit temperature difference,
Oge. °F
(a) Exit quality.

{b} Boiler pressure drop.

Figure 17. - Boiler performance’as function of boiler-exit tempera-
ture difference with helical wire insert and no inlet-region plug
or infet restrictor. Heating-fluid fiow rate, ~1.0 kgfsec 8000
ibmlhr); boiling-fiuid flow rate, ~7.5 gl/sec ~60 Ibm/hr); boiling~
fluid jniet temperature, ~300 K £80° F); exit pressure, ~117
kN/m* abs 17 psia).,
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With Inlet-Region Plug

Two different inlet-region center plugs
were tested with this boiler with no inlet
restrictor. It was intended that a plug, by
preventing slug flow, might allow the throttle
valve to supply sufficient pressure drop for
stability. The shorter of these plugs is shown
in figure 18. The other plug was twice as long,
with the same diameter. Typical data are
shown in figure 19; the nominal conditions
are the same as those for figure 17, which had
no inlet-region plug. The variations of x, and
APg with 6, are essentially the same as those
for no plug or inlet device (fig. 17). But with
the plugs an exit quality of 1.0 could be
reached with flow oscillations less than %5
percent. However, the flow stability was not
always repeatable; and when flow oscillations
did occur, they were generally accompanied
by high and erratic boiling fluid inlet
temperature readings, as was the case with no
plug. The throttle-valve pressure drops were
about the same as for no plugs. However,
these are not necessarily the minimum values
required for stability.

O OAIOTIIIS

33

MOOImMmMt 7
Vit reneT g .
N J
T CD-9838-33
127cm (5.0in,

figure 18. - Inlet end of water-boiling heat exchanger with helical
wire insert and 12.7-cm- {5.0-in. -) long, 0,79-cm- (0. 311-in.-)
diameter inlet-region central plug,

24

Plug length,
cm (in,)
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(a) Exit quality.
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Figure 19. - Boiler performance as function of boiler -exit temper-
ature difference with helical wire insert and inlet-region cen-
tral plug. Heating-fiuid flow rate, ~1.0 kg/sec ¢~8000 tbm/hr);
boiling-fluid flow rate, ~7.5 g/sec 60 Ibmihr); i‘nlet tempera-
ture, ~300 K +80° F); exit pressure, ~117 kNIm¢ abs ~17 psia).

Discussion of Inserts

From the results presented, it is apparent
that inserts can improve boiler performance.
Swirl flow devices delay the boiling crisis to
higher qualities at the expense of increased
pressure drop. Inlet-region plugs contribute to
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flow stability by reducing the tendency for
reverse flow and slug flow, with minimal
increase in pressure drop. However, stable and
complete vaporization was not consistently
obtained with these devices alone.

Some of the boiling flow instabilities
described in chapter 1 were attributed to

insufficient boiler-inlet pressure drop. As a
consequence, various inlet flow restrictors
were studied. The following sections describe
tests with water and potassium performed on
boilers with inserts and inlet restrictors over
the ranges of test variables listed in table III.
The water boiler with full-length helical wire

TABLE IlI. SUMMARY OF EXPERIMENTS ON BOILERS WITH INSERTS AND INLET RESTRICTORS
Boiling | Heating Boiler tube® Helical {Inlet-region Inlet Ranges of test variables Refer-
fluid fluid flow plug length restrictor ence
Heated Inside diam-} pr N Boiler-exit saturation] Boiling-fluid flow Exit
length, Ly eter, D cm in. temperature, Tbe, s rate, Wy, quality,
em | in. | em | in. K o g/sec | lbm/hr *e
Water Water 154{ 60.5/1.11 ] 0.436|Full- 0.64-mm ~877 ~219 16.5-9.2 1 52 73 |0.14-0.96] 86
length, (0. 025-in.)
2. 10-cm- orifice
{0. 83-in.-) 0.78-mm 1.4 59 0.59..0.79
pitch, (0. 0305-in.)
1.6-mm- orifice
(0. 0625~-in.~) Two 0.64~-mm 7.4.13.4] 59 .107 10.06..0.97
di 2 0. 025-in.)
helical wire wall orifices
Four 0. 34-mm ~1.4 ~59 0.09-0.93
(0.0135~in.)
angled wall
orifices
25.4 110.0 | 0. Tl-mm 4.8-8.5 38.68 |0.02.-0.91
(0.028~in.)
| orifice
25.4 110.0 ] 0. 78-mm ~10 ~80  {0.06. 1.0%
{0, 0305-in.)
venturi
Water Water 154] 60.5{1.11 436 [Full~ 25.4 [10.0 | 0.72-mm 5.5.16.5] 44 123 10.02-0.98] 87
length, (0.0285-in.)
2, 10-cm- venturi
(0. 83-in.-)} 4.52| 1.781.0.72-mm 334--430 142 -314 ~10 ~80 0.01.0.96
pitch, (0. 0285-1n.)
1.6-mm-~ venturi
(0. 0625~in.~}
diameter
helical wire
Potassium | Sodium b~102 b40 8 307 |Twisted 1.02-mm 978 - 1144| 1300 - 1600} 38151 | 300..12000.40..1.0%| 95
tapes; (0. 040-in.)
p/D=6 orifice
{each tube)
©~1021%40 622f 245 |Twisted  J----- 0.89-mm 1061. 1172] 1450 - 1650| 38.. 113 | 300..900 [0.40- 1.0*
tapes; (0. 035~in.)
p/D =6 orifice
{each tube)
Potassium | Lithium{ ©229[%90 [1.70 | .67 |Funn- 20.8 | 8.2 | 1.93-mm f1057..1395{ 1440 - 2050] 2350 {18047 {T0.5 1.0*| @
(boiler 2) length, (0. 76-in.)
0.24-cm- throat-
(0. 94-in.-) diameter
diameter conical
helical wire; converging-
p/D=3 diverging
nozzle

aﬂlngle, straight, vertical tube, unless otherwise noted.
‘Twelve curved, horizontal tubes of slightly different lengths.
®Nineteen curved, horizontal tubes of slightly different lengths.

dg0e p. 32.
®Horizontal, curved single tube.
Appr data not published
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insert, described in figure 16, was tested with
the addition of a series of inlet restrictors
(refs. 86 and 87). Orifices were tested first
(rather unsuccessfully) without and then with
inlet-region plugs, then a converging-diverging
inlet nozzle followed by a center plug was
tested. This latter configuration was then
tested (and compared with a similar one
without the nozzle) in potassium in a General
Electric refractory-metal facility under NASA
Lewis Contract NAS3-9426. In all these cases
the heating-fluid flow was countercurrent to
the boiling-fluid flow Flashing at the boiler
inlet obtained by preheating the boiling fluid
was also studied as a means of improving inlet
performance.

WATER BOILER WITH INLET ORIFICE(S)
AND INSERTS

No inlet-Region Plug

Two different-size center orifices, as well
as the two multiple-hole orifices shown in
figure 20, were tested with no inlet-region
plug. The orifice dimensions and the ranges of
test variables are given in table III. Figure 21
shows typical data for these configurations at
the same nominal conditions as figures 17 and
19. For exit qualities to about 0.7 the quality
for a given 0y, is about the same as for the plain
tube. However, increases in 6, do not yield
much increase in x., compared to the
configurations with no inlet device. In
addition, vapor superheat was indicated at
exit qualities ranging from 0.73 to 0.93. This
problem was attributed to the existence of a
metastable jet issuing from the orifice, a
condition which was observed in tests of
similar inlets in a transparent tube. Note,
however, that no erratic high-temperature
readings were observed at the boiler inlet,
indicating that the orifices eliminated the
backslugging problem.
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Upstream (inlet-plenum) side

(a) CD-9839-33

203
(0. 080)

5.36 k
.21

CD-9840-33

(a) Two-orifice inlet. Hole diameter 0.64 mm (0.025 in. ).
{b) Four-orifice inlet. Hole diameter 0,34 mm (0.0135in.),

Figure 20.  Various orifice configurations tested without inlet-
region plug on water-boiling heat exchanger with full-length
helical wire insert. (Dimensions are in mm (in.).)

With inlet-Region Plug

In an attempt to eliminate the problem
of relatively low-quality vapor superheat, an
inlet orifice was tested with a plug. This
configuration is shown in figure 22. The plug
was bonded to the orifice plate, which was
soldered to the inlet end of the boiler tube. A
slot passage was cut at the inlet end of the
plug to provide a flow passage from the
orifice into the boiler tube. Figure 23 shows
typical data for this configuration at the same
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nominal conditions as figures 17, 19, and 21.
The results are similar to those for the other
orifice configurations (fig 21),
nonequilibrium vapor superheat is seen for
exit qualities from 0.79 to 0.91. Thus, with
orifices, it appears that a poor flow
distribution is set up in the inlet region, and
its effect persists throughout the tube, in spite
of the plug and forced swirling. The orifice
pressure drop at the nominal conditions was
about 170 kN/m?
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Figure 21.  Boiler performance as function of boiler-exit temper-

ature difference with helical wire insert, various inlet orifice
configurations, and no inlet-region plug. Heating-fluid flow
rate, ~1.0 kg/sec 8000 tbm/hr); boiling-fluid flow rate

~1 5 glsec +60 lbmihr); iplet temperature, ~300 K MKO(’ Fh
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Figure 22. Inlet end of water-boiling heat exchanger with
helical wire insert, 0.71-mm (0. 028-in. ) orifice, and
25.4-cm (10.0-in. ) plug.
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Figure 23.  Boiler performance as function of boiler-exit tempera:

ture difference with helical wire insert, 0.71-mm (0. 028-in. }
orifice, and 25.4-cm (10.0~in.) plug. Heating-fluid flow rate,
~1.0 kgfsec ¢-8000 Ibm/hr); boiling-fluid flow rate, ~7. 5 g/sec
60 lbm/hr); ‘inlet temperature, ~300 K 809 F); exit pressure,
~117 kNIm2 abs 17 psia).
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WATER BOILER WITH CONVERGING-
DIVERGING NOZZLE AND
INLET-REGION PLUG

Since an exit quality of 1.0 could not be
obtained with orifices at the boiler inlet, at
least over the range of conditions listed in
table I1I, orifices were replaced by nozzles in
subsequent tests. Figure 24 shows the inlet
region of the test section with a venturi-type
inlet nozzle with a tapered central plug in the
diffuser starting at a point just downstream of
the nozzle throat. A short length of
stainless-steel tubing was rolled down to form
the venturi. The rolling process left a small
notch in the diffuser, as shown in the figure.
The extension of the diffuser and the plug
was brass, A wire with the same pitch as in
the boiler tube was bonded to the tapered
section of the plug, and the upstream end of
the wire was tapered down to a point. Plots of
exit quality and boiler pressure drop against
the boiler-exit temperature difference for the
venturi and plug are shown in figures 25(a)
and (b), respectively, for a boiling-fluid flow
rate of about 10 g/sec at otherwise nominal

0.78 mm
(0. 0305 in.)
216 cm (0.850 in.}
Q175 in.} CD-9842-33
Figure 24.  Inlet end of water-boiling heat exchanger with helical

wire insert, 0.78-mm- (0.0305-in. -) throat-diameter venturi
nozzle, and 25. 4-cm (10.0-in, ) plug.
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Figure 25, Boiler performance as function of boiler-exit tempera-
ture difference with helical wire insert, 0.78-mm- (0.0305-in. -
throat-diameter venturi, and 25.4-cm (10.0-in. 1 plug. Heating-
fluid flow rate, ~1 0 kg/sec #8000 Ibm/hr); boiling-fluid flow rate,
~10 g/sec ~80 Ibm/hr); inlet temperature, ~300 K 800 F); exit
pressure, ~117 kNIm2 abs +17 psia).

conditions. (Stable operation was not
obtained at a boiling-fluid flow rate of 7.5
g/sec, probably because of unsteady
cavitation in the nozzle.) Vapor superheat was
first indicated at x, = 0.98, flow oscillations
in the range of *5 to *10 percent were
observed at that point. No erratic boiling-fluid
inlet temperature behavior like that seen
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without an inlet device was observed. The
pressure drop across the venturi and diffuser
was about 170 kN/m? with a flow rate of 10
g/sec and a temperature of 300 K.

Another series of runs were made with
the same flow rates and boiler-exit pressure
but with higher boiling-fluid inlet temperature
(371 to 389 K). The exit quality and boiler
pressure drop are plotted against 0,, for this
series in figures 26(a) and (b), respectively.
Vapor superheat was observed at exit qualities
from 096 to 1,02, Boiling-fluid flow

L2— Solid symbols denote vapor superheat
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Figure 26, Boiler performance as function of boiler-exit tempera-

ture difference with helical wire insert, 0.78-mm- {(0.0305-in. -}
throat-diameter venturi, and 25.4-cm (10.0-in. ) plug. Heating-

fluid fiow rate, ~1. 0 kg/sec 8000 lbm/hr); boiling-fluid fiow rate,

~10 g/sec 80 Ibm/hr); inlet tempgrature, 372 10 389 K (210% to
2419 F); exit pressure, ~117 kN/m* abs 17 psia),

oscillations were less than 5 percent;
however, additional pressure drop (as much as
70 kN/m?) was required at the throttle valve
for flow stability at the high exit qualities. In
these runs, conditions were established such
that flashing (sudden initiation of vapor)
probably occurred in the venturi, but
persistence of the vapor into the heated
region of the boiler tube was marginal. This
vapor initiation problem is discussed in
greater detail in appendix B, based on test
results from water in transparent test sections
and from potassium under adiabatic flow
conditions.

POTASSIUM BOILER WITH CONVERGENT-
DIVERGENT NOZZLE AND
INLET-REGION PLUG

The General Electric advanced
Rankine-cycle test facility used for these tests
is described in references 96 to 98 A
simplified schematic of the test facility is
shown in figure 27, and the lithium-heated
boiler tube arrangement is shown in figure 28,
Two T-111 alloy boiler tubes were tested,
differing principally in inlet restrictor
geometry The boiler dimensions are given in
tables II and III Boiler 1 (table II) had a
composite insert consisting of a center plug
wrapped with a single-pitch ribbon-type
helical vane. Following this, the plug tapered
down to a 0.64-cm-diameter centerbody
(hollow for thermocouple installations) that
extended for about two-thirds of the boiler
length as did the helical vane. Then the helical
vane joined (at the same pitch) a wire coil
that extended to the boiler tube exit. The
instrumented centerbody extended to the exit
but had a 20-cm gap at the start of the wire
coil (designed to prevent liquid flow along the
upstream centerbody from being carried over
onto the downstream centerbody).

Boiler 2 (table II1) was similar to boiler
I, except that at the boiler tube inlet a
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Figure 27.  Simplified schematic of advanced Rankine cycle test facility.
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Figure 28.  Schematic of single-tube potassium boiler (Dimensions are in cm {in.).)
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conically convergent-divergent venturi nozzle
with a throat diameter of 0.193 cm was
installed, with a cenfral plug (similar to that
shown in fig. 24) starting in the nozzle
diffuser. Wrapped around the plug and
extending the full length of the boiler tube
was a helical wire coil. An instrumented
centerbody was installed for only the last
one-third of the boiler tube. The lithium
outlet from the shell was approximately 7.6
cm downstream of the potassium flow exit
from the inlet venturi nozzle.

The performance of these two boilers is
shown in the next few figures, taken mainly
from unpublished data from NASA contract
NAS3-9426. Typical temperature patterns
throughout the length of boiler 1 are shown
in figure 29, taken from reference 97 Similar
patterns for boiler 2 are shown in figure 30.
Temperature distributions are shown in figure
31 for boiler 2 operating with flow in the
flashing mode in the inlet venturi. Except for
the initial few inches of potassium flow, these
temperatures ar¢ comparable to those of
figure 30 for a liquid-filled venturi. The
average boiling heat-transfer coefficients for
both boilers under comparable conditions are
compared in figure 32. Very high average
coefficients were obtained, some in excess of
6X10% W/(m2)XK). In one example with
boiler 2 the average coefficient with 83 K of
vapor superheat at the exit was as high as for
a case with an exit quality of 0,55,
demonstrating good heat transfer in the
high-quality region of the boiler.

Typical boiler tube overall pressure
losses are shown in figure 33 as a function of
potassium flow rate for three heating rates
and for both boilers. The predicted curves for
exit qualities of 0.5 and 1.0 are shown, as well
as for 56 K exit vapor superheat. Generally,
the pressure losses are nearly constant over
the range of exit qualities at constant power,
but they increase rapidly as appreciable
amounts of vapor superheat are formed (solid
symbols). Boiler 2, exclusive of the inlet
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figure 29.  Temperature distribution for boiler 1 (ref, 97).

