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Abstract

Measurements are presented of film flow rates, pressure
gradients, film thicknesses, wave frequencies and velocities,
and burnout heat fluxes in one annular and two tubular ge-
ometries. The more than 250 experiments were performed with
steam-water at 30 to 90 bar under both adiabatic and diabatic
conditions. On the basis of these data a film-flow model for
the prediction of burnout is set up. General film roughness
and entrainment correlations are derived from the adiabatic,
equilibrium data. The capability of the model is demonstrated

by several comparisons between calculations and measurements.
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1. INTRODUCTION

Power generation in nuclear boiling water reactors is limited
by a thermohydraulic phenomenon called burnout. When the heat
flux is increased beyond a certain level (called the burnout or
critical heat flux), the temperature at the heated wall sud-
denly increases (cf. fig. 1l.1). In a nuclear fuel element this
temperature excursion may result in fuel cladding rupture ac-
companied by the release of radioactive gases or solids into
the coolant.

To avoid this risk it is necessary to know the value of the
critical heat flux, so that a reasonable value of the operating
heat flux can be estimated. It is obvious that the value of the
necessary factor of safety used in this estimation is strongly
dependent on the accuracy of our knowlegde of the burnout heat
flux.

To obtain information about the critical value, numerous
burnout experiments have been carried out during the last twenty-
five years. The burnout heat flux has been found to depend on
the operating variables. These include pressure, mass flow rate,
length and shape of the channel, liquid inlet subcooling, etc.
Burnout measurements were at first only used to evaluate purely
empirical relationships between the critical heat flux and the
operating variables.,

In the middle of the 1960's it was, however, verified that
burnout at high steam qualities results from the disappearance
of a liquid film that is normally found on the heated wall.
Based on this fact, burnout models were evolved that described
the variation of the liquid film with the operating variables.

This development has, however, been limited due to the lack
of experimental information on the variation of the film. Hith-
erto, only very few film flow measurements have been carried out
with steam-water at operating pressures for boiling water reac-
tors. Thus most of the film-flow models developed until now
have been based on burnout heat flux data, and supplied with
information on the film flow achieved from experiments performed
with air-water mixtures .at low pressures. Because of the great
differences in the properties of air-water at 1 bar and steam-
water at 70 bar, it has been very difficult to develop corre-

lations that correctly describe the steam-water film flow.
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The experimental part of this report (chapter 3) is an
attempt to rectify this lack of a consistent set of film flow
data achieved with steam-water at high pressures. More than 200
film flow measurements are presented, and they are accompanied
by experimental values of pressure gradients, film thicknesses,
wave frequencies and velocities, and burnout heat fluxes. The
experiments were carried out under both adiabatic and diabatic
conditions in one annular and two tubular geometries.

On the basis of these data, a film-flow model for the pre-
diction of burnout in tubes and annuli is developed in the ana-
lytical part of the report (chapter 4). Finally, the capability
of the model is shown by comparisons of predicted and experimen-
tal values.

2. ANNULAR TWO-PHASE FLOW

The flow regime, which is characterized by the presence of
a ligqguid film adjacent to the channel wall, is called the annu-
lar two-phase flow regime. This chapter only deals with the
general aspects of annular flow in a very superficial way. A
detailed description of this topic (especially regarding air-
water systems) is given by Hewitt and Hall-Taylor (1970). The
terminology used in the present report follows to a great

extent that used in this recommendable textbook.

2.1. Flow Regimes

The evolution of the annular flow pattern is illustrated in
conceptual form in fig. 2.1. Here a tube is shown with a heated
wall, where the liquid 1is introduced at the bottom.

The first generation of steam takes place by nucleation at
the wall, producing steam bubbles. As the fluid proceeds up the
tube, further generation of steam takes place, and the small
bubbles coalesce into bullet-shaped bubbles called slugs. After
the slug flow regime, a transition region called the churn fiow
regime is reached. This flow pattern is a result of insta-
bilities in the slugs due to the increase of the steam velocity
It is characterized by a "churning" or oscillatory action.

After this transition region, the annular flow regime is

established. It is seen that the liquid film is strongly agi-
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tated by the gas stream. Thus large roll waves are generated on
the film surface and liquid is torn off. This entrained liquid
is carried along as droplets or agglomerates ("wisps") in the
gas core, until they are deposited onto the film. The size of
the droplets and wisps is gradually reduced as the gas velocity
is increased.

Due to the increased steam generation, the film thickness
decreases until the burnout point is reached. At that point
(also called the dryout locus), where the heated wall becomes
dry and the wall temperature abruptly increases, liquid drop-
lets are still entrained in the gas stream. This flow pattern,
called the mist flow regime, is present in the channel until all
the droplets are evaporated, so a single-phase steam flow is

achieved.

2.2. Basic Flow Parameters

This section gives the definitions of the basic flow par-
ameters used in the succeeding chapters.

The total (mass) flow rate m(kg/s) is given by

m = mf+me+mg = ml+mg (2.1)
where

mf(kg/s) is the film flow rate,

me(kg/s) is the flow rate of entrained liquid,

mg(kg/s) is the gas flow rate, and

ml(kg/s) is the total liquid flow rate.

The mean steam quality x(-) is defined by
“g

X :m . (2.2)

The definition of the mean void fraction o (-~) is given by
A A

@ =2 =3I (2.3)
A A +A

gl
where

2, .
A(m”~) is the cross-sectional area of the channel,

2, .
Ag(m ) is the cross-sectional area of the steam,

and Al(mz) is the cross-sectional area of the liquid.
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The (total) mass flux G(kg/mzs) is defined by the ratio:

G = (2.4)

bl

The mean velocity of the gas Gg(m/s) is related to G through

= mg mx Gx

u = = = (2.5)
A A

I Pgflg  Pglg  Pg@

where pg(kg/m3) is the density of the gas.

The relationship between the mass flux and the mean velocity
of the liquid (film and entrainment) Gl(m/s) is developed in a
similar way:
m(l-x) G(l-x)

1 Al plAl pl(l a)

where pl(kg/m3) is the density of the liquid.
The ratio between Gg and ﬁl is denominated the mean slip

ratio S(~):

s -9 =X 22¢ 2 (2.7)

2.3. Previous Experimental Work

2.3.1. Measurements of Film Flow Rates

Measurements of the liquid film flow rate by extraction of
the film through a permeable section of the channel have been
carried out through several years.

In some of the earliest investigations (Bennet and Thornton
(1961); Collier and Hewitt (1961); Gill, Hewitt and Lacey (1965))
a slit in the wall was used to divert the liquid film. These
measurements were carried out with air-water in a perspex tube
with an inner diameter of 31.8 mm. However, a disadvantage of
the slit is that the large roll waves are likely to overshoot
the rather narrow gap. Therefore poreous sinters or perforated
wall sections with a length of app. 5 cm were used in the later
studies.

The film flow rate is measured by an estimation of the
liquid and the gas flow rate in the extracted mixture. 1In a
two-component system (e.g. air-water) this is done by means of

a cyclone separator (cf. e.g. Bennet and Thornton (1961l)). For



a one-component flow (e.g. steam-water), the mixture is con-
densed and heat and mass balances are performed as explained in
sections 3.1.2 and 3.2.2. The film flow rate is estimated from
a plot of the liquid flow rate versus the gas flow rate as
discussed in section 3.3.1.

One of the most comprehensive sets of film flow data with
air-water mixtures was reported by Whalley, Hewitt and Hutchin-
son (1973). The report also includes measurements with air-
trichloroethane mixtures, where the surface tension is much
smaller than for air-water. The measurements were carried out
in a tube 31.8%mm with a length of 18.9 m. By applying two dif-
ferent injection methods (axial jet and porous wall) it was
shown that the flow in this very long tube was independent on
the inlet conditions. It was therefore made probable that a
single equilibrium state exists for a particular liquid and gas
flow rate.

The first measurements with steam-water mixtures were car-
ried out at low pressure (3.8 bar) by Hewitt et al. (1965).
They were performed under diabatic conditions (i.e. with a
heated wall) in a 9.3¢mm tube, and they showed that the film
flow rate tends to zero as the burnout point is approched.
Hewitt and Pulling (1969) measured the corresponding film flow
rates under adiabatic conditions (i.e. with no heat transfer at
the wall). Bennet et al. (1967) performed diabatic experiments
with the same test section but with unheated lengths (cold
patches) between the heated lengths. These measurements showed
that the film tends toward the adiabatic values at the cold
pathes.,

The first high pressure steam-water film flow measurements
were performed by Singh et al. (1969). They were carried out
under adiabatic conditions at 69 and 84 bar in a tube with an
internal diameter of 12.5 mm. Some of these results are,
together with examples of the measurements mentioned below,
shown in chapter 3. Measurements under diabatic conditions with
steam-water at 69 bar were first reported by Bennet et al.(1969).

¢mm tube with a heated

Film flow rates were estimated in a 12.7
length of 3.66 m. As in the low pressure experiments by Hewitt
et al. (1965), the film flow shows a smooth decrease towards

zero at the burnout point. The 12.7¢mm tube was also. used in the
adiabatic and diabatic measurements by Keeys, Ralph and Roberts

(1970 a,b).
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A tube with an internal diameter of 13.3 mm was used in the
experiments by Nigmatulin, Malyshenko and Shugaev (1976). These
adiabatic measurements were mainly performed at 50 bar, but
results as 10, 20, 30, 70 and 100 bar are also reported.

It is seen that all experiments in tubes with steam-water
at high pressures until now have been carried out with diameters
of approximately 13 mm. One of the main objectives of the pre-
sent work is to investigate the influence of geometry on annular
flow. Thus in the present report film flow measurements in
tubular test sections with internal diameters of 10 and 20 mm
are presented.

Film flow measurements in an annular test section with steam-
water mixtures were performed by Moeck (1970). The experiments
were carried out in a concentric annulus at 35 and 69 bar. The
rod diameter was 19.7 mm and the internal tube diameter 23.8 mm
The total length of the test section was 2.9 m. Most of the
experiments were performed under diabatic conditions with a
movable heater inside the rod. However, also a few measurements
were carried out under adiabactic conditions. These measurements
showed that the tube carried much more liquid per unit perimeter
than the rod film. This asymmetry was also detected in the
adiabatic experiments by Mannov (1973b). Here the test section
consisted of a l7.0¢mm rod mounted concentrically inside a
27.2¢mm tube. The total length of this test section was 3.5 m.

Due to the relatively short lengths of the two annuli, it
was not absolutely certain that the flow was fully developed,
i.e. that the equilibrium situation was reached in the exper-
iments. However, the present adiabatic measurements in a long
(8 m) annulus (l7¢/26¢nm0 confirm that the asymmetry is present
in the equilibrium situation.

The first diabatic measurements in annuli with both a heated
rod and tube wall were performed by Jensen and Mannov (1974) in
a 3.5 m long annulus (l7¢/26¢mm). This investigation of the
influence of the relative heat flux distribution on the film
flow rates is continued in the present work.

Finally, it should be mentioned that Andersen et al. (1974)
measured the circumferential film flow distribution in an
eccentric annulus with steam-water mixtures. Here it appeared
that the minimum film flow rate occured at the minimum gap. A

similar result was achieved by Schraub et al. (1969) with air-
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water mixtures. This contrasts, however, with the work of
Butterworth (1968). He measured a uniform film flow distri-
bution in an eccentric annulus with air-water, and found that
the thickest film occured at the narrowest gap.

The available film flow measurements with steam-water mix-
tures in tubes and annuli are summarized in table 2.1.

2.3.2. Pressure Drop Measurements

While the number of film flow measurements are rather few,
several thousands pressure drop data for steam~water mixtures
are reported (cf. Collier (1977)). Thus more than 2700 measure-
ments are referred by Friedel (1977). The measurements in tubes

are carried out within the following intervals:

Tube diameter 3.2 =~ 55.9 mm
Pressure 1 - 212 bar
Mass flux 99 - 8210 kg/mzs.

The main purpose with the present pressure drop measurements
is, however, not to extend these intervals, but to obtain cor-
responding values of the film flow rate and the frictional
pressure gradient.

2.3.3. Burnout Power Measurements

As already mentioned in the introduction numerous burnout
measurements have been carried out. Thus Nilsson and Larsson
(1971) refer more than 8400 measurements performed in tubes
with steam-water within the following ranges:

Tube diameter 3.9 - 44,7 mm
Heated length 0.035 - 7.10 m
Pressure 2.4 - 221 bar

In addition to these measurements 3767 burnout measurements
in annuli are referred. These experiments are carried out

within the following ranges:

Tube diameter 14.1 - 31.8 mm
Rod diameter 9.5 - 15.9 mm
Hydraulic diam. 5.1 - 22.3 mm

Heated length 0.608 4,66 m
Pressure 8 - 100 bar
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Most of these measurements are performed with heated rod
only. Burnout experiments with two-sided heating are reported
by Jensen and Mannov (1974) and Becker and Letzter (1975).

2.4. Previous Theoretical Work

2.4.1. Annular Flow Prediction Models for Burnout

One of the earliest burnout models for tubes was developed
by Vanderwater in 1956 (cf. Isbin et al. (1961)). The mass
balance on the film (eq. (4.39)) was integrated under the fol-

lowing assumptions:

a) The liquid film on the wall acts as a sink for the
droplets.

b) No slip is assumed between the phases, i.e. S = l.

c) The deposition rate is proportional to the mean droplet
concentration.

d) The entrainment rate is proportional to the axial
velocity and heat flux.

e) The fraction of entrained liquid at the onset of the
annular flow regime is constant.

f) Burnout occurs when the film flow rate vanishes.

During the next fifteen years many burnout models have been
developed. A summary of some of the most important is given
by Hewitt (1978). Most of the models contain the assumptions
a), ¢), e) and f). Instead of assuming the same velocity for
the gas and the liquid (assumption b), velocity profiles for
the film and the gas core are introduced in most of the models.

The main difference in the varius proposed models is how-
ever the way of calculating the entrainment rate (cf. Hewitt
(1978)). It is obvious from experiments that Vanderwater's
assumption d) of proportionality between the entrainment rate
and the heat flux cannot be correct, because measurements under
adiabatic conditions show that a great part of the liquid can
be entrained in the gas core. The most reliable way of calcu-
lating the entrainment rate seems to be the method suggested
by Hutchinson and Whalley (1973). Here the entrainment cor-
relation is based on equilibrium film flow data. This method
has been applied in a modified way on the present equilibrium
data, and a new more general entrainment correlation is ob-
tained (cf. section 4.1.4).



3. EXPERIMENTAL PART

The experimental part of this report is divided into three
sections. First is given a description of the experimental
equipment. The measuring procedures are then discussed in the
following section. Finally, the reported data are shown graphi-
cally in the third section. Tabulations of the data are given
in Appendix.

The experiments were carried out with steam-water at 30,
50, 70 and 90 bar. The main properties of the medium are given
in table 3.1 (Schmidt (1969)).

3.1. Experimental Equipment

The experiments were carried out in the high pressure water
loop at the Risg National Laboratory during 1977.

The facility, installed in the Section of Experimental Heat
Transfer (SEHT), is shown in the schematic flow diagram fig.
3.1, It is constructed of stainless steel and dimensioned to a

critical pressure of 221 bar.

3.1.1, Main Loop Hydraulics
The main pump, built by Nikkiso Co. Ltd., feeds subcooled
water into the test section and spray condenser, Its main fea-

tures are:

Max. temperature 375°C

Max. pressure 225 bar
Dynamic head 150 m
Max. flow 15 1/s
Power 45 kW

The pump feeds water to the test section via two control
valves V2 and V5. These valves regulate the flow rate and inlet
temperature to the test section. The control valves are operated
by compressed air and are regulated, via I/P (current to
pressure) converters, by PID (proportional-integral-differential)
regulators.

In the test section the steam is generated by means of up to

665 kW electrical power. The outlet temperature and thereby the



Table 3.1 Properties of Steam-water

System Pressure p(bar) 30 50 70 90

Saturation Temperature

o
Tsat( <

233.8 263.9 285.8 303.3

Density of Steam

15.01 25.36 36.53 48.79
pq(kq/m3) 3

Density of Water

822.2 777.7 740.0 705.3
o, (kg/m?)
Density Ratio
/o =p" (=) 54.8 30.7 20.3 14.5
Ol Og Y
Dynamic Viscosity of Steam 20.1
ug(lo-skg/ms) l6.8 18.0 19.1 .
Dynamic Viscosity of Water 88
- 94
u1(10 skg/ms) 117 102
Surface Tension
30.0 22.9 17.7 13.6

0 (107 3N/m)

Enthalpy of Water

hz(kJ/kq) 1008.4 1154.5 1267.4 1363.7

Evaporation Heat

rev(kJ/kg) 1793.9 1639.7 1506,0 1380.9

system pressure (when steam is present) are regulated by control
valve V6. The valve regulates the cold water flow from the heat
exchanger to the sprays in the condenser.