Heating-fluid flow rate, 0. 42 kglsec {0. 93 Ibm/sec); boiling-
fluid flow rate, 0.044 kg/sec (0.097 tbm/sec); heating rate,
99.8 KW (34 000 Btu/fhr).

venturi, shows about the same amount of
pressure drop as boiler 1 (untailed symbols).

The thermal performance of boiler 2 is
shown in figure 34 in terms of measured
boiler power as a function of exit saturation
temperature and exit enthalpy. Predicted
curves and limiting lines are also shown. Data
and predictions agree fairly well with
operation at positive exit qualities and
moderate vapor superheats. However, at
higher values of vapor superheat the
predictions underestimate the boiler
heat-transfer power (Data for one run yielded
an exit vapor superheat of 250 K above the
exit saturation temperature of 1090 K,
believed to be the highest superheat achieved
in any potassium boiler.) The maximum
boiler thermal power attained was about 210
kW at a 1055 K saturation temperature and
an exit quality less than 1.0. This power level
is 242 percent of the design value of 87 kW.
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Figure 30. Uncalibrated lithium and potassium temperature profiles through boiler 2 during design point demonstration runs. Heating-
fluid flow rate, 0.409 kg/sec (0.901 Ibm/sec); boiling-fluid flow rate, 0.0500 kg/sec (0. 1102 lbm/sec); heating rate, 94.6 kW (32 300 Btu/hr);
boiling-fluid pressure drop {venturi exit to boiler exit), 152 KNImé (22 psi); boiler-exit pressure, 1103 kN/m< abs (160 psia); nozzie-inlet
pressure, 1400 kN/m< abs (203 psia); nozzle-inlet temperature, 1135 K (15839 F); boiler-exit temperature minus boiler-exit saturation
temperature, 4 K {80° F); nozzle-inlet temperature minus nozzle-exit temperature, 59 K (106% F); venturi liquid flooded.

Essentially, boiler 2 had a pressure drop  was more stable in operation than boiler 1
larger than that of boiler 1 by the amount of and performed thermally as well as or better
drop caused by the inlet venturi, but boiler 2 than boiler |
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Figure 31, Calibrated lithium and potassium temperature profile through boiler 2 with flashing at inlet venturi. Heating-fluid flow rate,
0.399 kg/sec (g, 878 Ibm/sec); boiling-fluid flow rate, 0. 050% kalsec (0. 111 tbmisec), heating rate, 87 5 kW (29,800 Btu/hr); boiler pressure
drop, 99 kNImZ (14. 4 psi); boiler-exit pressure, 1125 kN/m® abs (163 psia; nozzie-inlet pressure, 1557 kN/m* abs (225, 8 psia); nozzle-
inlet temperature, 1413 K {2083° F); boiler-exit temperature minus boiler-exit saturation temperaturf, 40K (;Z" F); heating-fiuid intet
temperature minus heating-fluid exit temperature, 57 K (102° F); flashing at venturi {Ppj Pne)l(WbIszgcAmm) = 1. 24,
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Figure 32. - Comparison of average hoiling heat-transfer coefficient as function of exit enthalpy between boiler 1 and 2.

Heating rate, 87 kW {29 600 Btu/hr); nomina) heating-fluid temperature difference, 56 K (100° F); nozzle-iniet tem-~
perature, 928 K (12110 F),
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Figure 34. Maximum boiler power capability data obtained from
from boiler 2. Nominal heating-fluid inlet temperature,
1367 K (22000 F), nominal heating-fluid temperature differ-
ence, 56 K (100‘5 F); nominal nozzle-inlet temperature,
928 K (12119 F),

ELECTRICALLY HEATED WATER BOILER
WITH BLADE-TYPE HELICAL
FLOW INDUCERS

An alternative to the helical wire for
swirling and stabilizing flow within a boiler is
to use individual swirlers spaced to give a
maximum improvement in boiler performance
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TABLE IV - SUMMARY OF EXPERIMENTS ON
DIRECT-HEATED BOILERS WITH HELICAL
FLOW PROMOTERS, BUT NO INLET
PRESSURE DROP DEVICE?

Boiling fluid Water
Heated length of boiler tube,

Ly, cm (in.) 102 (40)
Inside diameter of boiler

tube®, D, em (in.) 1.43 (0.563)

Helical-flow promoter Blade-type swirlers®

Range of test variables:
Boiler-exit satura-
tion temperature,
Tbe, s? K (OF)
Boiling-fluid flow rate, Wb,
g/sec {(Ibm/hr)
Exit quality, Xo

~377 (~219)

25 - 50 (200 - 400)
0.12 -0.70

Aprom ref 88.
bVertical upflow, single tube.
Cgee fig. 16.

and a minimum increase in pressure drop. The
two-phase loop of the test facility shown in
figure 14 was also used to evaluate the
performance of blade-type helical flow
inducers in an electrically heated water boiler,
as described in reference 88. The test
conditions and ranges of variables are
summarized in table IV The test sections
were fabricated from 1.43-cm-inside-diameter
304 stainless-steel tubing. Each test section
was 101.6 cm long. A disassembled test
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section is shown in figure 35 Stationary rotor
elements obtained from turbine-type
flowmeters were used to swirl the flow and
centrifuge the liquid droplets to the tube wall.
The blades were at a constant angle of 30° to
the tube centerline. Various numbers of these
nonrotating rotor elements were centrally
installed within the test section by axially
positioning them on a wire centered within
the test section. The wires and rotor elements
were electrically insulated from the tube. The
number of swirlers and their respective
locations within the tube are listed in the
following table:

Test " Number of Locations of swirlers: distance from outlet,
section| swirlers em (in.)

A 0 feessommn

B 1 25. 4 (10)

Cc 1 12.7 {5)

D 2 12.7 (5) and 25. 4 (10)

E 2 10. 2 (4) and 20. 3 (8)

F 3 10. 2 {4), 20.3 (8) and 30. 5 (12)

G 4 10.2 (4), 20.3 (8), 30.5(12), and 40. 7 (16)

H 5 10.2.(4), 20.3 (8), 30.5 (12), 40.7 (16), and
50. 8 (20)

1 [} 10. 2 (4), 20.3 (8), 30.5 (12), 40.7 (16), 48.2(19),
and 55. 9 (22)

3 1 10. 2 (4). 20.3 (8), 30.5 (12), 40.7 (16), 48.2 (19),
55. 9 (22), and 63. 5 (25)

7 Electrical bus
/

5¢m

The testing sequence was as follows.
After each configuration was tested and the
boiling crisis location was determined, an
additional swirler was added or the previous
ones were relocated. This process was
continued until no additional improvement in
the maximum exit quality occurred Because
no boiler-inlet stabilizing devices were used,
‘maximum exit quality was limited by system
flow instabilities resulting from interaction of
the feed system and boiler

The results of all configurations tested
are summarized in figure 36. Maximum
quality and heat flux are shown The
calculated (heat balance) start of the boiling
region is indicated with respect to the test
section length for all configurations tested.
The calculated quality (in percent) at the
point of boiling crisis (usually a tube burnout)
is shown in parentheses under the burnout
locations. Comparing test sections A and H
shows that the maximum exit quality was
doubled from 0.3 to 0.6, with a 58 percent
increase in pressure drop measured at an exit
quality of 0.3. With this relatively small
increase in pressure drop, it appears that these
blade-type swirlers might be better in a boiler
tube than a helical wire for the middle range
of quality

C-69-3779|

Burnout 2 Pressure tap -\

C-69-3780

Figure 35. Disassembled test section with blade-type swirlers in electrically heated tubes.
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Figure 36. Summary of boiling crisis results for electrically heated tube with blade-type swirlers at flow rate of 50 g/sec (400 tbm/hr).
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COMPARISON OF INSERTS AND
INLET RESTRICTORS

The best performance obtained from the
various boiler combinations tested in water,
and substantiated in potassium, was from a
venturi-type converging-diverging nozzle
followed by a tapered inletregion plug
extending into the nozzle diffuser and then a
full-length helical wire insert. An attractive
feature of such an inlet configuration is that
by sufficiently preheating the liquid, flashing
can be caused in the nozzle, giving a fixed
location for the initiation of two-phase flow
and a desirable flow regime entering the boiler
proper. This procedure avoids instability
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problems associated with motion of the
zero-heat-balance-quality interface and also
the problem, often encountered with alkali
metals, of nonequilibrium liquid superheat in
the boiler tube. Preheating the liquid might
increase the complexity of the system, but
the benefits should be worth the cost.

It was found that the performance of
inlet restrictors had strong effects on boiler
performance. Further studies of various inlet
devices are reported in appendix B, including
some devices that were unsuccessful and one
technique—the vortex flow inlet—that has
considerable merit and potential but
unfortunately was not thoroughly
investigated.



Chapter 3

NONTUBULAR BOILERS

As is pointed out in the preceding
chapters, swirl flow techniques generally
improve boiler performance. But these
swirlers also tend to promote rivulet flow
with its associated problems and considerably
increase the pressure drop. More novel
approaches are to rotate the boiler or to
construct the boiler as a cyclone. These
nontubular boilers are the subject of this
chapter.

vent

Nitrogen
=

Variable
transformer

Pickup for

-immersion  tachometer~

Fitter

Drain

Fill Drain

Figure 37

0 manometer

ROTATING BOILER

Test Facility

Figure 37 is a sketch of the

rotating-boiler test facility described more
fully in references 79 and 80. Distilled water
was pressure fed from the supply tank
a rotating face

through seal into the

inclined

Filter
Water
)-Bearings Q) Voltmeter
[A] Ammeter
. [W]  wattmeter
speed drive Pressure regulator
D \Valve
N DKl Relief valve
-Rotating face seal @ Pressure gage
\
LLiquid inlet thermocouple v Thermocoupie
CD-9170

Schematic of test facility for rotating water boiler
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10.2-cm-diameter by 5.1-cm-high test section
of the boiler. The outlet vapor duct engaged a
stationary felt-type seal in the pipe assembly
leading to the atmospheric spray condenser.

As shown in figure 37, cameras were
mounted above the boiler looking downward
at the liquid-vapor interface. Throttling
calorimeters were used to determine exit
vapor quality. The photographic system and
other instrumentation are described in more
detail in reference 79,

General Resuits

Some general comments about the
rotating-boiler operation are pertinent to an
understanding of the data of references 79
and 80. The boiler had an approximately
constant volume inventory of fluid but with: a
continuous throughflow, the rate of which
was determined by the heating rate. At low
heating rates (and therefore low flows), the
boiler inventory was large relative to the
throughflow, and pool boiling was
approximated. Because of the annular
symmetry of the boiler and the several small
holes for the liquid inlet, the boiler inventory
rotated with the heated wall, in wheel flow.
This condition ideally simulated pool boiling
at increased radial accelerations. At high
heating rates, throughflow was larger and, at
high accelerations, vigorous secondary-flow
cells developed in the boiling annulus as a
result of convection. This subject is discussed
further in chapter 7 in the section Rotating
Water Boiling.

The rotating boiler is a low-pressure-drop
device. This is an important advantage in a
Rankine-cycle system, however, it is partially
offset by the power required to rotate the
boiler, The liquid flow into the boiler and the
vapor flow out were both steady. It was not
necessary to add baffles or vanes in the boiler
to correct for interface waviness or unbalance.

The rotative centrifugal accelerations,
expressed herein as gravities (g’s) are those
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acting normal to the heated cylindrical wall.
At rotative accelerations below 25 g’s, the
parabolic shape of the interface became
observable. Above 25 g’s, the interface in the
boiler was essentially a cylindrical, vertical
surface concentric with the heated surface.
Therefore, above 25 g’s, the boiler is
essentially insensitive to its orientation to
earth gravity.

Below 14 g’s, a constant fluid thickness
could not be maintained during the boiling
process, and no data were obtained. Part of
this trouble was caused by corrosion, which
permitted liquid to leak into the hollow
rotating float. This leakage was discovered
later and corrected. At all accelerations above
14 g’s and at all flow rates, the float valve
worked well,

In general, comments pertaining to the
boiling action and the two-phase flow
mechanisms are based on careful study of
high-speed motion pictures, most of which
were taken in color to provide good contrast
and definition to the bubbles, interface, and
droplets in the vapor space. The principal
features to be seen in a typical frame from a
high-speed motion picture taken through the
top annular window are shown in figure 38.
The outer circular arc is the edge (end view)
of the cylinder The thin annulus of boiling
fluid lies against this surface, which is the
heated (outer) wall of the cylinder Vapor

Annular

CD-~9015

“ Top edge of Inside surface
of heated rotating cylinder

Figure 38. Typical view through top annular window of rotating
boiler (Dimensions are incm (in. ).}



NONTUBULAR BOILERS

bubbles form at this surface and move radially
inward to break at the interface, The
0.16-cm-diameter horizontal rod shown in
most of the following photographs turns with
the boiler and is used for visualization and
scale purposes.

The boiling annulus at 25 g’s is shown in
figure 39 by three consecutive frames from a
16-mm motion picture taken at about 8000
frames per second. The heat flux was 280
kW/m? The interface is very irregular and
turbulent at this gravity level. Many times,
several vapor bubbles or clusters are pumped
into a certain region and, upon reaching the

/— Collapsing vapor dome

- =

Figure 39.  Sequence of three consecutive frames from high-
speed motion picture of rotating boiler showing boiling ang
collapse of vapor dome at 25 g's and heat flux of 280 kWim
(88 000 Btu/(hrift),

interface, balloon into large vapor “domes”
before breaking. The dome to the left of the
rod in figure 39 (top) is breaking open (from
the left) to let out the vapor The liquid that
forms the roof of the dome can be seen
(center and bottom) pulling together into a
ring of droplets that fall back into the
interface. Occasionally, a drop or stream of
liquid is propelled far into the vapor region
beyond the interface. This liquid generally
returns to the interface after completing an
arcing trajectory. The interface activity at
various accelerations is clearly shown in the
motion picture supplement to reference 79
(film supplement C-253, available on loan),
Effects of acceleration and heat flux on
nucleate boiling. — The effect of acceleration
on boiling can be seen by comparing the
sequence shown in figure 39 with figure 40.
The photographs are all at the same heating
rate of 280 kW/m? but at steadily increasing
accelerations to 400 g’s (fig. 40(d)). The
bubble size and number markedly decrease,
and the interface becomes more continuous
and smooth at higher accelerations. At 400 g’s
the fluid in the annulusis mostly clear liquid,
with only an occasional cluster of bubbles,
The rod can be seen easily, as can the liquid
feed holes (dark spots) in the bottom plate of
the boiler Figures 40(c) and (d) show the
typical bubble patterns at high accelerations,
clusters of bubbles separated by relatively
clear liquid. This pattern strongly suggests
that secondary-flow convective cells exist,
with the bubbles appearing in the warmer
updrafts. So few bubbles exist at the highest
g’s, however, that transport of all the heat by
vapor bubbles alone appears very doubtful.
Direct evaporation at the interface must also
occur This secondary-flow and evaporation
process is illustrated and discussed in motion
picture supplement C-253 to reference 79.
Boiling at low heat flux (55 kW/m?) is
iltustrated in figures 41(a) and (b) at 25 and
100 g’s, respectively Figure 41(a) shows two
consecutive frames. At 100 g’s (fig. 41(b)),
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(a) Acceleration, 50 g's

(c) Acceleration, 200 g's.

C-67-3173

(b) Acceleration, 100 ¢'s.
{d) Acceleration, 400¢'s.

Figure 40.  Effect of increasing gravity on rotation boiling at constant heat flux of 280 kWim2 (88 000 Btul(hr)(ftz)).

individual bubbles and chains of bubbles can
be seen easily It appears that the bubbles,
upon nearing the interface, grow larger,
agglomerate, and spread out laterally along
the interface as they break

Boiling at high heat flux (1480 kW/m?)
is shown in figure 42. Figure 42(a), at 100 g’s,
appears almost foamy The rod cannot be
seen through the 0.64 c¢cm of boiling fluid At
400 ¢’s (fig. 42(b)), the rod can be seen, as
well as many areas of clear liquid This heat
flux is comparable to or above a normal
boiling crisis condition for pool boiling at 1 g
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(ref. 99). Previous experimenters (refs. 100
and 101) have established that the boiling
crisis heat flux increases with acceleration to
approximately the one-fourth power No
boiling crisis experiments were attempted in
reference 79 or 80, although in reference 80
about twice the normal boiling crisis heat flux
for 1 g at atmospheric pressure was obtained
at 400 g’s with stable boiling.

The effect of heat flux on boiling at 100
g’s can be seen by comparing figure 42(a) at ¢
1480 kW/m?, figure 40(b) at g 280
kW/m?, and figure 41(b) at ¢ = 55 kW/m?