From the spray condenser, the water returns to the main pump.
To prevent pump cavitation, the saturated water from the con-
denser is mixed with subcooled water from the heat exchanger via

valve V1l. The subcooling was always kept at a temperature
above 10°cC.

3.1.2. Heat Balance Unit

The film flow rates are measured by means of a heat balance
unit (cf. Mannov (1973a)) shown schematically in fig. 3.2.

At the outlet of the test section a mixture of steam and
water is sucked off through a perforation in the wall. The
mixture passes through a regenerator where some (perhaps all) of

the steam is condensed. From the regenerator the mixture passes
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through a heat exchanger, where a subcooling takes place.

The secondary cooling flow through the heat exchanger is
measured by one of two flowmeters. The primary flow, the total
suction rate, is measured by one of three flowmeters (venturi
or orifice) and one of three dp-cells. The measuring range is
from 10 g/s to 350 g/s with an accuracy of * 1.5%.

After the total suction rate is measured, the primary flow
is returned to the regenerator, where it is reheated. Finally,
it is returned to the main system through the ejector pump at
V1l on fig. 3.1.

From the measured flow rates and temperatures T2 to TlO'
the film flow rate can be determined as described in sect.
3.2.2.

When the film flow rates on the rod and tube wall in the
annular test section are determined, two heat balance units are
used. However, the measurements were not carried out simul-
taneously because the opposite film might be disturbed.

3.1.3. Test Sections
The following test sections were used during the experimen-

tal periods (cf. table 3.2):

Period 1: Annular test section 17/268S
dl =0.017 m, 4, = 0.026 m, 1 = 3.5 m
Periods 2-4: Tubular test section 10
d2 =0,010m, 1 =9.0m
Period 5: Annular test section 17/26L
dl = 0.017 m, d2 = 0.026 m, 1 = 8.0 m
Period 6: Tubular test section 20
d2 =0.020m, 1 = 9.0m
where
d1 (m) is the outer diameter of the rod
d, (m) is the inner diameter of the tube

1 (m) is the length of the test section

In the adiabatic experiments (periods 2, 5 and 6) the exper-
imental set-up consisted in addition to the test section, of a
steam generator placed between the flowmeter and the inlet
flange at the test section.

The steam generator is electrically heated as a resistance

element. It consists of nine tubes (d2 = 0,0083 m, 1 = 4.0 m)
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connected in parallel and equipped with a power clamp at each

end.
In the diabatic experiments (periods 1, 3 and 4) the steam

generator acted as a preheater. This preheater was used in
connection with the control valves V2 and V5 to regulate the
inlet temperature to the test section,

The test sections and the steam generator are constructed

to withstand a pressure of 100 bar and a temperature of 315°¢c.

3.1.3.1. Annular Test Sections 17/265 and L. The diabatic

experiments in period 1 were carried out with the short annulus
(17/265) with a heated length of 3.5 m. This test section was
previously used in the experiments reported by Jensen and Man-
nov (Jensen{1974); Mannov (1973b); Jensen and Mannov (1974)).

It consists of a rod with an outer diameter of 17 mm,
mounted centrally inside a tube with an inner diameter of 26 mm.
Both the rod and the tube, made of stainless steel, are heated
electrically as resistance elements (cf. fig. 3.3).

The upper part of the test section is shown in detail in
fig. 3.4.a.

Just above the outlet end of the heated section, numerous
1.2 mm holes are drilled in the rod and tube walls covering a
length of 50 mm (cf. fig. 3.4.b). Through these holes the films
on the rod and tube walls are sucked off.

A stainless steel disc, in which a 10 mm silver rod is
fastened by brazing, separates the upper rod part from the
heated length. The upper end of the silver rod is connected to
the stainless steel tube with two fins. As the majority of the
electrical current flows in the silver rod, the power generated
in the thin-walled steel tube can be neglected.

The outer tube is provided with holes for spacers, needle
contact probes and tubes for pressure drop measurements.

The rod is fixed at the top end of the tube, and because of
the thermal expansion of the rod, the lower end of the tube is
provided with a water-cooled gasket.

When the adiabatic experiments in period 5 were carried out,
the middle part of the test section was extended so that the
total length of the annulus (17/26L) was 8 m.
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3.1.3.2. Tubular Test Sections 10 and 20. The tubular
test section 20, with an inner diameter of 20 mm, is shown in
fig. 3.5.

The suction area is made in the same manner as in the annu-
lar test section. Both the upper and the lower power clamps are
movable for the whole length of the tube. The wall is provided
with holes for needle contact probes and tubes for pressure-drop
measurements.

The tubular test section 10 is constructed in the same way
as test section 20.

3.1.4. Power Supplies

The electrical power to the test sections and steam gener-
ator is delivered from two 250 kW thyristor-controlled dc power
supplies and one 165 kW vario transformer.

The dc power supplies are ASEA type YMVD, giving 100 V,

2500 A each. Because of severe problems with electric noise in

the measuring channels, it was necessary to install two filter-
inductances to reduce the superimposed ac-components from these
supplies. (Cf. Cortzen (1976)). Each of the filters has an induct-
ance of 150 pH at 250 A and 34 uyH at 2500 A.

3.1.,5. Pressure-Drop Measurement Equipment

The axial pressure gradient in the test sections was deter-
mined by means of electric differential pressure transducers
(dp-cells), type Rosemount model 1151 DP.

The pressure range is -10 kPa to + 190 kPa with an accuracy
of + 0.5 kPa.

In the annular test sections, there are 8 pressure taps
placed 0.5 m apart. The upper pressure tap is placed immediately
below the outlet, the lowest 3.5 m below. The partial pressure
drops between the taps and the total pressure drop were measured
by means of 8 dp-cells.

In the tubular test sections, the pressure taps located from
the outlet and down to 1.0 m below are placed 0.25 m apart. From
1.0 m to 4.0 m below, the distance between the taps is 0.5 m,
Thus, in the tubular test section, 1 total and 10 partial press-

ure drops were measured.
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To eliminate bubbles of steam in the pressure drop tubes, a

stainless steel canister was connected to each pressure tap.

3.1.6. Film Thickness Measurement Equipment
In periods 5 and 6 the film thickness was determined by
means of needle contact probes (cf. Jensen et al. (1971)).

The needle is a 148 mm long stainless steel wire with a

diameter of 0.5 mm (cf. fig. 3.6). It is encased in a tube of
Degussit, a ceramic material. The Degussit tube with the needle
is encased in a tunnel of stainless steel sheet. At the end
opposite to the needle tip, the sheet is soldered to a brass
cylinder with a fine thread, which fits into a bushing mounted
on the outer wall of the test section. A finger screw is
fastened at the other end of the cylinder.

By means of the finger screw the distance between the needle
tip and the wall of the test section can be adjusted. This
distance is measured by means of an electronic distance trans-
ducer. The accuracy of this measurement is * 5um. The needle
contact time, i.e. the time that the needle tip is in contact
with the water film, is determined by means of the equipment
shown schematically in fig. 3.7. (Cf. Jensen et al. (1971)).

3.1.7. Burnout Detectors

Burnout was detected by means of a bridge detector, type
4819C (AB Atomenergi, Sweden). The resistance of the heated
test section from the outlet to 0.2 m below the outlet is com-
pared with the resistance from 0.2 to 0.4 m below. When burnout
occurs, the resistance of the upper part suddenly increases due
to the temperature excursion. The difference in the two resist-
ances is detected by the device, and the electrical power is
decreased manually or shut off automatically by the control

system,

3.2, Experimental Procedures

A short description of the experimental procedures is given
in this section.

The majority of the experimental data was detected and pro-
cessed on-line by a PDP 11/05 computer with scanner (logger).
The data processing, carried out on-line, is also described in

this section.



3.2.1. Measurements of the Main System Parameters

When the main loop was in normal operation, the following
main system parameters were shown on the screen connected to

the computer while the experiment was running:

p (bar), the system pressﬁre (in the condenser).

Qg (kW) , the electrical power on the steam generator (pre-
heater).

Ql (kw) , the electrical power on the rod in the annular

test sections.

Q2 (kW) , the electrical power on the tube in the test
sections,

m (kg/s), the flow rate through the test section.

Ty (OC), the inlet temperature to the steam generator (pre-

heater).
T, (OC), the inlet temperature to the test section.
T2 (OC), the outlet temperature from the test section.
Xout (8), the steam quality at the outlet.

The system pressure was measured by a dp-cell (Shoppe &
Faeser) with an accuracy of * 0.2 bar.

The electrical powers QO’ Ql and Q2 were determined by
measuring the voltage and current separately. Due to the oddly
shaped output from the thyristor regulated dc power supplies,
it was necessary to construct two true rms devices for determi-
nation of the power. They were tested against two commercial
equipments, and it was found that the deviations were within
the accuracy of the instruments (+2%).

The flow rate through the test section was determined by
means of a venturi connected to a dp-cell. The flow range from
0.03 to 1.2 kg/s was covered by means of two venturis and two
dp-cells. The venturis were calibrated within an accuracy of
+2%.

The temperatures were measured by means of cromel-alumel
thermocouples, calibrated within an accuracy of iO.ZOC.

The steam quality at the outlet was calculated from

b = “0 - h2 o (adiabatic) (3.1)

out mr r
ev ev

for adiabatic experiments, and



0.+Q. h,=h
x =12 _ 271 (diabatic) (3.2)

t mr r
ou ev ev

for diabatic experiments.
Here h, (J/kg) is the enthalpy of the water at temperature

Ti’ and Loy (J/kg) is the evaporation heat at the saturation

temperature Tsat'
The measurements of the main system parameters were fre-

quently checked by means of a single-phase heat balance. This

was established by comparing the electrical power Ql+Q2 with

the thermal power:

Qep = ™ (hy=h,). (3.3)
To prevent subcooled boiling, this comparison was always
carried out with T2 at least 50°C below Tsat' The discrepancy

between the two powers was always less than 3%.
The measurements reported in the following sections were

performed within the following intervals of the main system

parameters:
P = Phom + 0.5 bar
Q = Qnom + 1%
m =M. om * 2% 5
T = Tnom + 0.5°C
Xout xout,nom * 0.005

where subscript nom denotes nominal value,

3.2.2. Film Flow Measurements

The film flow measurements were initiated by activating the
heat balance unit. This was done by opening the by-pass valve
Vl. The suction rate was then regulated to the desired value by
means of a valve at the most suitable primary flowmeter.

Before a two-phase heat balance was carried out, it was
checked that the levels in the heat exchanger and regenerator,
as well as all the temperatures, were in the steady-state con-
dition. This was done by simultaneously monitoring the differ-

ences T5—T6 and T,-T (cf. fig. 3.2).

4
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When the steady state was achieved, the following dimen-

sionless heat balances were made for test purposes:

h.~h
_ 72 773
HBreg B ho-hg (3.4)
m_ h,-h
HB, o = h3-h4 (3.5)
* ‘ s 5 76

where mp (kg/s) is the (primary) suction rate and mg (kg/s) is
the (secondary) cooling rate.

The heat balance on the regenerator, HBreg' is theoretically
unity when water only is sucked off the test section.

The heat balance on the heat exchanger, HBh : becomes

.ex.
theoretically unity when all the steam in the suction mixture
is condensed in the regenerator. This is supposed to be fulfilled
when the difference T2-T3 is greater than SOOC. In these cases,
the values of HBh ex. Was always within the range 0.95-1.05.
The steam flow in the suction mixture, mg, is then calcu-~
lated by means of
mg = ((h5-h6)ms+(h7-h8) mp - (h2-h4)mp)/rev. (3.6)
If all the steam is condensed in the regenerator, it is
seen from eq. (3.5) that

m
m_ = —£- (ho,=hg-(h,=h;)). (3.7)

E Tev
Due to the smaller number of parameters in the latter
equation, mg was determined by eq. (3.7) when the difference

T,-T., was greater than 50°¢C.

2 73
The liquid flowrate in the mixture, m,, was now determined

by
m = m_-m_. (3.8)

For each adjustment of the total suction rate, three measure-

ments of mg and ml were carried out. The mean values were then
plotted in the suction diagram where ml/m is shown versus
xout—mg/m. The total suction rate was then varied until a

sufficient number of points was obtained to draw a suction

curve. A typical example is shown in fig. 3.9.
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The time spent on determining one suction curve was 2-4
hours, depending on the number of points and the stabilization

time in the regenerator and steam generator.

3.2.3. Pressure Drop Measurements

The pressure drops were measured when the suction curve
was determined and the by-pass valve V1 was closed.

The dp-cells were scanned 10 times each, and the minimum,
maximum and mean values were printed out. The extremum values
differed generally less than 10% from the mean values. The mean
value of the total pressure drop was compared with the sum of
the mean values of the partial pressure drops. The difference
was less than 5%,

When the diabatic experiments were carried out, the inlet
temperature Tl was so adjusted that the nominal outlet steam
quality was found in the midpoint between the two upper pressure
taps.

3.2.4. Film Thickness Measurements

The determination of the film thickness was initiated by
an estimation of the trigger level made by means of a Hewlett
Packard 3721A correlator to show the probability density of
the needle signal. A typical example is shown in fig. 3.8.

Ideally, this figure should only consist of two sharp
peaks: one representing the contact situation, and the other,
at zero voltage, representing the switched-off situation.
However, due to capacitive couplings in the measuring system,
this was not the case. It was therefore necessary to choose
a signal level under which the needle is supposed not to be in
contact with the film. It was found most reasonable to determine
the trigger level Vt as shown in the figure.

The trigger level was determined for approximately 5 differ-
ent distances of the needle to the wall, and a mean value was
selected.

The contact time was then determined for approximately 30
different positions of the needle. The measuring time was 10
seconds for each position. The contact time, in per cent of the
total measuring time, was then plotted versus the needle
distance from the wall. Typical examples are shown in figs.
3.30 and 3.31.
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3.2.5. Measurements of Wave Frequency and Velocity

Besides being used for the determination of the film thick-
ness, the needle contact probes were also used to measure the
frequency and velocity of the roll waves on the film. (Cf

Whalley, Hewitt, Hutchinson (1973)).
By means of the Hewlett Packard 3721A correlator, an auto-

correlation of the signal from one needle was recorded. The
correlation was then processed by a Hewlett Packard 3720A
spectrum display to obtain the power spectrum of the signal.

The signals from two needles, mounted 0.5 m apart, were then
cross-correlated using the 3721A correlator.

Typical examples of correlations and power spectra are

shown on figs. 3.35 and 3.36.

3.3. Experimental Data

A summary of the experiments is given in table 3.2, This
lists the test sections, the main system parameters and the
measurements carried out in the experimental periods.

In the table, the diabatic length Ld refers to the distance
between the inner sides of the power clamps. The adiabatic length
La is the distance between the inner side of the upper power
clamp and the lower end of the suction area. In the adiabatic
experiments this length is identical to the total length of the
test section.

The majority of the data obtained are reported graphically
in this section. A complete list of the data is given in tabular

form in Appendix,

3.3.1. Film Flow Rates
The film flow rates are estimated from suction curves, which

are obtained as described in sect., 3.2.2. In fig. 3.9 an example
of a suction curve is shown. Two straight lines are drawn through
the measuring points. The line with the slope S is assumed to
represent the situation where droplets are sucked off the core.
The intersection of this line with the line mg =0 (xout—mg/m =

X ) is assumed to represent the film flow rate me. In this

out

figure and in the tables the film flow rate is designated Me ax®
r

The line with the slope Sy is assumed to represent the case

where waves on the film are sucked off. Thus the intersection
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with the line mg = 0 represents the flow rate of the film if no
waves were present. This flow rate is denoted Me nin®
’
The slope S is related to X, gt the steam quality in the

’
core near the wall:

xc,s = I+s ° (3.9)
c

When no slip is assumed between the gas (steam) and the droplets,
the void fraction in the core near the wall is given by

'
aClS = -S_ciLr (3.10)

©

o' = L (3.11)

Q

Under the no-slip assumption, the mean void fraction in the core
can be calculated from

]
_ X
%e,m ~ me9m+p'x ’ (3.12)
where m_(kg/s) is the flow rate of the entrained liquid:
m, = m-m_-mc
= m(l—x—mf/m) . (3.13)

In the case of an annular geometry, me denotes the total film
flow rate:

me = mfl+mf2 (3.14)

where Mgy (kg/s) is the film flow rate on the rod and Meo (kg/s)
is the film flow rate on the tube wall.

In the tables Al-A8 in Appendix, On g is compared with

’

- by:
ba_ . Ze,m%e,s (3.15)
0Lc,s 0'c,s

From the tables it is seen that there is a tendency to an in-
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crement of the difference when G increases. This is supposed to
result mainly from the non-infinite size of the suction area.
When the gas velocity, and thereby the velocity of the droplets,
increases, a greater fraction of the droplets avoids the suction
chamber because of the inertia of the droplets.