= =



NONTUBULAR BOILERS

Exit vapor quality. — The exit vapor
quality in reference 79 was always above
0.99. The quality apparently increased with
acceleration and inlet temperature and
decreased with heating rate. Except for five
observed cases of exit vapor superheat, the
measured exit vapor temperatures agreed with
the saturated vapor temperatures calculated
from measured exit pressures within +0.06 K.

Evidence of vapor superheat is
remarkable. The vapor outflow could not
come in contact with the heated surface, as it
can in conventional boiler tubes near the exit,

(a) Acceleration, 254¢'s.
(b) Acceleration, 100 g's

Figure 41. Rotating boiler at low heat flux of 55 kW/m?2 (17 400
Btu/thr)(ft?)),

Flash photographs with a 1-usec
duration are shown in figure 43 for a heat
flux of 370 kW/m? At 73 g’s a continuous
cloud of bubbles is apparent along the
interface (fig. 43(a)), whereas at 475 g’s (fig.
43(b)), one isolated cluster of bubbles
appears. Elsewhere, the interface is a thin gray
line.

Unquestionably, interface disturbances
were reduced and smoothed out by high
accelerations. The bubbles and voids were
much less numerous and appeared smaller at
higher g’s. Apparently, acceleration can be
increased to overcome and suppress boiling at
any conventional boiling heat flux level.

43

B

(a) Acceleration, 100 g's.
{b) Acceleration, 4004g's.

Figure 4  Rotating boiler at high heat flux of 1480 kW/m?
(468 000 Btulthri(ft<)),
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{a) Acceleration, 73.¢'s.

(b) Acceleration, 4754¢'s.

Figure 43.  Short-duration flash photographs of rotatn}g boiler in
operation at heat flux of 370kW/m¢< (117 000 Btu/thr %)),

where the liquid film does not completely
cover the tube wall. At very high
accelerations, vapor apparently left the
interface at temperatures several degrees
above the wvapor saturation temperature,
probably as a result of the pressure rise within
the boiling annulus. For example, at 400 g’s
the liquid saturation temperature at the boiler
wall was 5.8 K hotter for a 0.64-cm-thick
annulus of water than at the interface
(corresponding to a pressure rise of 23
kN/m?). The hotter liquid and vapor created
near the heated wall were probably
centrifuged quickly to the interface, and
evaporation occurred directly across the sharp
interface. Ultimately, as the acceleration

increased and the heating rate was held
constant, all the vapor was generated by
evaporation at the interface and nucleate
boiling was suppressed.

Average void fraction. — As described in
reference 80, a nonboiling liquid annulus was
located above and connected to the two-phase
fluid in the boiling chamber. This yielded
measurements that allowed the average void
fraction in the two-phase annulus to be
calculated. These data are shown in figure 44
for six levels of acceleration and three levels
of heat flux,

Even though the uncertainty in these
data is fairly large because of the difficulty in
measuring the thickness of the two-phase
fluid annulus, a definite trend can be
observed. As the acceleration increases at a
fixed heating rate, the average void fraction
decreases. This shows there are fewer vapor
voids in the boiling fluid, presumably because
there are fewer active nucleation sites and also
smaller size bubbles. This trend agrees with
the results of Graham and Hendricks (ref
102), who showed that both the number of
active sites and the maximum bubble
departure diameter decrease with increasing

Heat flux, Liquid inlet sub-
q, cooling,
bh- wim? (Btuftheitd) K (OR)
& 1465 4650000 28 (50)
5 o 15 (2300000 2 (50
o 362 (1150000 28 {50
® 362 (1150000 22 (40
4 8 ~725 =300 - (<--)}Ref. 15
e ~362 (=115 000 (-}

.~ Typical scatter bandwidth

Average void fraction, a
W

8
] 1 I I  ——
100 150 200 250 300 350 400

Acceleration, g's

Figure 44.  Average void fraction of two-phase boiling annulus.
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acceleration. It is also apparent in figure 44
that, at any given rotative speed, the void
fraction increases with heat flux, as expected.

CYCLONE BOILER

The cyclone boiler concept (fig. 9)
represents an attempt to combine the benefits
of the rotating boiler with the simplicity of
having no moving parts. The feed is flashed
into the boiler tangentially in such a manner
that a vortex flow pattern is established. The
liquid is centrifuged to the wall and then is
driven toward the apex of the cone by
secondary-flow effects (ref 81) augmented by
surface tension and, in some cases, gravity,
while the vapor exits from the opposite end

Description

In order to study two-phase flow in a
cyclone boiler, in particular the effect of inlet
geometry, air-water flow tests were conducted
with the transparent section shown in figure
45 Two cyclone boiler configurations were
tested, as shown in figure 46, with the only
difference being the inlet With inlet 1, which
was quite similar to that of reference 81, it
was found that a smaller inlet was required to
get complete wetting of the walls. Thus, a
metal insert was added as shown in figure
46(b). Also an additional 0.7 1-cm liquid drain
had to be added.

Results

Figure 47 shows the operation of the
cyclone boiler at typical conditions with inlet
2 (fig. 46(c)). The water flow rate was held at
~80 g/sec (figs. 47(a) and (b)), and the
airflow rate was then increased until the
liquid film covered the entire cyclone boiler
wall Figure 47(a) shows the cyclone boiler

45

C-69-3985

Figure 45. Transparent test section for air-water tests of cycione

boiler

with an airflow rate of 3.5 g/sec, not quite
sufficient to cause complete wetting. In figure
47(b) the airflow rate is 8.3 g/sec, and the
cyclone is completely wetted The airflow
rate was then further increased and the water
flow rate decreased, simulating an increase in
vapor quality Complete wetting and no liquid
carryover in the airstream were obtained for
an airflow rate of 11 1 g/sec with a water flow
rate of 492 g/sec, as shown in figure 47(c).
Finally, for an airflow rate of 17.8 g/sec and a
water flow rate of 34.0 g/sec, a dry streak can
be seen, as well as some liquid droplets being
carried over in the air exit pipe Note that
these air and water flow rates simulate inlet
conditions to a cyclone boiler, and
experiments have not been performed to
verify the effects of heat addition and phase
change within the cyclone
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Figure 46. Transparent, unheated cyclone boiler test section. -(Dimensions are in ¢m {in.) unless indicated otherwise.)

can be achieved without the use of inserts,
thus making the cyclone boiler a relatively
low-pressure-drop device. The cyclone boiler
should have many of the advantages of the
rotating boiler without the moving parts.

Discussion of Cyclone Boilers
The cyclone boiler appears to be capable

of providing moisture-free vapor at a steady
rate. Distinct separation of liquid and vapor
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(a) Incomplete wetting; no {b) Complete wetting; no li-
liquid carryover  Airfiow quid carryover.  Airflow
rate, 3.5 g/sec (28 bm/hr); rate, 8.3 glsec (66 bm/hr);
water flow rate, 81.8 g/sec water flow rate, 80.5 g/sec
(649 Ibm/hr). {639 1bm/hr).

{c) Complete wetting; no li- (d) Incomplete wetting; some
quid carryover Airflow liquid carryover  Airflow
rate, 11.1 g/sec (88 rate, 17 8 glsec (141
tbm/hr); water flow rate, ibm/hr); water fiow rate,
49. 2 glsec {390 tbm/hr). 34.0 glsec (269 tbm/hr),

Figure 47  Typical operating conditions for unheated cyclone
boiler
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PartII

BOILING CHARACTERISTICS

Various new boiler configurations that have been tested with conventional and alkali
metal fluids have been described in part 1. In the general problem of designing once-through
boilers, various thermal and hydraulic parameters must be estimated. In order to aid in this
design problem, part II presents experimental data and empirical correlations for these boiling

characteristics: specifically, stability, initiation of two-phase flow, pressure drop, and heat
transfer.
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Chapter 4

STABILITY AND DYNAMICS PROBLEMS

In this chapter some problems related to
the stability and dynamics of boiling sodium
and water are discussed. The results presented
were obtained during studies related primarily
to heat transfer

SODIUM BOILER OSCILLATIONS

Oscillations of the boiling-fluid flow
rate, pressure, and temperature were
frequently encountered during the
sodium-boiling investigation (ref 83). The
variations in time of certain variables were
recorded as a possible aid in characterizing
and understanding the range of boiler
performance obtained. For this purpose the
output of the flowmeters, the boiling-fluid
strain-gage pressure transducers, and two
thermocouples located on the shell wall were
recorded on a multichannel oscillograph.
Typical traces are shown in figure 48.
(Considerable noise is apparent in some of the
signals, particularly flow rate, which was
attributed to readout system deficiencies as
well as to the large electric heaters.) For the
two-phase inlet condition (flashing caused by
the orifice pressure drop), the boiling-fluid
flow rates and pressures exhibit a regular
oscillation with a dominant frequency of 1 to
2 Hz (cycles/sec). For the two-phase inlet
tests with no boiling crisis occurring, the
amplitude of the flow and pressure
oscillations varied from that barely detectable
to approximately 10 percent, and the shell
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wall thermocouples were steady With boiling
crisis occurring, somewhat larger amplitudes
were obtained and the shell wall temperatures
began to show some variation.

When the boiling-fluid inlet condition
was alternately two phase and liquid, the
oscillations became more complicated and
irregular, the amplitude of the flow and
pressure variations increased markedly, and
the shell wall temperatures varied
continuously

For the case of the boiling-fluid inlet
condition being in the liquid phase, the flow,
pressure, and temperature traces were either
very steady or extremely unsteady In fact,
the liquid inlet condition gave the most
steady and the most unsteady resuits of the
entire investigation. When unsteady, the
oscillations grew and became increasingly
complicated and irregular, and a lower
frequency (1/4 to 1/3 Hz) appeared than was
obtained with the two-phase inlet results. In
some cases the oscillations became so severe
that backflow occurred, which sometimes
shut off the heaters by activating safety
interlocks.

In all cases the inlet pressure and flow
oscillations were out of phase by
approximatley 180° For the liquid inlet case,
the inlet and exit pressures were always in
phase, while for the two-phase cases they
were both in and out of phase. Generally, the
pressures were in phase for the two-phase case
only at conditions of low quality, high
heat-transfer coefficients, and small
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STABILITY AND DYNAMICS PROBLEMS

oscillations. As concluded in reference 83,
any attempts to analyze these oscillations and

boiler instabilities must take into account the Exit pressure,
particular conditions of the tests, including oPe
the large liquid inventory outside the boiler, o 250— A kNllT7 as ((p:'?':
the expansion tank, the condenser coolant ;wé 200}— 2 o 310 145)
bypass loop, and the compressibility of the £2 w0 R, © 0 (oo
feedline for the two-phase inlet tests. §§ 100
23
Z8 %
LE I T I . N SN
SUBCOOLED-WATER-BOILING PRESSURE ? R Tuid sucooling, Ty 1 T 0
FLUCTUATIONS '
N o OLAO Alo 6IO élo ul)o 1'20 1!10 1160 140
Subcooled boiling generates vapor within Exit fluid subcooling, Ty s Ty, OF
a fluid whose bulk temperatureisbelow its
saturation temperature. Thus, when a cold Figu_re 9. lnlet-p[enum pressure fluctuations as function of
liquid contacts & sufficently hot surface, (ot e gthemlng s griousogesures s ey
vapor forms at the hot wall and some of it 3150 kW/m? (1, 0x100 Btul(hr)(ft2),
condenses in the cold liquid stream. This
vapor formation and collapse can produce
high-frequency and high-amplitude pressure
fluctuations, as reported in reference 89 In
this study, the fluctuations repeated with Heat flux,
enough regularity that their amplitudes could KWim? (g'm,(h,,mz,,
be determined. The effects of pressure, heat 3150 (L ox109
flux, and amount of subcooling on the 70%— gi’g & gﬂgg)
amplitude of the inlet pressure fluctuations %L X
are shown in figures 49 and 50. At high heat 3 Z 60—
fluxes, the amplitudes of pressure fluctuations 4 - g 5001
can approach or even exceed the average £ B
pressure level The amplitude of the §64—§400_
fluctuations increases from the inception of ® gl &
boiling to some heat-balance liquid bulk 2 £ 30—
temperature about 20 to 45 K below f;az_fg N
saturation, depending on the pressure and P g 20
heat flux, and then decreases to approach é 16 :é 1001— )
zero as the liquid bulk temperature £ | < v f:;‘;gi;ﬁ"re
approaches saturation It seems reasonable, o colpoafds 1
330 350 370 390 410 430 450

therefore, that the fluctuations are caused by
void collapse. A similar phenomenon was |
observed in cavitation studies, where 1140 uio 2|20 zléo 31)0 340
cavitation damage (weight loss) was plotted Boiler-exit temperature, Ty, °F

against fluid temperature. Such graphs are

given in reference 103, and the similarity Figure 50.  Inlet pressure fluctuations as function of boiler-exit

Boiler-exit temperature, Tyo, K

. ; temperature for various values of heat flux. Mass velocity,
between the curve shapes therein and those in 219 kgl )isec) (2. 06x100 lbm!mﬂ(hr)l; exit pressure,
figures 49 and 50 is very apparent. 690 kN/m® abs (100 psia).
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STABILITY CRITERIA

The main thrust of this publication has
been to chronicle the various ways in which
boiling stability has been improved by forcing
the flow into desirable, stable regimes,
General solutions to problems of boiler
dynamics are beyond the scope of this report
However, limited stability criteria have been
presented in references 3 and 4 for subcooled
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boiling and in reference 9 for low-net-quality
boiling. These experiments were performed
on water boiling in an electrically heated
tube. In addition, extensive and detailed
boiler dynamics studies, dealing primarily
with boiler and flow system transfer
functions, are presented in references 10 to
14 These experiments were performed by
using heat exchangers wherein Freon was
boiled, with pressurized water as the heat
source.



Chapter 5

INITIATION OF VAPORIZATION

This chapter deals with the initiation of
vaporization in liquid metals. The initiation of
vaporization in conventional fluids is well
documented in the literature (see the section
BACKGROUND and also the bibliography).

BULK SUPERHEAT IN LIQUID SODIUM

The initiation of boiling was one of the
major problems encountered in the
sodium-boiling investigation (ref 83). This
problem arises from the ability of sodium to
maintain itself in a liquid state at
temperatures considerably above saturation.
This condition of liquid superheat was
experienced by Bond and Converse (ref 19)
and by Edwards and Hoffman (ref 20) for
both potassium and sodium in
natural-circulation and forced-flow loops with
constant wall heat flux. A series of tests were
made in reference 83 to determine the
maximum bulk superheat attainable at boiling
initiation. Runs were made wherein boiling
was initiated at the boiler exit by raising the
heating-fluid inlet temperature and also by
lowering the boiling-fluid exit pressure with
all other conditions held constant. The results
of these tests are shown in figure 51 The bulk
superheat is defined as the boiling-fluid bulk
temperature minus the local saturation
temperature at the point just before boiling
was initiated. Included in the figure are the
predicted bulk superheats obtained from

static force balances on a spherical bubble as
given by the relation obtained by rewriting
equation (1)
2
P, s - P 1T

r
and wusing the vapor-pressure curve of
reference 104. This computed bubble radius is
a measure of the effective cavity size required
for the initiation of nucleation.

Boiling-fluid flow rate, Data obtained by

[
glsec {bm/hn)

o 60.7t061.7 {48210 490) Raising heating-fluid inlet tem-

o 8.7 (228) perature at constant test fluid
flow rate and exit pressure

Lowering test fluid exit pressure

at constant test fluid flow rate
and heating-fluid inlet tem-

o 613 (487)
© 39.51040.3 (313 to 320}

perature
Bubble radius,
v,
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Figure 51.  Liquid bulk superheat required to initiate boiling at

boiling exit for sodium (ref. 83). Nominal heating-fluid flow
rate, 0.63 ka/sec (5000 lbm/hr).
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The experimental results appear to
follow a line of constant radius (~8.1X10°3
cm). No significant differences in bulk
superheat appear to be caused by either the
method of boiling initiation or the
boiling-fluid flow rate. Note that, because of
the large heating-fluid flow rate relative to the
boiling-fluid flow rate, the exit region of the
boiler during all-liquid flow was essentially
isothermal with zero heat flux. The effective
radius indicated by the data of figure 51 is
extremely small, but photomicrographs of the
niobium—1-percent-zirconium tube wall given
by Bond and Converse (ref. 19) indicate that
the radii of their available effective cavities
were in the range of 1.3X10°5 to 2.5X104
cm. Edwards and Hoffman (ref. 20) also
indicated effective cavity sizes of the same
‘order of magnitude for the initiation of
potassium boiling in a 316 stainless-steel “as
received” tube.

Holtz (ref. 22) and Chen (ref. 23) have
suggested that the incipient boiling condition
is determined by the effective cavity size
corresponding to the maximum cavity
deactivation condition (maximum pressure
and minimum temperature) encountered
before nucleation. To apply Chen’s
prediction, however, requires knowledge of
the cavity geometry, contact angle, and
residual inert-gas pressure in the cavity as well
as the prior pressure-temperature history. If a
cylindrical cavity with a residual inert-gas
partial pressure of 6.9 kN/m? absolute is
assumed, Chen’s analysis predicts that a cavity
of 8.9X10°® c¢cm would give approximately the
experimental values of bulk liquid superheat
for boiling incipience obtained in reference
83.

LIQUID TENSION FOR POTASSIUM AT
INCIPIENT CAVITATION

An important aspect of a cavitating
venturi as a potassium-boiler inlet device is its
behavior at the initial appearance of the vapor

56

phase. The maximum amount of liquid
tension (or superheat) supported before the
inception of vaporization is of prime
importance in determining how far the
venturi pressure must be lowered, or its flow
rate increased, to initiate two-phase flow.

Two different types of incipiency points
were detected during the - experimental
program of reference 105:

(1) Incipient cavitation (determined by
the output of the accelerometer attached to
the venturi body): The sudden increase in
amplitude of the “noise’ signal was taken as
an indication of bubble collapse.

(2) Incipient flow-limited condition
(determined by the sudden change in the
pressure-drop characteristics of the venturi):
The nearly constant mass-flow rate with
progressively larger pressure drops across the
venturi was taken as an indication of greatly
increased volume generation of vapor
downstream of the venturi throat. In some
instances the cavitation and flow-limited
incipiency points coincided; in other cases,
cavitation was detected prior to flow-limited
behavior.

The incipiency results obtained in
reference 105 are presented in figures 52 to
54 in plots of pressure at the throat P;as a
function of nozzle inlet liquid temperature.
This type of presentation permits direct
comparison of incipient boiling data with the
data of reference 105 for potassium flowing
adiabatically through a variable pressure field.
In addition, vapor initiation ‘tests with
potassium and water are described in detail in
appendix B, including some important
flow-system hysteresis effects.

Incipient Cavitation

The minimum values of throat pressure
P, obtained before cavitation noise was
detected by the accelerometer are plotted in
figure 52 as a function of nozzle inlet
temperature T,;. The throat pressures were
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Figure 52. - Throat pressure as function of inlet temperature for incipient cavitation.

-determined from the liquid characteristics of

the venturi nozzle. The results cover two
series of runs: with and without an artificial
throat cavity (ref. 105). Also identified
individually in this figure are the first and
second (chronologically) incipient cavitation
points for each series. Superimposed on the
data are two types of reference curves:

(1) The potassium vapor-pressure curve
(solid)

(2) A family of pressure-temperature
curves (dashed) representing the
liquid pressures necessary to
maintain a force balance around
vapor bubbles of different radii at
thermal equilibrium with the liquid,
calculated from equation (1)

The following conclusions can be drawn from
figure 52:

(1) Fluid conditions for incipient
cavitation at the throat of the venturi were
not at equilibrium, This nonequilibrium, for
most of the data, fell between the curves for
bubble radii of 2.54X10% and 1.27X10% cm.
The few points which deviated are discussed
in items 2 and 3.

(2) The first incipient cavitation points
in each series, with and without the artificial
throat cavity, occurred very close to the
vapor-pressure curve. This behavior could
have been caused by residual argon trapped in
surface cavities when the loop was filled with
potassium. It could have resulted in larger
effective nucleation sites at first, but these
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sites must have subsequently become liquid
filled.

(3) The artificial cavity at the throat did
not have any effect on the mean value of the
liquid tension obtained. This indicates that in
the adiabatic case, neither the
0.02-cm-diameter reentrant hole nor the
0.0013-cm annular gap between the cavity
insert and the drilled hole were generally
active nucleation sites. However, a few of the
incipiency points approached the r
1.27X103-cm line, indicating the artificial
cavity may have sometimes been active.

Onset of Flow-Limited Condition

The results obtained for the onset of
flow-limited behavior are presented in figure

53. The reference curves are the same as those
for figure 52. The data plotted are throat
pressures, measured immediately before the
sudden change in pressure-drop
characteristics, as a function of nozzle inlet
temperature. If the cavitating venturi is to be
used as a boiler inlet, this transition point
may be of greater practical importance than
the inception of cavitation noise.

The following conclusions can be drawn
about the onset of the flow-limited condition:

(1) Fluid conditions at the throat were
not at equilibrium, throat pressures were as
much as 110 kN/m? below vapor pressure.

(2) The throat pressures at the onset of
flow-limited behavior followed the trend
indicated by constant-radius lines. There was
no appreciable difference in the mean value of
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Figure 53. - Throat pressure as function of inlet temperature for onset of flow-limited conditions.
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Figure 54. - Comparison of data for onset of flow limited condition with potassium boiling-initiation data.

critical radius required to fit these data from
that for the inception of cavitation (fig. 52),
but the incipient cavitation data show more
randomness,

(3) The artificial cavity had no effect on
the onset of flow-limited behavior

Comparison with Data on Boiling Initiation

The incipient flow-limited data of
reference 105 are replotted in figure 54, along
with data on incipient boiling of potassium
obtained from the literature. The reference
curves are the same as those in figures 52 and
53. No data on the onset of either cavitation
or flowlimited behavior were found in the
literature. A few investigators, however, have
published data on the initiation of boiling in
potassium. Shown in figure 54 are the data of
Edwards and Hoffman (ref. 20), Chen (ref.
23), Spiller, Grass, and Perschke (ref. 24), and
Grass, Kottowski and Warnsing (ref. 25). The
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methods used by these investigators to
promote boiling and to determine the points
of incipiency were quite varied. Great
variation also existed in the types of surfaces
used, the range of heat fluxes, the potassium
purity, the gas content, and the fluid velocity,
among other factors, as pointed out by
Fauske (ref. 106).

The data of reference 24 on stagnant
potassium show a large scatter, and the results
appear to have no relation to the surface
tension curve. The other referenced data do
appear to follow surface tension trends.
However, the values of critical bubble radius
vary greatly from one investigator to another.
The adiabatic flow-limited data obtained in
reference 105 seem to agree best with Chen’s
data (ref. 23). This should be expected,
because in his tests the fill and testing
procedure and the nature of the test surface
most closely approximated the conditions of
reference 105.
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Comparison of the adiabatic results of
reference 105 with those of Edwards and
Hoffman (ref. 20) shows the difference in
effect of relatively large cavities at the wall
between the adiabatic and diabatic cases. With
heat addition, the presence of -eight
0.015-cm-diameter holes in the wall markedly
decreased the liquid superheat for incipient
boiling. The adiabatic data, as mentioned
previously, showed no effect on the incipient
flow-limited condition from the
0.02-cm-diameter reentrant cavity or the
0.0013-cmannular gap around the -cavity
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insert. This indicates that potassium flooded
these cavities, therefore, such cavities may
become active nucleation sites if heated but
do not under adiabatic conditions.

Chen’s data (ref. 23) indicate a critical
radius of 2.5X10* cm, similar to the data of
reference 105. The Edwards and Hoffman
data (ref. 20) suggest a critical radius smaller
than 2.5X10°5 cm for the as-received surface,
while the stagnant potassium data of Spiller
(ref. 24) show no definite critical radius but
indicate very large superheats.



Chapter 6

PRESSURE DROP

Knowledge of the pressure drop in
boiling is important in both power systems
and cooling applications. The pressure drop
must be known to determine local saturation
temperatures and pumping power
requirements. In addition, the pressure drops
of the boiler and any inlet device are
important parameters in the stability of the
system.

TYPICAL DATA

The problems of pressure drop are
illustrated by typical plots of data (ref. 87)
for a water boiler with full-length helical wire
insert, inlet nozzle, and inletregion plug, as
shown in figure 55. The data were taken with
a boiling-fluid flow rate of approximately 10
g/sec and a heating-fluid flow rate of
approximately 1 kg/sec. In figure 55, the
nozzle-inlet pressure, boiler-inlet pressure, and
boiler-exit pressure are plotted against
exit-plenum pressure for constant nozzle-inlet
and heating-fluid exit temperatures as well as
for constant flow rates. These data are for a
nozzle-inlet temperature of approximately
400 K.

Some observations which can be made
from figure 55 are the following:

(1) The nozzle-inlet pressure P,;
decreases linearly, goes through a transition
region, and then becomes essentially constant
as exit-plenum pressure decreases, in contrast
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to the boiler-inlet pressure P,; which
continues to decline. This insensitivity of the
nozzle inlet to boiler-inlet (nozzle exit)
pressure variations tends to isolate the boiler
from the feed system, when cavitation or
flashing occurs at the inlet nozzle.

(2) The boilerinlet pressure Py;
generally decreases with decreasing
exit-plenum pressure. But at very low exit

5
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120 8 fluid flow rate oscillations of
106 +5 percent or greater
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Boiling-fluid exit-})lenum pressure,
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Figure 55.  Typical pressure data for boiler with full-length helical

wire insert, inlet nozzle, and inlet-region plug (ref. 87).
Boiling-fluid flow rate, ~10 g/sec ~80 Ibm/hr); heating-fluid
flow rate, ~1 kg/sec 8000 Ibm/hr); nozzle-inlet temperature,
~400 K 2600 F); heating-fluid exit temperature, ~433 K
3207 F),
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pressures, the boiler-inlet pressure becomes
essentially constant over a range of exit
pressures. This might tend to dynamically
isolate the boiler inlet from pressure changes
occurring near the exit.

(3) The boilerexit pressure Py,
decreases with decreasing exit-plenum
pressure, until the exit-plenum pressure
reaches values below approximately 24
kN/m? absolute. At these low pressures, there
is. a fairly large pressure drop between the
boiler exit and the exit plenum, this effect is
most pronounced at high exit qualities. The
differences are too great to be due entirely to
instrument error. This pressure drop could
well be caused by two-phase choking at the
tube exit. With no exit vapor superheat the
data are in the range predicted from Fauske’s
slip-equilibrium model for two-phase critical
flow (ref. 107).

ANALYSIS

Application of the laws of conservation
of energy, mass, and momentum yields the
pressure drop as the sum of three terms:
inertial, gravitational, and frictional. From
mass-balance considerations,

= — (l_x) 3)
" pg, \1-« (
and
G
)
P8 \«

Dividing equation (4) by equation (3) and
solving for the void fraction a yields
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Ug ] \Pyg
(This equation is the same as eq. (2) and is
repeated for convenience.) Thom (ref. 61) fit
void-fraction data for water boiling at
pressures from 10° to 2X107 N/m? absolute
and vapor qualities greater than or equal to
0.03 by assuming that the slip ratio u;/u, isa
function of pressure only. The boiling
pressure-drop correlation of reference 85 used
the approximation u,/u;, = ‘/ p; 1P The
assumption that the slip ratio is equal to the
square root of the density ratio has often
been utilized previously Although this differs
from the relation used by Thom (ref. 61), it
should be noted that Thom presents
pressure-drop results only for water at
pressures of 17X10%° N/m2? absolute or

greater (p, /[p; < 100), whereas the present
discussion deals mainly with data for P, [pg >

o=

300. The following analysis is otherwise
similar to that of Thom (ref 61), except for
the treatment of the two-phase friction
factor

Inertial Pressure Drop

The inertial pressure drop for all-liquid
flow at the inlet is obtained as follows:

Gxeug"e

G?
plgc
(6)

Substituting from equations (3) to (5) and
assuming constant flow area and constant

G
AP, =~— (1 - x)u, +
I gc e lLe gc
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physical properties yields

R, G? 7
AP, = (N
P18,

where R; is a function of density ratio and
quality as follows:
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Figure 56. Inertial-pressure-drop multiplier as function of exit

quality for various values of density ratio.

The quantity R; is plotted as a function of
exit quality for various values of density ratio
in figure 56.

Gravitational Pressure Drop

The gravitational pressure drop for
vertical upward flow is given by

_& (Lx
A g, ‘4 P )

For constant heat flux and constant physical
properties, Thom (ref. 61) obtained

g
AP, =('—) pLyR,
&

where R, is a function of density ratio and
quality and, for the slip ratio assumption of
reference 85, is given by

(10

The quality R, is plotted against x, for
various p, /p, in figure 57
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Frictional Pressure Drop

By analogy to single-phase flow, the
frictional pressure drop may be written

L 2
wrem(3) ()

Thom (ref 61) arbitrarily assumed the
effective mean specific volume is given by the
arithmetic average of inlet and exit specific
volumes, thus,

(12)

2

L G
A 4f(7’g) (2P g

IS¢

)(Rl +2) (13)

In reference 85, the constants 2 and 4 were
lumped with f so that

2

Ly G
P8

APp =frp (—5

)(R1 +2) (14)

c
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Gravitational-pressure-drop multiplier as function of exit quality for various values of density ratio.

PLAIN-TUBE NET-QUALITY BOILING

A semiempirical, slip-flow model was
used to evaluate the two-phase friction factors
from experimental pressure-drop data, using
equation (15):

AP - AP, — AP,

(15)
G2 L
) (735) R, +2)

(plgc

In reference 85, the water-boiling data
presented therein and those of Dengler and
Addoms (ref 66) were correlated as a
function of the mean liquid and gas Reynolds

numbers, defined as follows:

frp=

x, 3
Re,=2§ (1 ———)
My 2
b (16)
xe
Re, = o€ (—-)
Mg \ 2 p
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It was assumed that the variation of f7p with
the gas Reynolds number is given by frp «
ReQ ?. Therefore, frpRel?> was plotted
against liquid Reynolds number as shown in
figure 58(a). The data were correlated by the
following equation:

frp=0.020Re;® 2 (1+0.027Ref 5) (17)

In order to demonstrate that this correlation
(ref 85) is applicable to alkali metal boilers,
the plain-tube data for sodium (ref 83) and
potassium (ref 94) are shown in figure 58(b).
The parameter frpRel ? is plotted as a
function of Re; for exit qualities above 0.1
but less than 1.0 and for APg > 25 kN/m?
From reference 83, only data categorized as
stable with no critical heat-transfer
phenomena, are shown. The phase condition
at the boiler inlet is indicated as either liquid

0.2

or flashing, The data agree reasonably well
with the correlation of reference 85(eq. (17))
but on the average do fall somewhat lower. A
better idea of the actual data scatter is given
in figure 59, where experimental and
calculated pressure drops are compared. For
APg .xp > 50 kN/m?, 96 percent of the
experimental data fall within the band 6 to
-20 percent of calculated values. The
percentage of scatter increases for lower
APg .. p, as might be expected, since in both
references 83 and 94, APy is obtained from
the difference between two numbers generally
much larger than APy Thus, it is concluded
that the correlation of reference 85 provides a
valid limiting condition for no swirl (p/D =),
over an exit vapor quality range of 0.1 t0 1.0
for density ratios p,/p, from 330 to 6000,
liquid Reynolds numbers from 1.6X10% to
105, and pressure drops no greater than
boiler-exit pressure.

o0 Xg<0.15

o 0.15<x,<0. 40 No dry-wall boiling
¢ 0,40<x,<0.70

a Dry-walf boiling observed
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Figure 58.  Correlation of two-phase friction factor as function of mean Reynolds numbers of liquid and vapor.
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Figure 59. Experimental boiler pressure drop as function of calcu-

lated boiler pressure drop for alkali metal boiling with no inserts.