The slope s, can be used to estimate the void fraction in

the wave region:

o (3.16)
a — ——-—-———'— - )
W 5,10
Here it is assumed that there is no slip between the gas and the
liquid (waves and droplets) in the wave region.
In the tables, the film flow rates m

and m are

f,min f,max
given as well as the slopes Sa and Sy The suction curves can
be estimated from these four parameters. In some cases no waves
could be detected on the film so only Se could be estimated. In
other cases, the suction curves were incomplete so it was
impossible to estimate Sq and mf,max'

3.3.1.1. Adiabatic Data. The conditions for the adiabatic

experiments were chosen in such a way that the data can be re-
garded as equilibrium data. True equilibrium can never be
obtained as the pressure gradient cannot be zero. However, all
the reported data fulfil the equilibrium criterion suggested
by Hutchinson and Whalley (1973):

(La/rh>300) A (p/(dp/dz)tot > 20m) (3.17)
where rh(m) is the hydraulic radius of the test section and

(dp/dz) o
In figs. 3.10.a-d, the value of mf/m is plotted versus x

{(kPa/m} is the total axial pressure gradient.

out
with G as parameter for test section 10 at 30, 50, 70 and 90
bar. The measurements for test section 20, which were performed
at 70 bar only, are shown in fig. 3.11l. It is seen that mf/m

decreases with the diameter, when p, G and X ut are kept constant.

This is also shown in figs. 3.12.a-c, where th: measurements are
compared with other available data. In figs. 3.12.a-b the film
flow rates are compared with the data obtained by Singh et al.
(1969) . The inner diameter of the tube was 12.5 mm and the length

approximately 2.5 m. The comparison shown in fig. 3.12.c is between
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interpolated values of the present results and the film flow
rates reported by Keeys, Ralph and Roberts (1970). The test
section was in this case 3.66 m long and the inner diameter
12.7 mm. All three figures adequately show the influence of the
geometry.

The results of the measurements carried out in the annular
test section 17/26L are shown in figs. 3,13 and 3.14. The film
flow rates on the rod, me,, are shown in figs, 3.13.a-d for
p = 30, 50, 70 and 90 bar. The corresponding values for the
tube film are plotted in figs. 3.14.a-d. It is seen that the
tube film carries more liquid per unit perimeter than the rod
film. This asymmetry was also reported by Moeck (1970). His
equilibrium experiments were carried out with an annulus where
dl = 0.0197 m, d2 = 00,0238 m, and La = 2.9 m., The effect of this
narrower geometry is shown in fig. 3.15. As in the tubular case,
it is seen, that the fraction of entrained liquid increases with
the hydraulic diameter.

3.3.1.2. Diabatic Data for Test Section 10. The diabatic

measurements listed in table A3 are performed to obtain informa-
tion on the influence of the heat flux on the film. These experi-
ments were carried out with a subcooled inlet to the diabatic
length, i.e., ATSub = TZ-T1>0' In order to investigate if the
degree of subcooling could have any significant effect on the
film, the diabatic length was varied between 2,4 and 6 m. This
was done by moving the lower power clamp while the upper was
fixed. The distance between the inlet of the test section and
the lower power clamp was, however, always greater than 2.5 m.
This should guarantee that a fully developed single-phase flow
always was achieved at the initial point of the diabatic length.
Besides the experimental values of Mg min’ Me max’ S and
Sy’ predicted values of burnout steam qualities are also included
in table A3. These predicted values of Xpo have been evaluated
from the burnout results reported in sect. 3.3.3. For each value
of Ld'
cooling of 10°c and 100°C. These experimental values are de-
nominated QBO (10°C) and Qo (100°¢) .

The values of QBo at the subcooling ATSub was then evaluated

p and G, the burnout power QBO was estimated for a sub-

under the assumption that Qro is a linear function of Ahsub
h(Tz)-h(Tl):
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Q. (100°C)-q, . (10°C)
BO BO (h(T,=10°C) =h (T,-AT

) = b
Sub®  p (_-10%C)-h(T,-100°C) 2 su

))

QBO(AT

+ Qg (10°C) (3.18)

The validity of this assumption has been demonstrated by Jensen
and Mannov (1974). Xpo Was then calculated from eq. (3.2).

For Ld = 2.0 m, only QBO (lOOC) was measured, so it was
necessary to extrapolate from the results for Ld = 4 and 6 m to
obtain Qro (100°C) . The values of Xpo evaluated from these
extrapolations are shown in brackets in the table.

For G = 500 kg/mzs, it is seen that X20 exceeds 100%. This
obviously incorrect result arises, however, from the burnout
measurements (cf. table Al4), and is therefore not a eonsequence
of the assumption (3.18). (Cf. sect. 3.3.3.).

In figs., 3.16.a-f the measured film flow rates are shown.

In figs. 3.16.c~e it is seen that Ld has no significant influen-
ce on the measurements. Thus it can be concluded that the film
flow rate is independent of the subcooling. This is, of course,
only true when the subcooling is positive so that no steam is
present at the inlet to be heated length.

The figures also show that the burnout measurements give
reasonable values for the steam quality, where the film flow
rate becomes zero. The exception for G = 500 kg/mzs will be
discussed in sect. 3.3.3.

The influence of the heat flux and the boiling length is
shown in fig. 3.17. Here are also some of the adiabatic
results, (where the boiling length is 9 m), plotted for q" = 0.
Notice that the film flow rate for low values of Xout
with the heat flux. This relationship is supposed to be due to
the decrement in the boiling length when the heat flux is in-
creased. Thus the increment in me is interpreted as a hydro-
dynamic effect of a shorter developing length. At high heat

increases

fluxes, the entrainment rate is supposed to increase due to
bursting of bubbles from the film surface (cf. section 4.2.2).
Therefore, it is likely that the above mentioned tendency can-
not hold for high heat fluxes, so a maximum value must be
reached. An example of such an extremum is shown in fig. 3.17b

for Xout = 24%.,
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The film flow measurements listed in tables A4-A6 are
performed with an adiabatic length of 0.5, 1.0 and 2.0 m. This
was carried out by moving both upper and lower clamps while the
distance between them was fixed. The purpose of these measure-
ments was to investigate how rapidly the equilibrium situation
was achieved after the diabatic length. Some of the results are
shown in fig. 3.18. Again it is seen that, for low values of
Xout’ the diabatic film fiow rate exceeds the adiabatic.

3.3.1.3. Diabatic Data for Test Section 17/26S. This set of
diabatic measurements was basically performed to investigate
the influence on the film of the relative distribution of heat
flux on the two walls. In figs. 3.19.a~b some of the measure-

ments of film flow rates are shown versus the outlet quality.
A comparison is made with some of the measurements reported by
Jensen and Mannov (1974). These measurements were carried out
in the same test section, but at the high pressure water loop
at the Royal Institute of Technology in Stockholm. The good
agreement observed checks the measuring system and gives an
impression of the reproducibility of the measurements.

To illustrate the transition from the slug flow regime, a
few measurements were carried out at very low outlet steam
qualities. These measurements for G = 1000 kg/mzs, ql“ = q2“ =
45 W/cmz, show that the entrainment increases when the slug
flow regime is approached. Furthermore, it is indicated that the
ratio between the film flow rates per unit perimeter tends to

unity when Xout tends to zero.

The influence of the relative heat flux distribution on the
rod and tube wall is shown in figs. 3.20.a-b. The corresponding
adiabatic values from table A7 are also included. The other
data in table Al show similar deviations from the adiabatic,
equilibrium film flow rates.

3.3.2. Axial Pressure Gradients
The axial pressure gradients are determined from the pressure

drop measurements described in sect. 3.2.3.

The pressure drop measured between the pressure taps i and i+l
is designated Api. The total axial pressure gradients in the
midpoints between the taps are determined by subtraction of the
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difference in hydrostatic head in the two pressure tubes that
connect the taps to the dp-cells. The mean temperature of the

water in these tubes is measured to about 30°C. Thus we find

Api-pl(BOOC)g(zi+l-z.)

dp - i
('dz)tot (zmi) - zi+l—zi (3.19)

where z; (m) is the distance from the inlet to pressure tap i,

and Zi (m) is the midpoint between z; and Z 418

_ i Ti+l
For the sake of convenience, all pressure gradients are cal-
culated as positive values, even if the pressure in fact de-
creases with, z.