NET-QUALITY BOILING WITH INSERTS

In determining the frictional pressure
drop from the experimental data, it is
assumed that the insert affects only the
frictional pressure drop. Any rotational
effects, as well as any changes in AP; and
AP;, are lumped with the actual frictional
pressure drop. Two types of inserts are
considered: a helical wire touching the tube
wall (refs. 86 and 87) and a helical vane
attached to a center rod (ref 94). The effect
of inlet-region plugs is considered negligible
for the data correlated herein. The data of
reference 95 are not used since the boiler
pressure drop listed therein includes the
pressure drop across the inlet orifices and
unheated buffer zones.
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It is assumed that the variation of frp
with Re, is similar to the relation with no
inserts (i.e, frp <« Re®2) Therefore,
frpRed % is plotted as a function of Re, in
figure 60 and compared with the plain-tube
correlation of reference 85. The data of
reference 94 for potassium boiling in a tube
with helical vane inserts and the data of
references 86 and 87 for water boiling in a
tube with a helical wire insert are shown in
figure 60 for 0.1 <x, < 1.0 and AP > 25
kN/m? Only those data from references 86
and 87 categorized as stable, with no exit
vapor superheat, are shown. The data with
inserts fall well above the plain-tube
correlation, as expected, frpRed ? increases
with decreasing pitch-to-tube-diameter ratio
p/D for a given Re, It also appears that the

dependence of frpRed > on Re, is weaker
than in the plain-tube case. The following
equation, shown by the dashed curves in
Pitch-to- Reference
tube-
diameter
ratio,
pID
& Potassium {liquid inlet) 6.0} o
v Potassium (liquid inlety 2.2
[a) Water (liguid infet) L9 86 and 87
o Water (flashing inlet) 19 87

Eq. {17); no inserts

———=- Eq, (18); inserts

& o oo

~

Modified friction factor prReg

R K8

T N R N Y 1 N N
4 6810 2 40 6080100 200x10
Mean liquid Reynolds number. Re;

Figure 60. Correlation of two-phase friction factor as function of
mean Reynoids numbers of liquid and vapor and pitch-to-tube-
diameter ratio for net-quality boiling with helical flow inserts.
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figure 60, is found to fit the data reasonably
well for Re, < 10°

2
prRe§ ?=0.020+ 0.42(9>
14

D 3
+0.00054 (1+—) RePS (18)
p

This equation reduces to the plain-tube
correlation (eq. (17)) in the limit as D/p * 0.
There are insufficient data to extend the
correlation beyond Re, = 10° A better idea

Pitch-to- Reference
tube-
diameter
ratio,
piD
a Potassium (liquid 6.0
inlet) 94
v Potassium (liquid 2.2
inlet)
o Water (liquid 1.9 86 and 87
inlet)
B—e, 2004 ° Water (flashing 19 87
inlet)
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Figure 61. - Experimental boiler pressure drop as function of calcu-

lated boiler pressure drop w;th helical flow inserts. Mean liquid
Reynolds number Rep <10

of the actual data scatter is given in figure 61,
where experimental and calculated pressure
drops are compared. For APg .., > 50
kN/m?, 95 percent of the experimental data
fall within #20 percent of the calculated
values, with the scatter percentage increasing
for lower APg .y, as expected.

NET-QUALITY BOILING PRESSURE DROP

The foregoing empirical correlation of
boiling pressure drop, accounting for the
effect of helical-flow-promoting inserts, is
excerpted from reference 108. A constant-slip
model based on a modification of Thom’s
analysis (ref. 61) is used, with the assumption
that the inserts affect pressure drop through
an increase in the friction factor and a
reduction of the flow area. The correlation is
based on data for water, sodium, and
potassium, covering a range of liquid-gas
density ratios of about 330 to 6000, at
superficial liquid Reynolds numbers from
1.6X10% to 10° The range of boiler
geometries includes p/D as low as 1 9 in tubes
of 11 to 23 cm diameter and with
length-diameter ratios from 73 to 140. The
use of this correlation does not require a
detailed knowledge of the heat-flux and
void-fraction distributions within the boiler,
nor does it require trial-and-error iterations.
Thus, simple straightforward pressure-drop
calculations are made possible.

SUBCOOLED BOILING

Subcooled boiling generates vapor within
a fluid whose bulk temperature is below its
saturation temperature. Thus, when a cold
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liquid contacts a sufficiently hot surface,
vapor forms at the hot wall, and some of it
condenses in the cold liquid stream. The
resulting increased volume and velocity of the
stream produces both a higher heat-transfer
coefficient and a pressure drop often several
times greater than that for all-liquid flow

The problem of subcooled boiling
pressure drop is a particular area of the more
general problem of pressure drop in two-phase
flow, which has been the subject of numerous
experiments and correlations A
comprehensive review of these studies is
presented by Tong (ref 99) In order to apply
such two-phase pressure-drop correlations to
subcooled boiling, it has been necessary that
the vapor fraction be known. Since this is not
generally known, especially at low pressures,
most correlations of subcooled boiling
pressure-drop data have been made on a
purely empirical basis, and the extent of their
validity is unknown. The differences in form
of the various correlations, and the fact that
some data, such as those of reference 89, did
not agree well with any of these correlations
indicated that there was some uncertainty
about the proper method of analyzing the
data, Therefore, a broadly applicable, but
minimally complicated, correlation of
subcooled boiling pressure drop for
low-pressure water flowing in tubes with
constant heat flux was developed (ref. 109).
Use of one of the available void-fraction
predictions (e.g., refs. 48 to 50) would have
greatly increased the complexity of the
formulation in reference 109 It was therefore
necessary to approximate the effects of void
fraction on pressure drop.

A one-dimensional flow model was
developed which related the pressure drop for
subcooled boiling inside straight, circular
tubes with constant heat flux to parameters
generally known (physical properties, heat
flux, mass velocity, and geometry) and to one
unknown variable, the net fraction of heat
added to the fluid which goes into
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Figure 62.  Differential control volume for subcooled boiting fiow.

vaporization. The basic equations of change
were applied to the differential control
volume shown in figure 62. It was assumed
that a modified single-phase friction factor
could be used. Thus, an equation for the local
pressure gradient was obtained, dependent
only on known quantities and the
vaporization rate parameter . This equation
was then integrated for constant heat flux,
physical properties, and vaporization rate
parameter The overall pressure drop was thus
obtained as a function of known quantities
and the effective mean value of the
vaporization rate parameter The method of
correlation was to determi  nean values of
this vaporization rate parameter from
experimental pressure-drop data and then
correlate this parameter as a function of test
variables. This analysis is given in reference
109.

The subcooled boiling pressure-drop data
of references 89 and 110 were examined. The
experimental pressure-drop data yielded mean
values of the vaporization rate parameter 7.
As noted by Kroeger and Zuber (ref. 39), the
point of boiling initiation z, is quite
important, and no widely applicable means is
available to determine it. Therefore, reference
109 used only data for which were given
either z, (ref 110) or the wall temperature
distribution, from which z, may be estimated
(ref 89). Whether this z, indicates the first
surface bubble nucleation or the point of the
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first bubble departure is uncertain. The mean
vaporization rate parameter was correlated as
a function of known variables. Finally, as a
check, the correlation obtained was used to
predict the pressure drop, and this calculated
pressure drop was then compared with
experimental data. This was done for the data
(refs. 89 and 110) used in obtaining this
correlation and also for the data of Owens
and Schrock (ref 111).

Figure 63 shows the mean vaporization
rate parameter y plotted against subcooling
number N,, for various values of boiling
number N, over a wide range of test variables
at an exit pressure of 690 kN/m? absolute, It
can be seen that ¥ decreases with increasing
N,. for constant N, Also, ¥ increases with
increasing N, at constant N,, No effects of
heat flux or mass velocity, except as
accounted for in N,, are seen, nor are there
any effects of geometry not accounted for in
the equations. The data for a given pressure
may be reduced to a single curve by plotting ¥
against N,.Ni® 7, as shown in figure 64. In
order to account for the effect of pressure, 7
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is plotted against Ny.N® 7(p; /pg)° 5 in
figure 65. Data for very low pressure drops
are not shown on this figure since there is
considerable scatter in such data. It should be
noted that N, is based on heat-balance
enthalpies. As has been previously observed
(refs. 39, 40, and 112), liquid temperatures in
the subcooled boiling regime are less than a
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heat balance would indicate, thus,
establishment of limiting behavior can only be
approximate. In the limit as N, +0, 7 is
assumed to approach 1.0, so the following
simple equation yielding this limit is used:

(—f;—“fB) - [47/1\/,, + 2EP(%,>] (%>

Pe8.

r iy

g
I 2 Psz("—)

b c

+4YfrpNy (D) +F G2

P8,
— o~

JLCll
(:)e)

1

P
1+0.0145N, N; © 7| =
Pg

<1
Il

(20)

b

where

No attempt is made to establish limiting
behavior at low & This would require
prediction of the inception of boiling and is
beyond the scope of this publication.

The data correlated are for water at
pressures from 115 to 2860 kN/m? absolute,
for mass velocities from 8.3 to 141
kg/(m?)(sec), and for heat fluxes from 410 to

70

Exit pressure,

Pes
KN/m2 abs (psia)
o 117 (171 Jeglic, Stone, and Gray
4l o 310 (45)] (ref. 89)
‘ o 310 45
2 40 {60V Reynolds (ref. 110)
2l v 516 (75
o 690 (100)
7 O 690 (1000 Jeglic, Stone, and Gray
1>~ 1 (ref. 89
5 BE
= -
s %r
3 -
b
® L
f oy
2w
=
g
g 0n—
S 008
D -
= e \
004 } Eq. (20~
ooz L Lo tatld 1
80100 200 400 600 1000 2000
D|men5|onless paratonq:'ter
Nsch (pllp)
Figure 65. Mean vaporization rate paramst%r as function of di-

mensionless parameter Ng N;0-7 (ylpg)

11 000 kW/m? The boiling number, defined
as heat flux divided by the quantity mass
velocity times latent heat of vaporization,
ranges from 0.06X103 to 1.56X103® The
effects of void fraction are lumped in the
vaporization rate parameter. Therefore, this
model should not be used to predict void
fraction explicitly Calculations based on this
correlation are simplified since no
independent prediction of void fraction nor
experimental void fraction data are required
in order to predict the pressure drop.

INLET NOZZLE

Since converging-diverging nozzles
appeared attractive as boiler inlets, adiabatic
flow tests were conducted with both metal
and transparent venturis and double-cone
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nozzles, as described in appendix B. Although
not fully understood, in order to facilitate
design calculations, the pressure-drop data
obtained in those tests are presented here in
the form of flow coefficients for both the
two-phase and all-liquid flow cases.

Two-Phase Flow

Although no simple equation precisely
describes all the flow regimes observed, the
data generally fall with small scatter on plots
of saturation two-phase flow coefficient C;

against heat-balance quality. This flow
coefficient is given by
W,
G = 21
* 2plgc( - m s) ( )
Amin K
Negative heat-balance qualities are the

measure of nozzle-exit subcooling. Such plots
are shown in figure 66 for each set of data.
The potassium data (ref 105) are shown in
figure 66(a). The effect of quality on
subcooling is so weak as to be probably
insignificant, although C; does increase
slightly with increasing x,.. The flow
coefficients are lower by about 15 percent
with the artificial throat cavity than without,
indicating that some vaporization probably
occurs in the throat region with the insert but
not without it. The data for water flowing
through this same size large venturi are shown
in figure 66(b). These are the only data which
do not all correlate well as C; against x,, ., the
nonequilibrium, hysteresis, separated flow
data show quite low values for relatively large
negative x,. (therefore large nonequilibrium
effects). Otherwise, the data agree fairly well
with the potassium data, but they do show an
increase with increasing x, .. The data for the
double-cone nozzle are shown in figure 66(c).
On the average, coefficients may be somewhat
lower with the insert than without, but the
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Figure 66,  Saturation flow coefficient as function of nozzle-exit
heat-balance quality for various fluids and geometries tested.
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difference is small. There is no significant
trend with x,.. The coefficients are lower
than for any other configuration, probably
because of losses at the transition from the
inlet cone to the throat section. The data for
water flowing through the small venturi are
shown in figure 66(d). These data agree fairly
well with the large-venturi potassium data
(fig. 66(a)) and the water data (fig. 66(b)) not
affected by hysteresis. With this set of data,
there does appear to be a consistent, though
slight, trend for C; to increase with increasing
Xne

All-Liquid Flow

For each combination of fluid and
geometry tested, the all-liquid data normalize
well as plots of flow coefficient against throat
liquid Reynolds number, where the flow
coefficient is given by

Wy

C=
2p,8.(Py;
A min K

Figure 67 shows plots of the all-liquid flow
coefficient against throat liquid Reynolds
number The data for potassium flowing
through a 0.258-cm-throat-diameter venturi
are shown in figure 67(a) for the venturi with
and without the artificial throat cavity (ref.
105). In general, the flow coefficients without
the cavity are higher, as expected. There does
not appear to be any significant effect of
Reynolds number. The data for water flowing
through the same size venturi (0.258 cm) are
shown in figure 67(b), no throat cavity was
used. The coefficient increases with Re, over
almost the full range, and the coefficients at
high Reynolds numbers are considerably
larger than for potassium. The cause of this

_Pne) (22)
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has not been fully resolved but appears to be
related to surface roughness. The data of
reference 113 for water flowing through a
0.064-cm-throat-diameter, double-cone,
converging-diverging plastic nozzle are plotted
in figure 67(c), both with and without the
tapered plug and helical wire insert in the
diffuser. As might be expected, because of the
smaller size and the sharp corners, these flow
coefficients are less than those for the large,
smooth venturi. The flow coefficients increase
with increasing Reynolds number at low
Reynolds numbers and then begin to flatten
out at higher Re,. At high Reynolds numbers,
the flow coefficient is greater with the insert
than without, indicating that the tapered cone
in the diffuser decreased the effective diffuser
angle. Finally, the data for water flowing
through the 0.072-cm-throat-diameter venturi
(ref. 87) are shown in figure 67(d). Although
two inlet-region plugs were used, they were
identical between the venturi inlet and exit
pressure taps. These data show flow
coefficients increasing with increasing
Reynolds number at low Re, and then
approaching a constant value. This small
venturi appears to be intermediate in flow
coefficient between the larger, smooth venturi
and the small, sharp-cornered, double-cone
nozzle, as might be expected.

Discussion of inlet Nozzles

Although a complete understanding of
nonequilibrium flow processes in nozzles is
not contained herein, the data can serve as a
guide to inlet design. From figures 66 and 67
the designer can readily size inlet nozzles. For
example, for a fairly smooth venturi, C; ~
1.0, so if the flow rate, inlet temperature, and
available pressure are specified, the throat
area and hence diameter can be calculated
from equation (21).
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Figure 67.  All-liquid flow coefficient as function of throat liquid Reynolds number for various fluids and geometries tested.
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Chapter 7

HEAT TRANSFER

There have been numerous studies of
boiling heat transfer, as can be seen in the
bibliography But there is still no generally
applicable means available to predict boiling
heat transfer, especially for high-density-ratio
fluids such as alkali metals and low-pressure
water. Average boiling-side heat-transfer
coefficients are required in order to size the
boiler, and local heat-transfer coefficients are
needed in order to determine the internal
performance of the boiler Local heat-transfer
coefficients are discussed first, followed by
average coefficients.

LOCAL HEAT-TRANSFER COEFFICIENTS

Figure 68 shows typical temperature and
voidage profiles for a boiler with uniform heat
flux, subcooling at the inlet, and net quality
at the exit. This figure also illustrates some of
the terminology used in this chapter The
point of boiling initiation, as determined from
the wall temperature profile, is at zo, other
parameters evaluated at this position are
denoted by the subscript 0. The subscript d
denotes the point at which bubbles first
detach from the tube wall. The point where
the heat-balance quality is zero is indicated by
the subscript I Any quantity which is
corrected for nonequilibrium is indicated by a
superscript prime. The data presented in this
section are limited to the electrically heated
water-boiling data of references 79, 80, and
89 to 91, since it is difficult to determine
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Figure 68.  Typical boiler temperature and voidage profiles with
definition of terminology.

local coefficients from heat-exchanger boiling
data.

Typical Data for Water Boiling in Tube
with Uniform Heat Flux

Large subcooling at inlet. - Typical
heat-transfer data with large subcooling (~83
K) at the inlet are shown in figure 69. Local
inner-walland bulk temperatures are plotted
against axial distance from the start of heating
in figure 69(a). The bulk temperatures are
based on an equilibrium heat balance. The
resulting local heat-transfer coefficients, based
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Figure 69. - Typica! heat-transfer data for large subcooling at inlet 83 K or ~310° F). Tube inside diameter, 1.219 cm (48 in. ); mass velocity,
~5%0 kgl(mz)(sec) ~437x103 bmiE2thn); exit pressure, ~117 kN/m2 abs ¢17 psia). (Data from ref. 90.)
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on bulk temperature, are plotted against
distance in figure 69(b). (The mass velocities
reported in reference 90 are low by a factor
of 100 but have been corrected herein.)
Papell’s correlation of subcooled boiling heat
transfer (ref 65) is shown for comparison.
Three runs are shown with constant mass
velocity, exit pressure, and inlet temperature
and for various heat fluxes.

At the lowest heat flux, the inner-wall
temperature does not rise above saturation
temperature until near the exit, and no
boiling occurs. The local heat-transfer
coefficient decreases with distance in the
thermal entrance region (ref 91) and then
increases slightly due to the effect of the
increasing temperature on physical properties.
For the intermediate heat flux, the inner-wall
temperature rises with distance rapidly
enough that subcooled boiling is initiated in
the thermal entrance region. The heat-transfer
coefficient then increases with distance
throughout the rest of the tube, all in the
subcooled boiling regime, Qualitatively similar
results are seen for the highest heat flux
although boiling is initiated nearer the inlet,
net vapor is produced (x, = 0.044), and the
boiling heat-transfer coefficients are higher.
Note that, for both runs with boiling in figure
69(a), the inner-wall temperature increases
with distance in the subcooled boiling regime.
This effect is not predicted by most
subcooled boiling heat-transfer correlations
(e.g., refs. 62 to 64) but is of small
magnitude Throughout most of the
subcooled boiling regime the experimental
heat-transfer coefficients do not deviate
greatly from Papell’s correlation (ref. 65). But
the experimental data show less effect of
distance (or subcooling) than predicted, and
the deviation becomes large as the
heat-balance (negative) quality approaches
ZETO0,

Small subcooling at inlet — Typical
heat-transfer data with small subcooling (~22
K) at the inlet are shown in figure 70. Local
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inner-wall and bulk temperatures are plotted
against axial distance from the start of heating
in figure 70(a). And the resulting local
heat-transfer coefficients, based on bulk
temperature, are plotted against distance in
figure 70(b). Papell’s correlation of subcooled
boiling heat transfer (ref. 65) is again shown
in figure 70(b) for comparison. Four runs are
shown with different heat fluxes and the same
mass velocity and inlet temperature, the
resulting exit quality ranges to 0.247 The
exit pressure is 119 kN/m? absolute at the
lowest heat flux and increases by
approximately 7 (kN/mz for each successive
increase in heat flux. This increase in exit
pressure is caused by the increasing pressure
drop between the boiler and condenser with
increasing quality,

At the lowest heat flux, subcooled
boiling is initiated somewhere near the middle
of the tube, but the exact point is difficult to
determine. The bulk condition at the exit is
slightly subcooled. For the higher heat fluxes,
subcooled boiling is initiated in the thermal
entrance region, and net exit quality is
produced. For all four runs, except very near
the inlet, there is a general trend for
inner-wall temperature to increase slightly
with distance in the subcooled boiling regime.
For the three higher heat fluxes, at a given
position, the heat-transfer coefficient A
increases as the heat flux g increases in the
subcooling boiling regime (fig. 70(b)). But
then at a fairly low net quality, & takes on
values of ~60 kW/(m?)(K) and does not vary
greatly thereafter with heat flux, distance, or
guality. The agreement with Papell’s
correlation (ref. 65) is poorer here than for
figure 69, especially for the lowest heat flux.

Subcooled Boiling of Water in Tubes

A common way of presenting boiling
heat-transfer data is to plot heat flux g against
wall superheat T, — T, Figure 71 gives such
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Figure 70. Typlcal heat- transfer data for small subcooling at inlet 22 K or ~420% F), Tube inside diameter, 1.219 cm (48 in. ; mass velocity,
~590 kgl(m Nsec) ~437x10° Ibmi(ft2)(hr)); exit pressure, 119 to 146 kNImZ abs (16.9 to 21.2 psia). (Data from ref. 90.)
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Figure 71, - Heat flux as function of wall superheat during subcooled boiling for various mass velocities and subcoolings. Exit pressure,

~114 kN/m? abs ¢16.5 psia).

a plot for an exit pressure of ~114 kN/m?
absolute, the data of references 89 and 90, as
well as some limited data from reference 91,
are shown. Two tube diameters and four
length/diameter ratios are included. The wall
temperature measuring station 0.64 cm
upstream of the test section exit is used,
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except for the 1.22-cm-inside-diameter-tube
data of reference 91, where the station 1.90
cm upstream of the exit is used. Local
subcooling T — T; ranges from 3 to 66 K.
The range of mass velocity is from 67 to
14 100 kg/(m?)(sec), while the heat-flux
range is from 101 to 11400 kW/m?2. The
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correlations of Rohsenow (ref. 62),
Engelberg-Forster and Greif (ref. 63), and
Forster and Zuber (ref. 64) are shown for
comparison. Although the data fall into a
rather broad bandi(~22 K) and cannot be said
to agree with any correlation, the figure is
useful in summarizing the range of results
obtained. It may be that the effect of other
variables, such as mass velocity and
subcooling, must be accounted for. The
correlation of reference 64 gives
approximately the lower limit of g for a given
T,, — Ts. But it appears that the correlation
of either reference 62 or 63 would give
reasonable, approximate results for many
applications wherein the boiling-side thermal
resistance is a small fraction of the overall
thermal resistance, as is often the case.

Net Boiling of Water in Tubes

Most correlations of net-boiling
heat-transfer coefficients relate h/h; to the

Martinelli parameter
pg)OS (ﬂg)o 1
Py M (23)

()

where 4, is the heat-transfer coefficient for
all-liquid flow at saturation temperature.
Figure 72 gives plots of A/h; against x/(1— x)
for mass velocities of ~68 and ~590
kg/(m?)(sec) at an exit pressure of ~117
kN/m? absolute, for Ly /D = 100. The term
h, is determined from reference 91 and is
approximated over the current range of

1—x
X

interest by
h,D DG\0 8 [C,14\0 47
—=0.0232{ — —
k (”1 ) (k ) @4

in consistent units. Although some orderliness
with regard to heat flux can be seen in both
parts of the figure, it is apparent that the
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effect of mass velocity is not properly
accounted for. The correlation of Dengler and
Addoms (ref 66) is shown for comparison.
Although the data are not in agreement with
the correlation, the slopes appear to agree at
relatively high qualities (fig. 72(a)).

Similar plots are shown in figure 73 for a
mass velocity of ~68 kg/(m?)(sec) and for
exit pressures of ~114 and ~26 kN/m?
absolute for Ly /D = 50. The data of figures
72(a) and 73(a) show good agreement
between the two different Ly /D test sections.
But the experimental data show that, for
constant heat flux, mass velocity, and quality,
h/h  (and also A) increases as pressure
increases. However, the correlation of
reference 66 (and also those of refs. 67 to 70)
predicts the opposite because of the physical
properties in X, Although the correlations
of references 66 and 70 include a
nucleate-boiling term which is not directly a
function of X,,, the contribution of the
nucleate term is not of sufficient magnitude
to reverse the pressure effect in either case.
Thus, these correlations in terms of X, are
considered inadequate.

Selection of Form of Heat-Transfer
Coefficient to Represent Bailing

In net boiling (equilibrium heat-balance
quality x > 0) the heat-transfer coefficient is
usually defined as g/(T,, — T;), while in the
subcooled boiling regime, either g/(T,, — T,)
or g/(T, — T,) is commonly used. For cases
where radial acceleration (and therefore,
pressure gradients) are involved, g/ T\, — Ty, ,,)
is often used. In figures 69(b) and 70(b) the
definition # = q/(T,, — T,) is used with T, =
Ts for x > 0. These heat-transfer coefficients
are plotted against local equilibrium
heat-balance quality x in figure 74(a). It can
be seen that 4 increases rapidly with x in the
subcooled region (x <0) and passes through
a maximum in the low-quality range. In figure
74(b), hy = q/T,, —T;) is plotted against x for
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Figure

kNImZ abs #17 psia); heated length-diameter ratio, 100.

these same conditions. Here, it is difficult to
find any consistent trends. However, these
definitions of the heat-transfer coefficient are
not the only ones possible. Since some of the
heat added to a fluid in subcooled boiling
goes into the production of vapor, the
remaining liquid has a lower average
temperature T; than that calculated from an
equilibrium heat balance. Performing a heat
balance from the point of boiling initiation
(subscript 0) to any downstream point,

(z — %
4q(z —z,) (l 7') 25)
1 -x

T,=T,, +
booLO DGe,

81

2. Ratio of hoiling to liguid heat-transfer coefficients as function of equilibrium heat-balance flow ratio. Exit pressure, ~117

where x' is the actual quality and ¥ is the net
fraction of the heat added from zy toz going
into vaporization, x'/ (x — x,). There are
several means available for predicting x’ and
v, for the present discussion the following
simple relation suggested by Levy (ref. 41) is
used:

X' =x —x,e*/*a)~1 (26)

where x; is the equilibrium heat-balance
quality at the point where bubbles first depart
from the surface; hereinafter, x; is taken to
be xo. The heat-transfer coefficient corrected
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Figure 73. - Ratio of hoiling
kgl{m®){sec) 501

for nonequilibrium 4’ = g/(T,, — T}) is plotted
against the equilibrium heat-balance quality x
in figure 74(c). It can be seen that the range
of A’ values is much less than that of 4 or A,
and the variation of 4’ with x is less than that
of h or h,.

Another reasonable plot to make is 4’
against x'; this is shown in figure 75. In both
figures 74(c) and 75 there is an apparent
effect of inlet temperature, other relations,
suggested by Kroeger and Zuber (ref. 39), give
similar results. This may be due in part to the
contribution of nucleate boiling, but neither
of the correlations attempting to account for
nucleate boiling (refs. 66 and 70), using
nonequilibrium quality, agrees well with the
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t% liquid heat-transfer coefficients as function of equilibrium heat-balance flow ratio. Mass velocity, ~68
Ibm/(ft)(sec)); heated length-diameter ratio, 50,

data. However, note that equation (26) is an
assumed equation, used previously only for
smaller subcoolings, and also that the
assumption that x, = x4 may contribure to
the apparent subcooling effect. It appears that
x' is calculated to be too large; pressure-drop
calculations also indicate that x’ is too large.
Therefore, although it might be possible to
obtain ' as a function of x or x', as well as g,
G, and physical property values for a given
initial subcooling, it appears that a
nonequilibrium model valid over a wide range
of subcooling and pressure is still required
before a general correlation of the data will be
successful.
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Rotating Water Boiling

The effects of gravity or acceleration on
nucleate boiling can be independently
controlled and studied in a rotating boiler
such as that reported in references 79 and 80.
Aside from the various vapor-separation
effects discussed in chapter 3, the effect of
acceleration on boiling heat-transfer
coefficients is of interest here, as well as
acceleration effects on inlet subcooling, liquid
level, fluid temperature distribution, and

33

boiling incipience. These effects are now
summarized from the results of references 79
and 80.

In figure 76, heat flux is plotted against
wall superheat T, - T ,, for accelerations of
50, 100, 200, and 400 g’s. In the
low-heat-flux boiling region (where natural
convection is important), the boiling
coefficient (ratio of ordinate to abscissa)
increases markedly as acceleration increases.
This coefficient increases as much as 60
percent from 50 to 400 g’s. At the higher heat
fluxes the heat-transfer curves for the various
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accelerations converge into a narrow band of
wall superheat values (£1 K), with the higher
accelerations converging at progressively
higher heat fluxes. Within the narrow band of
wall superheats at high heat fluxes, a slight
trend is evident for a reversal of the effect of
acceleration compared with that at low heat
fluxes. However, any reversal at high heat
fluxes is as small in magnitude as the usual
scatter in such experimental data.

Inlet liquid subcooling to 36 K does not
measurably affect nucleate-boiling
coefficients over the range of 25 to 200 g’s.
This result is consistent with the subcooled,
forced-flow, fully developed boiling data of
reference 89, taken with water at 1 g and low
pressures.

At increased accelerations, boiling
heat-transfer coefficients increase consistently
with increased depth of fluid. For example, at

378

200 g’s and 179-kW/m? heat flux, the
coefficient increased 24 percent for an
increase in depth of 185 percent. At 25 g’s,
the changes in coefficient were much less.
This trend is in agreement with that of
increased pressure in normal pool boiling.
Temperature variations with depth of
boiling fluid are accentuated with increased
acceleration. Measurements of the radial
temperature profile in the boiling annulus
reveal a distinct tnversion, which is
undoubtedly linked to the secondary-flow
cells and subcooled feed-water supply
discussed in chapter 3. Two typical radial
temperature profiles at 200 g’s are shown in
figure 77. They show the thin thermal layer
niear the heated surface covered by the bulk
of the fluid, which is several degrees cooler
than the vapor saturation temperature. At the
liquid-vapor interface the fluid temperature

Tw =386.640.3 K (23%.2+0.6° F) T"” = 395.640.2 K (252.444° F)
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(b) Heat flux, 362 000 WIm? (115 000 Btul(hrft2)).

Radial temperature profiles in boiling annulus. Rotative acceleration, 200 g's.
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closely approaches the vapor temperature.
This complex, highly accelerated,
once-through boiling process, although stable,
is not in thermodynamic or phase equilibrium
and is not characterized by saturated
pool-boiling models.

Incipient boiling data, as expected, show
that as acceleration increases, both heat flux
and wall superheat increase at the points of
incipient boiling. In common with more
conventional boiling test results, the
rotating-boiler data include minor
complications attributable to hysteresis and
surface aging effects.

SHELL TEMPERATURE PROFILES AND
OVERALL HEAT-TRANSFER
COEFFICIENTS

For boiling in heat exchangers, local
parameters such as heat-transfer coefficients
and quality are generally quite difficult to
determine. The local heat flux must be
obtained by differentiating the heating-fluid
temperature profile, which is generally
obtained from the shell outer-wall
temperatures, this calculation is usually not
very accurate. Furthermore, in many cases,
boiling-fluid and tube inner-wall temperatures
are not measured in order to avoid having
thermocouples inside the experimental flow
passages. Some insight into the nature of local
overall coefficients, however, may be
obtained by the use of measured shell
outer-wall temperatures and boiling-fluid
temperatures estimated from pressure-drop
calculations.

Plain-Tube Sodium Boiling

Sodium-boiling shell temperature
profiles were previously presented herein (fig.
13) in comparing allliquid and two-phase
inlet conditions. One way of utilizing the
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measured shell temperatures is the method
suggested by Stein (ref 114), in which the
natural logarithm of a dimensionless shell
temperature (Tsp, — Tp;)/(Th; — T5:) is plotted
against the dimensionless axial distance
4z/DPe. A linear plot indicates a constant
overall heat-transfer coefficient, with the
value of the coefficient proportional to the
slope of the curve. A few plots of this type
were made by Lewis, Groesbeck, and
Christenson (ref. 83), and they gave the
following indications:

(1) For the liquid inlet tests, the local
overall heat-transfer coefficient was constant
in the boiling region, except for a short
transition length following the point where
the superheated liquid began to vaporize. The
local coefficient upstream of the initiation of
two-phase flow was also constant and agreed
well with predictions based on liquid-phase
convection.

(2) For the two-phase inlet tests, a
constant local overall coefficient was obtained
only in the downstream section of the boiler.
Near the boiler inlet a lower value of the
coefficient was obtained which gradually
increased with length until it reached an
asymptote whose maximum value
corresponded with that of the boiling region
of the liquid inlet tests. As the inlet quality
was reduced and/or the initial temperature
difference T}, — Tp; increased, the value of
this asymptote decreased.

The local heat-transfer coefficient may
also be determined by assuming the
heating-fluid coefficient and differentiating
the shell temperature distribution to obtain
an approximate heat flux. The actual local
heating-fluid bulk temperature and heat flux
can then be obtained by a trial process. A
local boiling-fluid saturation temperature
approximated from the pressure-drop data
can be used to compute the local overall
heat-transfer coefficient, quality, and tube
wall temperatures. Results of such an
approach are shown in figure 78. Details of
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the computation are given in reference 83.
This run had a two-phase inlet condition and
was relatively steady. The local heat flux and
quality varied almost exponentially with
length, while the local overall heat-transfer
coefficient increased in the upstream section
of the boiler and was essentially constant
thereafter. The computed results of figure 78
indicate that heating-fluid convection and
tube wall conduction constitute the major
parts of the thermal resistance. Hence, large
variations in the local boiling coefficient
would have only minor effects on local and
average overall heat-transfer coefficients.
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Water Boiling with Helical Wire Insert

Several runs were made in reference 87
with relatively low heating-fluid flow rates in
order to get relatively large shell wall
temperature gradients and thus better
resolution of local heat-transfer data.

Figure 79 shows typical temperature
profiles for exit quality low enough that no
dry-wall boiling occurs and with the inlet
nozzle flashing to ~0.03 vapor quality The
shell wall temperatures shown are
experimental data. For the boiling fluid, only
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the inlet and exit temperature were obtained
as experimental data. Therefore, the curve of
T, against distance was estimated by using
the pressure-drop correlation presented in the
preceding chapter The inner-wall temperature
was then calculated by using heating-fluid and
wall resistances from reference 87 Note that
the heat flux, which is proportional to
dT,,/dz, remains approximately constant,
while the overall and boiling-side
heat-transfer coefficients decrease with
length, since T,y — T and T, — T increase.
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Figure 80. - Typical temperature profiles for water boiler with heli-
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This trend was consistently observed in
references 85 and 86.