The hydrostatic pressure gradient is calculated from

dp - _
(dz)hyd (z ;) =g (py(z ;) a(zmi))+pg(zmi)a(zmi)) (3.21)
where p_ (z) is the gas density at the axial position z.

g
The acceleration pressure gradient is derived from

d =
(Es)acc (2ps) =

2 2
G2 {( x(z;) .\ (1-x(z;))
Zi41724 pg(zi)a(ziT pqp(z;) (I-a(z;)) )

) ( x(zi+l)2 (1"“zi+1”2 }
) (3.22)

Pg(21e1) @125, 1) © Py(Z3 ) (A-alzy o))

The frictional pressure gradient can now be calculated:

d _ (4 _ (4ap’ _[4
(Eg)f B (3§)tot (ES)acc (ag)hyd : (3.23)

It is seen that the estimation of the frictional pressure
gradient requires information on how the mean void varies along
the channel. Especially for the diabatic data, it is necessary
to know the void fraction with very good accuracy, because the
acceleration pressure gradient in this case is of the same order
as the frictional pressure gradient.

Due to the lack of experimental values for a, it was necess-
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ary to use an empirical relationship to estimate the mean void
fraction.

In this case we chose the Bankoff-Jones void formula, where
the mean slip ratio S is calculated from:

S = 1-a (3.24)

R
ks-a+(l-ks)a

with the following constants

kg = kpy+(l-kg ) P/P,, (3.25)
R = 3.33 + 0.0026 bar Tep + 0.000097 bar 2.p? (3.26)
kpy = 0.9086 G/(G+123 kg/m’s) (3.27)

where Py is the critical pressure 221.2 bar.
The mean void fraction is related to the mean steam quality

through the continuity equation (cf. eq. (2.7)):
. S S (3.28)

The mean steam quality at the axial position z is calculated
from (cf. egs. (3.1) and (3.2)):

Q
x(z) = ;——Tl~——7 (ﬁg - (h(Tg, ) - hjo (adiabatic) (3.29)
ev' ' sat
(Q+Q,) 2z
= 1 (71 -2 h (T )-h) - - (3.30)
x(2) reV(Tsat)\ m Ld (h( sat 1) (diabatic)

where Tsa refers to the saturation temperature at z.

It istseen that this void correlation depends neither on
the geometry nor on the heat flux. To give an impression of the
error this simplification gives, values calculated from egs.
(3.24) - (3.30) are compared with void fractions estimated from
eq. (4.24). The latter equation relates the measured film flow
rate to the mean void fraction under the assumption of no slip
between the gas and droplets in the core. The comparison is
illustrated in figs. 3.21.a~b, where the diabatic film flow data
from tables Al and A3 are used to calculate a from eq. (4.24).

The observed good agreement indicates that egs. (3.24) -
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(3.30) can be used to estimate the axial variation of the void
fraction, so (dp/dz)f can be calculated from (dp/dz)tot with
reasonable accuracy.

The two-phase friction multiplier ¢2 is defined by

,  (dp/dz)

0° = @73 (3.31)

where the single-phase friction pressure gradient (dp/dz)f 1

r
is measured to fit the relationship (cf. Jensen and Mannow
(1974) ) :

G

CR (3.32)

dz/f,1 * plvln(dl+d2)

3.3.2.1. Adiabatic Data. The values obtained for (dp/dz)tot,
(dp/dz) ¢ and ¢° are listed in tables Al0, Al2 and Al3 for test-
sections 10,17 /26L, and 20, respectively. To illustrate the varia-
tion of the frictional pressure gradient along the channel, two
values of (dp/dz)f are tabulated. The first value is the mean
value over the whole length, where pressure drops are measured.
This distance is 4 m for the tubular test sections and 3.5 m for
the annular test section. The second value is the mean value over
the last meter before the outlet. By comparing the two values, it
is seen that it is reasonable to assign the frictional pressure
gradient at the outlet to the latter value designated (dp/dz)f
(1 m).

The variation of this value with G and Xout is shown in
figs. 3.22 - 3.24. The influence of system pressure is demon-
strated in figs. 3.22.a-d, where (dp/dz)f in test section 10 is
plotted for 30, 50, 70 and 90 bar. The variation with geometry
is shown by figs. 3.22.c, 3.23 and 3.24, where the results at
70 bar are plotted for test sections 10, 20 and 17/26L.

3.3.2.2., bDiabatic Data. Under diabatic conditions the

pressure drops were measured at an outlet steam quality that

exceeded the nominal value of x This was done so that the

out’
pressure gradient at the midpoint between the two upper pressure

taps could be estimated at a steam quality equal to (or greater

than) the nominal x Thus the pressure drop measurements were

out”
carried out at a degree of subcooling that differed from that
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used for the corresponding film flow measurements. It was there-
fore necessary to investigate if the subcooling had any signifi-
cant effect on the pressure drops by varying the inlet tempera-
ture., As in sect. 3.3.1.2, it was verified that the measurements
were independent of ATSub as long as no steam was present at

the inlet. Thus it can be concluded that (dp/dz)f at the outlet
can be estimated from measurements of pressure drops below the
outlet without introducing any siguificant error.

Examples of measurements are shown in figs. 3.25 and 3.26
for test sections 10 and 17/26S, respectively. Notice that the
frictional pressure gradient decreases when burnout is ap-
proached. This feature was also reported by Kirillov et al.
(1973) , who measured film thickness and pressure drop at o8.6

bar in a tube with an inner diameter of 17 mm (cf. fig. 4.20).

3.3.3. Burnout Powers

The burnout measurements were carried out in test section

10 with fixed values of p, G and AT The electrical power,

sub”®
and thereby the outlet steam gquality, was increased until
burnout was detected as described in sect. 3.1.7. The estimated

maximum values of Q2 and X are designated QBO and x.. ..

The burnout powers and szeam qualities obtained arg entered
in tablie Al4, where also q"BO is tabulated. It appears that
X0 for G = 500 kg/mzs in some cases exceeds 100%. These obvi-
ously incorrect results indicate that the sensitivity of the
resistance: bridge measurement in the burnout detector has been
too small. The guwod agreement between the film flow measurements
and burnouc steam qualities, which was shown in figs. 3.16.a-f,
indicates, nowever, that this was only the case at G = 500 kg/m25,
where the heat fluxes, and hence the temperature differences,
are small.

The results are shown graphically in figs. 3.273.29. The
influence of subcooling is illustrated in figs. 3.27.a-d. It
appears that the subcooling has only little effect on Xpo*

The effect of diabatic length is shown in fig. 3.28 that
illustrates that x

‘BO’
burnout heat flux q"BO' however, shows the opposite tendency,

and thereby QBO' increases with Ld' The

which is shown in fig. 4.23.
Figure 3.29 illustrates the influence of system pressure On

i i i in the
xBO' Here it is seen that XBO reaches a maximum value i
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interval between 50 and 70 bar. This is, however, not the case
for QBO' From table Al4 and fig. 4.22 it appears that the burn-
out power decreases with the pressure when ATsub is fixed.
3.3.4. Film Thicknesses
The film thickness was measured in test sections 17/26L and

20 under adiabatic conditions as described in sect. 3.2.4. In
the annulus only the thickness of the rod film could be meas-
ured.

Examples of needle contact time curves are shown in figs.
3.30 and 3.31. Here the contact time Teon is plotted versus the
distance y from the wall to the needle tip. It is seen that the

minimum contact time T is greater than zero in the annular

min
test section. This indicates that the films on the rod and tube
wall are forming bridges across the narrow gap.

The mean film thickness'is evaluated from

1 y(Tmin)
S J Teon (¥)dY (3.33)
min g

and the values are entered in tables Al5 and Al6.

The needle distances where Tcon is 10, 50 and 90 per cent
are also included in the tables. It appears that y(10%) is
approximately twice the mean film thickness and 10 times y(90%).
This observation agrees well with Hutchinson, Whalley and Hewitt
(1973), who report that the ratio between the amplitude and the
mean film thickness in air-water systems is about 5. From table
Al5 it is also seen that Tmin tends to zero when § decreases,
which supports the theory of the formation of bridges across the
annular gap.