Figure 80 shows typical temperature
profiles for high exit quality, again with the
inlet nozzle flashing, this time to ~0.02 vapor
quality. In this case the onset of dry-wall
boiling was observed, at about 76 cm from

the start of heating. The boiling-fluid
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Figure 81. - Local overall heat-transfer coefficient as function of
axial distance from start of heating for various heating-fluid
flow rates. Boiling~fluid fiow rate, ~0,011 kg/sec &85 lbm/hr),

exit-plenum temperature showed ~59 K
vapor superheat, indicating that heat was
being added to the vapor even though some
liquid remained. Until the onset of dry-wall
boiling, the trends are the same as those in
figure 79.
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The effect of the heating-fluid flow rate
W, on the variation of the local overall
heat-transfer coefficient U with distance z is
shown in figure 81. For relatively low
qualities, U decreases with increasing z and, as
expected, U increases with increasing W, . At
higher qualities, because of dry-wall boiling,
the curves for various values of W,, cross. This
is reasonable since the higher the heating-fluid
flow rate, the higher the boiling-fluid quality
at a given location, and in the region beyond
the initiation of dry-wall boiling, the
boiling-side heat-transfer coefficient generally
decreases with increasing quality

Probably the most significant of these
results is that, for these data, the local overall
heat-transfer coefficient decreases with
increasing distance, and therefore with
quality, before the onset of dry-wall boiling.
The opposite effect is often expected.

AVERAGE BOILING HEAT-TRANSFER
COEFFICIENTS

Although there is considerable
uncertainty in the prediction of local values
of the boiling heat-transfer coefficient, the
problem of determining the required
heat-transfer area is not too severe. For the
boiling of alkali metals, the boiling-side
thermal resistance is nearly negligible prior to
the boiling crisis. And a correlation of average
boiling-side coefficients has been obtained for
water.

Boiling-side heat-transfer coefficients
were generally not computed for the
sodium-boiling tests of reference 83 because
of the limited precision of the data and
uncertainty as to the correct value of the
heating-fluid heat-transfer coefficient. Such
problems are common for liquid-metal-boiling
heat exchangers. The problem of accuracy is
illustrated by figure 78. The estimated tube
inner-wall temperature was less than 5.6 K
above the estimated boiling-fluid temperature,
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and this is close to the +1/4 percent limit of
thermocouple error

Plain-Tube Water Boiling

Experimental values of the mean
boiling-side heat-transfer coefficient #,
increase strongly with flow rate and exit
quality (provided that the transition to
dry-wall boiling does not occur). This increase
of h;, with flow and exit quality indicates that
the dominant mechanism may be of a
convective nature. The effect of flow rate can
be approached by assuming that A, is
proportional to h,, the coefficient for
all-liquid flow at the same total flow rate and

temperature:
% 08 /. 0.5
h, =0.023 (_l\)(RQ) (_ﬁf )
D /\y, k
W/(m?)(K)

27

This is shown in figure 82, where h,/h, is
plotted against x, for exit pressures of about
55 and 117 kN/m? absolute. The mean
boiling-side heat-transfer coefficient increases
with increasing pressure for a given flow rate
and exit quality, even though the vapor
velocity would tend to decrease because of
the increasing vapor density The effect of
pressure may be correlated by plotting A, /A,
against x.(Pp./P.)° 5, where P, is the
thermodynamic critical pressure, as shown in
figure 83. The data are those of references 57
and 85. The data may be correlated as
follows, as long as dry-wall boiling does not

occur, for exit qualities greater than
L5cpy (Thes — Toi)/N

h, Py,

—_— =1+ e

" 1 +200x, P, (28)
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Figure 83. - Ratio of mean boiling-side heat-transfer coefficient to
that for all-liquid turbulent flow as function of exit quality and
pressure for no dry-walt boiling and exit quality greater than
1.5 Cp'l (Tbe, s Tbi)ﬂ.

It is believed that subcooled boiling effects
cause discrepancies at lower exit qualities, for
the ranges of variables correlated. The data
correlated are for £, /P, from approximately
103 to 10°? Since the properties involved are
uncertain, extrapolation is uncertain.

This correlation was based on an
enthalpy-weighted mean temperature
difference between heating and boiling fluids

e [ Wpep

ATm = ATsc — (Tbe,s =Ty
—_— (X W, A
+ ATy 29

The arithmetic mean temperature difference
in the subcooled region AT, was averaged
with the arithmetic mean temperature
difference over the remainder of the boiler
ATy, with the heat loads in each region as
weighting factors. Pressure drop was
neglected. Note that for constant heat flux,
AT, . is the arithmetic mean temperature
difference.

Water Boiling with Helical Wire Insert

Because of the larger pressure drops with
the inserts, in applying this correlation to
boilers with inserts (ref 87), pressure drop
must be accounted for in AT,, Therefore,

—_— Wbcp,

ATm =AT_“. 0 (Tbi's - T,
Wbcp

_— Ni
+ ATB I - Q (Tbi,s - Tni)

(30)
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Figure 84, Ratio of effective mean boiling-side heat-transfer

coefficient to that for all-liquid turbulent flow in plain tube
as function of quality-pressure parameter; comparison with
plain-tube boiting (ref. 85).
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and for flashing at the inlet nozzle, AT,, =
ATy Experimental values of the coefficient
ratio hy,/h,;p,, for runs showing no
indications of vapor superheat or flow
oscillations as great as 5 percent, are plotted
against the parameter x.4/P,./P.in figure
84(a). The data of reference 86 for the same
boiler and plug, but for a larger inlet nozzle,
are also shown. For inlet subcoolings of 26 K
or greater, the experimental data agree with
the plain-tube correlation. But for inlet
subcoolings of 17 K or less and for flashing at
the inlet nozzle, coefficient ratios range from
plain-tube values to about four times as great.
No appreciable difference could be noted
between the heat-transfer results from the
short plug, which only reached to the
beginning of the heated zone, and those from
the long plug, which extended more than 20
c¢m into the heated zone. Experimental data
with exit vapor superheat are shown in figure
84(b). As might be expected the coefficient
ratios are generally less than with no
indication of vapor superheat, and no general
trend can be cited.






Chapter 8

CONCLUSIONS

The performance of boiling heat
exchangers has been progressively improved
by a systematic series of modifications and
tests. The best tubular-boiler combination
tested was a venturi-type converging-diverging
nozzle followed by a tapered inlet-region plug
extending into the nozzle diffuser and a
full-length helical wire insert. An attractive
feature of such an inlet configuration is that
by sufficiently preheating the liquid, flashing
can be caused in the nozzle, giving a fixed
location for the initiation of two-phase flow
and a desirable flow regime entering the boiler
proper Thus, instability problems associated
with motion of the zero-heat-balance-quality
interface are avoided, as well as a problem
often encountered with alkali metals, that is,
nonequilibrium liquid superheat in the boiler
tube.

Tests on novel nontubular and
vortex-inlet boilers showed good potential,
and more research on these configurations
should be pursued.

The results of this experimental and
analytical program directed toward the
stabilization of once-through boilers may be
summarized as follows:

1 The sodium-boiling investigation
showed that metastable liquid superheat is a
serious problem with alkali metals. It was also
shown that a pressure-drop device is needed
for flow stability In this case an orifice, well
upstream of the inlet, was used. Flashing
across the orifice was found to be a useful
means of eliminating the liquid-superheat

93

problem. However, even with the orifice,
complete vaporization to an exit quality of
1.0 could not be achieved.

2. A boiler tube with a helical wire insert
yielded more stable performance than did
plain hollow tubes of the same size, by
postponing the boiling crisis transition to
higher qualities. However, the pressure drop
for comparable conditions was two to three
times that for the plain tube. Inlet-region
central plugs increased the range of stable
performance for the boiler with the helical
wire insert As a possible alternative,
blade-type flow swirlers were found to
markedly increase the heat flux at boiling
crisis with considerably less pressure drop
than with the helical wire insert. For example,
the exit quality was doubled from 0.3 to 0.6
with a 58 percent increase in pressure drop
for comparable conditions. However, with all
these inserts, a pressure drop comparable to
that across the boiler was required at the inlet
throttle valve for flow stability

3. Orifice-type boiler inlets were found
to be unsatisfactory, even though they did
eliminate backflowing instability With them,
the boiling-fluid exit temperatures rose well
above saturation temperatures even though
the exit vapor quality was considerably less
than 1.0, generally about 0.8.

4  Venturi-type converging-diverging
nozzle inlets were found to perform well,
although the flow range for a given venturi
size was limited. With boiling-fluid inlet
temperatures only slightly below saturation,
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flow was steady, no backslugging occurred,
and the heat-balance exit quality achieved was
greater than 1.0. Nozzle and boiler tests with
potassium corroborated and extended the
results obtained with low-pressure water

5. Design correlations are given for
pressure drop and heat transfer, so that
designers may properly size boilers and inlet
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nozzles for water and alkali metals in the
same general ranges of size and properties as
reported herein.

6. The rotating boiler was found “to
stably and reliably generate high-quality
vapor, The vortex inlet and cyclone boiler
concepts have also shown promise in
preliminary tests. g A



SYMBOLS

A cr;:ss-sectional flow area, m?; F
ft
a rotative acceleration, m/sec?; f
ft/hr?
fre
c flow coefficient (eq. (22)),
dimensionless
G
G saturation two-phase flow
coefficient (eq. (21)),
dimensioniess g
Cp heat capacity at constant
pressure, J/(kg)(K); &g
Btu/(lbm)(°F)
D inside diameter of boiler tube,
m; in. h

Dc» diameter of centerbody, m; in.

hg
D, outside diameter of shell tube,
m; in,
D, diameter of nozzle throat, m; h
in.
D, outside diameter of boiler
tube, m; in.
h,
D, inside diameter of shell tube,
m;in.
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orientation factor (eq. (19)),
dimensionless

friction factor, dimensionless

effective average two-phase
friction factor, dimensionless

mass velocity, kg/(m?)(sec);
Ibm/(ft2)(hr)

acceleration due to gravity,
m/sec? ; ft/hr?

conversion factor, 1.00
(kg)(m)/(N)(sec?); 4.17X10%
(Tbm)(ft)/(1bf)(hr?)

heat-transfer coefficient,
W/(m?)(K); Btu/(hr)(ft? X°F)

average boiling heat-transfer
coefficient, W/(m?)(K);
Btu/(hr)(ft?)(°F)

heat-transfer coefficient for
all-liquid, turbulent flow in
tube with no inserts,
W/(m?)K); Btu/(hr)(ft?)(°F)

heat-transfer coefficient based
on saturation temperature,
q/(T,, — T,), W/(m?)(K);



LCOI‘

Ly
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Btu/(hr)(ft*)(°F)

conversion factor, 1.00
m?/m?2; 1/144 fi? /in.2

thermal conductivity,
W/(m)(K), Btu/(hr)(ft)(°F)

total length of boiling tube, m;
in,

length of boiling region,
Ly — 29, m;in.

length of gas-vapor core, m; in.

length of active heat-transfer
surface, m;in.

unheated (insulated) length,
m;in.

boiling number, q/G\
dimensionless
subcooling numbeg,

(o N{Ty = (T10 + T1,0)/2),
dimensionless

pressure, N/m? abs, psia

thermodynamic critical
pressure, N/m? abs, psia

pressure drop, N/m? ; psi

boiler pressure drop, N/m?;
psi

frictional
N/m?; psi

pressure drop,
gravitational pressure drop,
N/m? ; psi

inertial pressure drop, N/m?;
psi
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Pe

R,

Reg

Re,

Re;

AT

ATp

AT,

Peclet number, DGc,/k,
dimensionless

insert pitch, m; in.

heating rate, W, Btu/hr

heat flux, W/m? ; Btu/(hr)(ft?)
inertial-pressure-drop
multiplier (eq. (8)),
dimensionless
gravitational-pressure-drop
multiplier (eq. (11)),

dimensionless

mean gas Reynolds number
(eq. (16), dimensionless

mean liquid Reynolds number
(eq. (16), dimensionless

throat liquid Reynolds
number, dimensionless

bubble radius, m, in.
temperature, K, °F
liquid bulk temperature, K; °F

temperature of shell wall outet
surface, K; °F

temperature in two-phase
rotating annulus, K; °F

temperature difference, K; °F
arithmetic average
temperature difference over

net boiling region, K; °F

mean temperature difference
(eq. (29)), K, °F



AT,

24

Bs

arithmetic average
temperature difference over
subcooled region, K; °F

vane thickness, m; in.

local overall heat-transfer
coefficient, W/(m?)(K);
Btu/(hr)(ft?)(°F)

velocity, m/sec, ft/hr

mean two-phase specific
volume, m3 /kg; ft3 /1bm

flow rate, kg/sec; lbm/hr

Martinelli parameter (eq.
(23)), dimensionless

vapor quality (calculated from
heat balance), dimensionless

axial distance from start of
heated section, m, in.

axial distance from start of
heated section to point where
heat-balance quality x = 0,
m;iin,

void fraction, dimensionless

physical property parameter,

0.5 0.5

pe \ o
pg,ref pl,ref

dimensionless

local vaporization rate

parameter, dimensionless
mean vaporization rate
parameter, dimensionless
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B

Ose

”-l,re f

pg,ref

Pl,ref

Pm

g

Ore f

physical property parameter,

1/3
2
o My Piref
Ope f Ml,ref Pi

dimensionless

thickness of boiler tube wall,
m; in.

boiler exit temperature
difference, Tp; — Tpe,s, K; °F

enthalpy of vaporization,
J/kg, Btu/hr

viscosity, kg/(m)(sec);

Ibm/(ft)(hr)

reference liquid viscosity,
kg/(m)(sec), Ibm/(ft)(hr)

density, kg/m® , Ibm/ft3

reference gas density, kg/m3;
Ibm/ft3

reference liquid density,
kg/m3 , Ibm/ft3

mean two-phase density,
ke/m3, Ibm/ft?

surface tension, N/m, 1bf/ft

reference
N/m, Ibf/ft

surface tension,

Subscripts:

b

be

bi

boiling fluid
boiler exit

boiler inlet



he

hi
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boiling fluid exit plenum
calculated value

point of bubble departure
from wall

exit

experimental value
gas phase

heating fluid
heating-fluid exit
heating-fluid inlet
inlet

liquid phase

minimum

ne nozzle exit

ni nozzle inlet

pt plain tube

s saturation

se difference between
heating-fluid inlet and boiler
exit

t nozzle throat

w boiler-tube inner wall

0 point of boiling initiation

Superscript:

" corrected for nonequilibrium



Appendix B

PERFORMANCE AND EVALUATION OF
VARIOUS INLET RESTRICTORS

Since it was found that the performance
of inlet restrictors had a strong effect on
boiler performance, further studies of inlet
devices were performed, including
experiments with transparent test sections.
These experiments and the ranges of test
variables are tabulated in table V

INLET NOZZLES
Potassium

Test facility. — Figure 85 is a diagram
of the test facility for the potassium-boiler
inlet studies of reference 105, wherein a more
detailed description of the apparatus is given.

TABLE V - SUMMARY OF EXPERIMENTS ON INLET RESTRICTOR CHARACTERISTICS
Fluid | Restrictor Modifications Minimum Area ratios Ranges of test variables Refer-
description diameter ence
Inlet | Exit |Inlet temperature, Tni Flow rate, Wb
mm in. to to
throat |throat K Op g/sec ibm/hr
Potas-| Venturi o —— 2 58 |0.1015}) 67 14 |{882-1068(1128-1462 | 16 -88 |125-1700 105
sium Artificial throat | 2 58 1015 711 -1058| 820-1445| 15-83 1119-660
cavity
Water | Stainless- | ------memeeeeo 2 56 1008 ~300 ~80 8-150 | 63-1200] -~--
steel
venturi
Lucite | ~rememeeemenos 2.62 103 ~300 ~80 8-150 | 63-1200
venturi
Water | Double cone| ~----rimmenenaa- 635 025 | 400 310 [287-346 56-164 |3.5-9.2 [ 28-1T3 113
Plug and helical 635 025 400 150 |287-348 57-167 |3 5-8.8 | 28-T70
wire
Water | Venturi Plug and helical 72 0285 19 100 | 291 -405 64-270 }5.6-15. 5 44-123 87
wire
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10-kWe heater (direct)

I Vacuum

10-kwe

heater
{immersion)

Bypass
valve

r R
| Pressure and flow |
| Control  control valve Test !
| venturi venturi |
| M~ i
| L—d 11
| |
| :
| . Podi
L _ _Test section e
1
—/
Electromagnetic
flowmeter

—-@— Throttling valve

—(— On-off valve

—§ ?—- Pressure regulator
E Pressure transducer

X

@L Vacuum
—%— Argon
Dump tank
Figure 85.