The measured values of the mean film thickness are plotted
versus the steam quality in figs. 3.32 and 3.33. In fig. 3.34
the results of similar experiments carried out by Kirillov et
al. (1973) are shown. These measurements were performed in a
17 mm tube at 68.6 bar. By comparing figs. 3.33 and 3.34, it is
seen that the film thickness increases with the diameter. How-
ever, it seems that the influence is overestimated, especially
at smaller film thicknesses. This overestimation is supposed to
be due to an adjustment error in the present measuring equip-
ment. It appeared that the estimation of the film thickness was
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very sensitive to the choice of the trigger level Ve (cf. figqg.
3.8). Thus a variation of Vt on 10% could give up to 50% differ-
ence in the estimated value of §. As a result of this relation-

ship, the uncertainty of the present measuring method is believ-
ed to be up to 50%.

3.3.5, Wave Frequencies and Velocities

In sect. 3.2.5 it was mentioned that the frequency and the
velocity of the roll waves are estimated from auto- and cross-
correlations of the needle signals. The auto-correlation was
Fourier-transformed by the spectrum display to obtain the power
spectrum Sv(f). Examples of power spectra are shown in fig., 3.35.
It was shown by Webb (1970) that the peak in a power spectrum
corresponds to the wave frequency measured by manual counting
of peaks on a trace of the time-varying film thickness. This
wave frequency fw’ together with the frequency range Afw over
which the power density is more than half of the maximum value,
is entered in tables Al5 and Al6. It is seen that fw increases
and Afw becomes broader when the film thickness decreases. At
the smallest values of § it was impossible to determine values
of fw and Afw because the intensity of the auto-correlation was
too small.

Examples of the cross-correlation Cv(t) of signals from two
needles 0.5 m apart are shown in fig. 3.26. Webb (1970) also
showed that the position of the largest peak in a cross-correla-
tion corresponds to the time taken for a wave to pass between

two probes. Thus the wave velocity v, (m/s) can be found from

w

L

_._n
Vw T T (3.34)

w

where Ln(m) is the distance between the needles and Tw (s) is
estimated from the cross-correlations,
The wavelength Aw(m) and the wavenumber kw(m-l) can now be

calculated:

A =v /f (3.35)

k = 2n/kw (3.36)
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The values of Aw obtained are plotted versus ¢§ in figs.
3.37-3.38. The figures indicate a proportionality between Aw
and ¢:

A &~ 7006

wl (test section 17/26L) (3.37)

1

Aw ~ 2008 (test section 20) (3.38)

Tatterson, Dallman and Hanratty (1977) assumed that Aw was
proportional to &8 in their theory of droplet sizes in annular
flow. They concluded that such a relationship was compatible
with the fact that the wavelength is much greater than the film
thickness.

The measurements of fw and Tw were normally carried out at
a needle distance corresponding to y(50%). It should, however,
be noticed that only the intensity of the auto- and cross-corre-
lations was affected by the needle distance, whereas the values
of fw and Tw were independent of y. This was also the case in
the annular geometry at large needle distances, where the needle
tip was assumed to be present in the tube film (cf. fig. 3.30).
Because the film flow per unit perimeter for the tube is greater
than for the rod, it is assumed that 62 is greater than 61. This
indicates that the relationship between Az and 62_for the tube
film in the annulus differs from the relationship shown in figqg.
3.37 for the rod film. However, as a result of the lack of
experimental values of 62, it was impossible to estimate this
lower ratio and compare it with the value from eq. (3.38) for
the tubular case. Nevertheless, in the analytical part of this

report, the film thickness is related to the experimental film
flow rate.

4. ANALYTICAL PART

The analytical part of this report is divided into four
sections. The first two sections deal with tubular geometries.
First is presented a model which, on the basis of the exper-
imental data, describes the adiabatic, equilibrium annular flow.
In the second section, the diabatic film flow data are analyzed,

and equations for the calculation of burnout are set up. In the
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last two sections, the model is extended so that adiabatic and
diabatic film flow and burnout in annuli can be calculated.
Each section is concluded with comparisons between experiments

and predictions.

4.1. Equilibrium Conditions in Tubular Geometries

The equilibrium condition, characterized by constant vel-
ocities, film flow rates, film thicknesses, etc., is achieved
in an adiabatic tube of sufficient length (cf. eq. (3.17)).

For flow velocities and film thicknesses large enough to cause
liquid to be entrained in the gas core, this equilibrium is in-
dependent of the inlet condition. This is assumed to be achieved
for the adiabatic data presented in sect. 3.3.

This section presents a set of equations that permit the
calculation of the equilibrium condition. All equations are
"microscopic", i.e., they describe basic processes or conditions
(unlike correlations for, e.g., pressure drop or void). Some
of the empirical relationships will be obtained through analysis
of the adiabatic data.

4.1.1. Shear Stress

Because of the uniformity of the static pressure across the
tube, the shear stress on the wall Tw(N/mZ) becomes:

_(da T2
Tw = (a'g)f 7 (4.1)

The interfacial shear stress, i.e., the shear stress at the film

surface is denoted ti(N/mz):

r,
- (4 _i2
T, = (Eg)f 5 (4.2)
where the interfacial radius riz(m) is given by

r;p = r2—6. (4.3)

4.1.2. Velocity Profile in the Film

In the present film flow model Prandtl's universal, turbu-
lent, two-layer model is used to describe the velocity distri-
bution in the film.
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Here the dimensionless velocity uI is:
= * (4.4)

where ul(m/s) is the velocity in the film and ui(m/s) is the

shear velocity:

’ (4.5)

= * (4.6)
y = yu}/vy
where y(m) is the distance from the wall:
y = r, - r. (4.7)

The two-layer model is given by (cf. Schlichting (1968)):

+ Y+ y+§y:r (laminar)

ol L

in Y++B y+>y:r (turbulent) (4.8)

where Kk is von K&rmin's constant:
Kk = 0.4. (4.9)

The value corresponding to smooth tubes is chosen for the
roughness function B:

B = 5.5. (4.10)

The transition between the laminar and the turbulent regions is
assumed to take place at:

From the velocity profile, the interfacial velocity, i.e. the
velocity at the film surface, ui(m/s), is derived:
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u; = ul(y = §). (4.12)

Integration of the velocity profile yields:

6+
Reg = 7E§§GI = jo uy ay* (4.13)
where
6% = suy/v,. (4.14)

Thus the consequence of the existence of a universal film vel-
ocity profile is a unique relationship between the dimensionless
film thickness 6+ and the film Reynolds number Re

f:
VzRef Ref < Ref,tr
+ —
& =4 Ref+C(K,B,y:r) (4.15)
Re. > Re
1 + f f,tr
\-E(ln 8 "l)+B
where
+ + ,1 +
ClksByyr,) = ¥y (2(ln yg ~1)+B-ky] ) = 38.592 (4.16)
and
Re = 5yt )2 = 66.125 (4.17)
f,tr ytr * y *

This set of equations enables us to calculate the mean film
thickness when the film flow rate and the frictional pressure
gradient are known. This calculation has been carried out for
the data where experimental values of the film thickness are
available. This is the case for the present data from test
section 20 and 17/26L. The relationships between Gf' and Reg,
for the rod film in the annular geometry are similar to the
relationships presented above for tubes (cf. sect. 4.3.2).

The comparison between the experimental and the theoretical

values is shown in fig. 4.1. It is seen that the experimental
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value exceeds the theoretical for large film thicknesses and
vice versa for small film thicknesses. This discrepancy is
supposed to be mainly due to the adjustment error in the film
thickness instrumentation discussed in sect. 3.3.4.

The above assumption is supported by the comparison shown
in fig. 4.2, where another set of experimental and theoretical
values of film thicknesses is plotted. These data were obtained
from Whalley, Hewitt and Hutchinson (1973), who measured film
flow rates, pressure drops and film thicknesses in a tube (r2 =
15.9 mm, 1 = 18.9 m) with air-water at 2-4 bar. The thickness
of the film was measured by a conductance probe method (cf. Webb
(1970)). The probe consisted of two 3.2 mm diameter rods, and
an attempt was made to set these flush with the tube wall 12.7 mm
apart. However, because the probe rods were not quite flush
with the wall, a zero error appeared. Thus the smallest film
thickness which could be measured was approximately 90 um.

When the zero error is taken into account, the comparison
in fig. 4.2 illustrates a good agreement between Gexp and Gth'
It is therefore assumed that the universal, turbulent, two-

layer model reasonably describes the velocity profile in the
£film.