The closed loop had an electromagnetic pump
which circulated the liquid potassium through
two electric heaters to the horizontal test
section, The fluid then flowed through an
air-cooled pipe (to prevent pump cavitation)
back to the pump.

Test section. - The potassium test
section, shown schematically in figure 86,
consisted of two venturis of equal dimensions,
mounted in series and separated by a valve.
This valve created enough pressure drop to
allow the wupstream (control) venturi to
operate always above the saturation vapor
pressure, even when the test wventuri

100

Schematic of adiabatic potassium two-phase flow facility.

downstream of the valve experienced
two-phase flow. The test venturi is shown in
figure 87(a), it was also tested with an
artificial throat cavity (fig. 87(b)).

Typical results. — Figure 88 shows
typical potassium data from reference 105,
throat pressure (calculated) is plotted against
nozzle exit pressure for nominally constant
flow rate and inlet temperature. The exit
pressure started at a high level, was decreased
to a minimum in a series of steady-state steps,
and then increased again. The circles represent
points taken during the pressure decreases;
the squares were taken during pressure
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[T teasured pressure
QO calculated pressure

Flow
straightener

 vontur »q 1« - vem.,,.—i

Schematic of potassium venturi test section.

Figure 86.
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{a) Test venturi without artificial throat cavity.
(b) Test venturi with artificial throat cavity.
{Dimensions are in cm {in.).)

Figure 87  Potassium venturi.
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O QOutlet pressure decrease
0 Outlet pressure increase
Open symbols denote cavitated and/or
flashed conditions
15—  Solid symbols denote all-liquid conditions
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Figure 88.  Typical venturi flow data for potassium: calculated

throat pressure as function of exit pressure, No artificial
throat cavity; flow rate, ~62 4 glsec 495 Ibmihr); inlet tem-
perature, ~986 K (~1315 F.

increases. At first, the throat pressure
decreased equally with the exit pressure. This
relation remained unchanged even after the
appearance of noise attributed to cavitation
bubble collapse. Cavitation did not occur
until the throat pressure was well below the
vapor pressure, indicating liquid tension.
Continued decrease in exit pressure resulted
in a sudden and appreciable rise in throat
pressure. Further exit-pressure decreases did
not significantly affect the throat pressure.
There was appreciable hysteresis when
the exit pressure was again increased. No
effect on the throat pressure resulted until the
exit pressure reached a considerably higher
value than that at which the throat pressure
rose suddenly for decreasing exit pressure. At
this higher exit pressure, the throat pressure
dropped back to the all-liquid characteristic.

Water

Test facility. - A schematic diagram of
the test facility used in the double-cone,
converging-diverging nozzle tests of reference
113, including its instrumentation, is shown
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in figure 89(a). The flow passed through a
filter to the heat exchanger, wherein the test
fluid was either heated or cooled to provide
the desired inlet temperature to the test
nozzle. The flow then passed through the
turbine flowmeter, the inlet flow-control

valve, and the inlet plenum into the
;5 Hand valve
@ Remotely operated
valve
(F) Fiter
@ Flowmeter
Nitrogen
{pressure} -’ﬂ
Heat

exchanger

Supply
tank

(a)

Nitrogen
{pressure)
-ﬂ
Heat
exchanger
Supply
tank
-—

(b}

transparent, vertically mounted test nozzle.
The test nozzle discharged into a transparent
tube, the upper end of which was connected
to the exit-plenum chamber, The test fluid
then discharged through the exit flow-control
valve into a large vacuum exhaust system.

Vacuum
system

Flow

Test
nozzle-.

Vacuum
system
i / \\ Y
! .
! L Test venturi \
Flow control

!
L Flow straightener valve

(a) Double-cone nozzle tests.

{b) Venturi tests.

Figure 89.

Schematic of adiabatic water two-phase flow facility.
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Subsequent to these tests, two venturis
of the geometry tested in potassium were
tested in this facility. For these experiments,
the test facility was modified somewhat (fig.
89(b)). The test section was mounted
horizontally and was preceded by a
flow-straightening section. No transparent
section was used downstream of the test
venturi.

3.05 (1 200
060 ||
pryes | e )

2 40 (0,943

N A\
~Inlet
p?'eisure \\\ \

tap /
< Exit
=—L064(0.05) X 112

l\\\\\\\\ l

N -\

[

Flow -

(@

Flow emmmge-

.......

2.4(10. 0)—————]

21
™1 :3)——-1 0.159
10.063)
" \ ]
? ’/'/'/1///(’/’1'/ Fo
LRSS RS T(O.Sgﬁ)
\ N -
\ \ \ N\
L67 ]
(0. 66)

(b
(a) Without inserts.
{b) With plug and helical wire insert.

Figure 90. - Double-cone converging-diverging nozzle, {Dimen-
sions are incm (in.).)
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Test sections. — Two venturis of the
same dimensions as the potassium test venturi
(fig. 87(a)) were tested in the once-through
water flow facility shown in figure 89(b). One
of these venturis was made of stainless steel
and the other of transparent plastic. The
double-cone nozzle tests of reference 113
were made both without and with a tapered
plug and helical wire insert, as shown in
figures 90(a) and (b), respectively. The tests
of a venturi nozzle with two different plugs at
the inlet of a boiler (ref. 87) were done in the
water-boiling facility (fig. 14).

Typical results. — Figure 91 shows
typical data and photographs for the various
regimes encountered in the flow of water
through the transparent venturi, similar to the
potassium test venturi shown in figure 87(a).
Flow rate is plotted against pressure drop for
essentially constant inlet temperature. The
operating procedure for this series was to
maintain the supply-tank pressure essentially
constant and to lower the exit pressure, as
much as possible, in steps. The exit pressure
was then increased in steps until initial
conditions were reestablished.

There are several interesting features of
the flow regimes to be observed (the
following paragraph numbers correspond to
the data point and photograph numbers in fig.
91).

(1) Existence of nonequilibrium liquid
superheat prior to initiation of cavitation is
deduced from the large decrease in flow and
simultaneous increase in pressure drop at the
initiation of cavitation. The venturi minimum
pressure had reached a value well below
saturation before the first vapor appeared;
after cavitation, the calculated throat pressure
was only slightly less than P;. Photograph 1 in
figure 91(b) shows conditions just beyond the
initiation point, with cavitation starting
slightly downstream of the throaf.

(2) Once cavitation is established, there
is a flow-limited regime the pressure drop
increases and the flow remains constant.
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(a) Flow as function of pressure drop.

(b) Photographs taken at points indicated,

Figure 91, - Behavior of demineralized deaerated water flowing through 0. 262-cm- (0, 103-in. -} throat-diameter venturi. Nozzle-inlet tem-
perature, ~92 K (~197° F); nozzle-inlet pressure, 186 < Ppi < 202 kN/m® abs (29,3 > Ppy; >21. 1 psia),

Photograph 2, in this regime, shows
considerable vaporization in the diffuser, but
the equilibrium heat-balance quality is
negative (i.e., subcooled liquid).

(3) When the exit pressure is decreased
still further, the flow rate starts to increase
again with increasing pressure drop. When this
occurs, the heat-balance quality is positive.
Photograph 3 in figure 91(b) shows this
regime. The phases appear to be separated,
with a liquid film on the wall and a vapor
core. The liquid exhibits a slight spiral
motion, perhaps due to lack of symmetry in
the vapor generation or to gravity. Some
droplets of condensate appear to remain on
the wall, indicating relatively low shear.

(4) On increasing the exit pressure, the
flow pattern remains like that of photograph
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3 to flows much less than that of the
constant-flow region encountered when
lowering the pressure. Photograph 4 is in this
regime. The liquid velocity appears less than
in photograph 3, and the heat-balance quality
is negative, even though the appearance is still
that of a separated flow.

(5) Eventually, when the back pressure
becomes high enough, the flow-limited regime
reinitiates with reattachment and a rise in
flow. (The flow in this case is less than in the
decreasing-pressure portion because the tank
pressure has fallen.) The amount of cavitation
is fairly small in photograph 5.

(6) Photograph 6 shows very slight
cavitation when the flow-pressure relation is
essentially that of all-liquid flow. An
accelerometer was mounted on the venturi.
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(The bottom of the mounting screw can be
seen in the photographs.) Noise was indicated
during the flow-limited cavitation regime, this
was attributed to bubble collapse. In the
separated-flow regime, no noise was observed.

These tests illustrate some of the
complexities with two-phase flow in nozzles
and venturis. More information on this
subject is presented in chapter S.

INLET RESTRICTORS WITH
PLAIN-TUBE WATER BOILER

A few tests that resulted in poor boiler
performance are described in this section.
Test section 2 of reference 85 was used for
tests of various inlet-restrictor designs with
water Visual observations of flashing water
flow through similar configurations were also
made on a small, once-through facility that
utilized a constant-pressure heated tank.

Conical Inlet

A conical centerbody, which produced a
small annular gap near the tube wall was
tested in the heat-exchanger boiler, as shown

S ) |
) }1.09(0.430 | 1,107(0.4%)

7
Insulation

Figure 92. Inlet end of water boiler with conical inlet centerbody.
(Dimensions are in cm (in. ). )

in figure 92. The gap height was 0.064 mm,
and the open area was the same as for a
0.88-mm-diameter circular orifice. A similar
model was tested in an adiabatic, transparent
tube, this device operating in a flashing water
flow is shown in figure 93. According to
visual observations an annular flow pattern
was established. However, no significant
increase in the range of stable operation with
the boiling heat exchanger was obtained,
probably because this device did not give
enough pressure drop at low flows (only
10 kN/m? at 12.6 g/sec). It wasnot considered
feasible to try to operate with a smaller
annular gap because of the difficulty in
maintaining concentricity and clearances.

Figure 93,
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Flashing water fiow in tube with conical centerbody.
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2.6 mm
(0.105in.}

Figure 94. Water boiling heat exchanger with small-diameter:

tube inlet.

Smali-Diameter-Tube Inlet

A 2.67-mm-diameter-tube inlet, 5.08 cm
long, was tested in the heat-exchanger boiler,
as shown in figure 94, with the tube
extending info the boiler A stable
boiling-fluid flow rate could not be
maintained with vaporization in the small
tube. The flow rate tended to drift slowly,
either upward (thus lowering the inlet
temperature) until allliquid flow was
established or downward (raising the inlet
temperature) until an overtemperature
controller shut down the preheater Visual
tests for tubes of 5 to 50 diameters in length,
with the exit end of the small tubes at the
start of the boiler tube, also gave negative
results, including intermittent flashing and
liquid jetting. Therefore, this configuration
was not tested further

VORTEX INLET

An interesting possible technique for
stabilizing boiler-inlet flow conditions is to
generate a vortex flow upstream of a
boiler-inlet nozzle. Such a vortex inlet has
several potential advantages. First, it should
give a fixed, stable liquid-vapor interface
location and force the liquid to flow along the
heated wall, starting at the nozzle inlet.
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Second, the vortex flow through the nozzle
should allow the throat diameter to be larger
than for completely axial flow with the same
pressure drop and flow rate. (Throat diameter
is an important consideration for liquid
metals, where plugging is a problem.) Third,
by varying the proportions of axial and vortex
flows through the nozzle, the effective nozzie
pressure-loss coefficient may be varied over a
wide range. This should permit better control
of off-design flow conditions, similar to the
use of a fluidic valve in single-phase flow

Description

Preliminary adiabatic vortex-flow tests
were run with deaerated water in a small
recirculating-flow facility at the Lewis
Research Center. Transparent test sections
were used, as shown in figures 95 and 96.
Two spherical glass vortex chambers were
used (fig. 95), one approximately 8.57 c¢cm in
diameter and one about 6.03 cm in diameter.
Also a cylindrical plastic vortex chamber,
measuring 6.35 cm in both diameter and axial
length, was tested (fig. 96). The outlet tubes
from all the vortex chambers contained
convergent-divergent nozzles with throat
diameters of 0.64 cm. The inlet tubes to the
two spherical vortex chambers were centrally
located at 90° to the exit flow, whereas the
cylindrical chamber had both a central and a
tangential inlet tube.

Figure 95.  Spherical chamber vortex inlet,
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Figure 96.  Cylindrical chamber vortex inlet.

Test Results

The series of photographs in figure 97
illustrates swirling and cavitating flows in the
cylindrical chamber model with the tangential
inlet feed tube in use. The test sequence is
one of increasing chamber inlet pressure with
a nearly constant pressure at the nozzle
diffuser outlet of ~101 kN/m?, as a
consequence, the sequence also illustrates
increasing flow rates. The fluid was
demineralized water at about 346 K with a
total dissolved gas content (mass fraction) of
about 2.5 parts per million.

In figure 97(a), a small-diameter vortex
filament can be seen at the chamber
centerline, extending almost to the nozzle
entrance. This gas-vapor core is hypothesized
to be at or slightly above the saturation vapor
pressure based on the temperature of the
surrounding liquid. The interface is also
conjectured to mark the radial location where
free-vortex flow (velocity inversely
proportional to radius) changes to wheel flow
(velocity proportional to radius). Note that as
the flow (and tangential velocity) increases,
the diameter of the gas-vapor core increases.

In figure 97(b), the core has extended
into the nozzle, and cavitation bubble
formation and collapse in the central core
region, associated with increased axial flow
through the venturi, appears to be
superimposed on the vortex flow. In figures
97(c) and (d), progressively more cavitation
appears in the nozzle and the condensation
interface is located further downstream in the
diffuser A helical flow pattern through the
nozzle throat can be visualized from the
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(a) Gas-vapor core at chamber centerline.
(b) Gas-vapor core through nozzle throat.
(c) Moderate cavitation.

{d) Intense cavitation.

Figure 97  Swirling and cavitating flows in cylindrical chamber
vortex inlet with tangential feed tube in use.

interface streaks in some of the photographs,
and a thin annulus of clear liquid can
generally be seen along the inside wall of the
throat and diffuser This liquid annulus can be
seen more clearly in the closeup photograph
of the large spherical chamber model, figure
98, which illustrates colder water and lower
exit pressure conditions than for the series
shown in figure 97

Overall-pressure-drop data for the nozzle
of the cylindrical chamber model are shown
in figure 99, plotted as pressure-loss
coefficient against the ratio of the gas-vapor
core length downstream of the nozzle
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Figure 98. - Large spherical chamber vortex inlet. Vortex induced, flashing flow in venturi. Fiuid, deaerated water; flow rate,
0. 409 kg/sec (0. 90 Wym/sec); temperature (corresponding to vapgr pressure of 4.0 kN/m* abs (0,58 psia)), 302 K {84° F); inlet
pressure, 207 kN/m< abs (30.1 psia); outlet pressure, 50 kN/m< abs (8. 3 psia).

entrance to the nozzle throat diameter The
nozzle pressure-loss coefficient is defined as
the difference in nozzle inlet and exit static
pressures divided by the nozzle-throat
superficial axial velocity head Whereas all the
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Figure 99. Cylindrical chamber vortex inlet pressure-loss coef-

ficient as function of ratio of core length to throat diameter
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coefficient data taken with the central inlet
tube in use (axial flow) ranged between 0.3
and 0.45, the data with the tangential inlet
ranged from 4.0 to 8.0. Thus, the vortex flow
created 10 to 20 times the pressure drop of
the axial flow. For most of the data with
vortex flow, the minimum nozzle loss
coefficient resulted when the gas-vapor core
extended to the start of the diffuser The
reasons for this behavior are not well
understood, but it is significant that all-liquid
vortex flow through the nozzle (L., ,/D; < 0)
can have pressure-loss coefficients as high as
in cases with sizable extents of cavitation in
the nozzle diffuser

Discussion of Vortex Inlets

The limited adiabatic-flow data
presented here indicate that a sharp, stable
liquid-vapor interface is formed when a
vortex-chamber-with-nozzle boiler inlet is
used. Additional research in this area appears
warranted, especially in combination with
heat addition along the nozzle to maintain the
vapor core flow well into the boiler tube
proper Although the vortex-induced helical
flow of liquid along the tube wall persists for
considerable distances, a helical insert may
become necessary further downstream in a
heated boiler tube. As mentioned before, the
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vortex inlet allows a sizable pressure drop for
control and stability, even with an
advantageously large nozzle throat diameter.
Also, the nozzle pressure-drop characteristics
can be changed drastically for operation in
off-design flows by externally modulating the
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proportions of axial and tangential flows into
the vortex chamber Thus, the control
advantages of a fluidic valve technique can be
combined with a large-throat-diameter
flashing venturi, with the exiting liquid
flowing along the heat-transfer wall.
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