4.1.3. Velocity Profile in the Core

The velocity distribution in the gas core is assumed to
obey the turbulent logarithmic profile (Schlichting (1968)):

h oy -r
i2 +B) (4.18)

ks

1.
= * =
ug(r) ui+ug (|< 1n

where ks(m) denotes the equivalent sand roughness and u;(m/s)

is the friction velocity for the gas core:

u* = /t./p. . (4.19)

g i"g

The value for completely rough walls is chosen for the roughness
function B:

B = 8.5. (4.20)
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The measurements presented by Gill, Hewitt and Lacey (1963)
and Kirillov et al. (1973) confirm that a logarithmic law de-

scribes the gas velocity profile in annular two-phase flow ade-
quately well. The measurements indicate, however, that k does
not (as in single-phase flow) remain constant. This is illus-
trated in fig. 4.3 where the measurements of k made by Kirillov
et al. are plotted versus the experimental film thickness. The
correlation shown indicates that the roll waves on the film
(not the droplets in the core) are responsible for the decrement
of the turbulence constant. This was also suggested to be the
most likely explanation by Gill, Hewitt and Lacey. Their air-
water measurements also showed that k lies in the interval 0.2-
0.4. It was, however, impossible to correlate their values to
the film thickness. Because of this lack of a consistent way
to correlate the two sets of data, it was decided to apply the

classical constant value of k in eq. (4.18):
kK = 0.4. (4.21)

The mean gas velocity is obtained by *

r.

- 2 i2
ug = 5 J ug(r)r dr . (4.22)

Ti2 0

On the other hand, we have (cf. eq. (2.5)):

- Gx
ug = 5o (4.23)
g

If no slip is assumed between the gas and the droplets, the
mean void can be calculated from

_(Fiz\ Mg/
¢ = \r m. (4.24)

2 Og, e

Py P1

The adequacy of this assumption has already been demonstrated

in figs. 3.21.a-b where comparisons were made between void frac-
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tions calculated from the Bankoff-Jones void formula (eq. (3.24))
and eq. (4.24).

By means of the experimental values of the film flow rate
and the frictional pressure gradient, the equivalent sand rough-
ness, kg, can now be estimated from egs. (4.1)-(4.24). The
results of this calculation are shown versus the theoretical
film thicknesses in figs. 4.4.a-d for p = 30, 50, 70 and 90 bar,
respectively. The figures indicate that the relationship be-
tween kS and Gth is slightly dependent on the system pressure.

To decide whether or not this indication is significant, similar
results from the air-water measurements of Whalley, Hewitt and
Hutchinson (1973) are plotted in fig. 4.5. It is seen that these
points show the same relationship as the points in fig. 4.4.c

for 70 bar. Therefore it is concluded that the above-mentioned
tendency is insignificant. Thus all the points in figs. 4.4.a-d
and 4.5 are replotted in fig. 4.6, and a general roughness cor-
relation is derived (valid for § , < 800um):

b6

3 9
Gth + 55.68°-10

_ 103l 5 2
kS = 0.57 6th + 21.73-10"m

2 3

5 4. (4.25)

- .10%m”
38.30-10°m th

m

4.1.4. Mean Droplet Concentration

In the equilibrium situation, the rate of entrainment of the
droplets from the liquid film is equal to the rate of deposition
of droplets back into the film.

The deposition rate Gp (kg/mzs) is written as

Gp = ch (4.26)

where kD (m/s) is a mass transfer coefficient, and ¢ (kg/m3) is
the mean concentration of liquid droplets in the core. When no

slip is assumed between the gas and the droplets, ¢ can be cal-
culated from (cf. eq. (3.12)):

L mg/m m
¢c=p) (1 -0, )= m/m ='me my (4.27)
+ 3 ey
Py T by By P
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Thus in the equilibrium situation we have:
GE = kD c (4.28)

where GE (kg/mzs) denotes the entrainment rate, and subscript
eq denotes equilibrium.

Hutchinson and Whalley (1973) showed that values of ceq
obtained from air-water experiments correlate with the dimen-
sionless entrainment parameter:

SenTi

Sa= S . (4.29)

Such a correlation is shown in fig. 4.7 for the equilibrium
data obtained by Whalley, Hewitt and Hutchinson (1973). The
values of SS and ceq are calculated from the film flow and
pressure drop data by means of egs. (3.21), (3.23), (4.1) -
(4.24), (4.27), and (4.29).

If kD is assumed to be a constant, this relationship indi-
cates that the entrainment rate can be characterized by the
parameter SG‘ Thus it was arqued that the entrainment process
is dominated by the competition between the interfacial stress
and the containment pressure of a surface dislocation. The

latter is given by

20
Pecont = T (4.30)
curv
where r (m) denotes the radius of curvature of the surface

curv
dislocation. In eq. (4.29) this was assumed to correlate with

the film thickness ath'

In figs. 4.8.a-d, similar correlations are obtained from
the present steam-water data.

It is seen that the following relationship describes the
correlation adequately well:

0 S5<Zp 3
o = (4.31)

FE(SG—Z S.>%

E §”ZE

where the values of FE and ZE are entered in table 4.1.



Table 4.1

Constants in eq. (4.31)

p (bar) 2-4* 30 50 70 90
Fp (kg/m?) 55 55 75 110 155
z2g( - ) 0.03  0.10  0.15 0.15 0.20

*
Air-water mixtures.

From the table it appears that FE increases with the press-
ure, If SG describes the entrainment process in a reasonable
way, this increment must be due to a decrement in the mass
transfer coefficient kD.

The value of kD was esFimated by Cousins and Hewitt (1968)
for air-water? flow. They found that the mass transfer coef-
ficient was approximately independent of flow conditions, and
the value was approximately 0.15 m/s. For steam-water flow at
70 bar, Bennett et al. (1966) estimated the value to be ap-
proximately 0.01 m/s. Thus the ratio between FE for air-water
mixtures and steam-water at 70 bar should be about 15. However,
from table 4.1 it is seen that the ratio is only 2. Thus it
must be concluded that SG does not describe the entrainment
process in a quantitatively correct manner.

The above-mentioned inconsistency was discovered by Whalley,
Hewitt and Hutchinson (1973) through comparing their air-water
data with the steam-water data of Singh et al. (1969) and of
Keeys, Ralph and Roberts (1970). They attempted to overcome
the discrepancy by replacing Sé by the modified entrainment
parameter:

kSTi

Sy = —— . (4.32)

Here the equivalent sand roughness was used instead of the film
thickness as length scale for the containment force due to
surface tension. This replacement reduced the discrepancy but
did not remove it. A similar analysis with the present data

and theory gave the same result. When Sk was used as parameter,
it also appeared that the points for ug > 20 m/s fell outside
the correlating curve. Thus it was indicated that the influence
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of the gas velocity on the entrainment process was underestimated.
An attempt was therefore made to incorporate ﬁg more closely in
the entrainment parameter without introducing further scattering
of the points in the correlation. The best result was achieved
by means of the following dimensionless group:

_ fsTi
Su—_—?&— ) (4.33)

It is seen that the modified entrainment parameter Sy is multi-
plied by a dimensionless velocity ugul/o. This velocity was
also used by Paleev and Filippovich (1966) in their attempt to
correlate air-water entrainment data.

The introduction of this new entrainment parameter makes it
possible to overcome the above inconsistency in the two sets of
data. This is shown in figs.4.9.a-b, where the entrainment
rate G, = kD c

E eq
in the estimation of GE are listed in table 4.2.

is plotted versus Su' The values of kD used

Table 4.2

Mass Transfer Coefficients

p (bar) 2-4* 30 50 70 90

kD (m/s) 0.15 0.021 0.013 0.010 0.006

‘Air-water mixtures.

The mass transfer coefficients for p = 30, 50 and 90 bar
are in good agreement with a relationship between kD and ¢
suggested by Whalley, Hutchinson and Hewitt (1974).

It is seen that the relationship

_ 2
GE = 2.0 Su kg/m”s (4.34)
correlates the two sets of data adequately well.

This general entrainment correlation closes the set of
equations, and permits us to calculate the equilibrium con-

ditions.

4.1.5. Predictions of Data

The capability of the set of equations presented will now
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be demonstrated by comparisons between experimental and calcu-
lated values of film flow rates and frictional pressure gradients.
Comparisons will be carried out both with the experimental data
that were used to evaluate the entrainment and roughness cor-
relations, and with the data that have not been analyzed in the

preceding sections.

4.1.5.1. Predictions of Film Flow Rates. In figs.4.10.a-d

and 4.11 the calculated values of film flow rates are compared

to the adiabatic measurements in test sections 10 and 20. A
similar comparison is made for the data reported by Singh et al.
(1969) and by Keeys, Ralph and Roberts (1970) in fig. 4.12. It
is seen that the agreement is in general good, but that the
model overestimates the experimental values for low gas vel-
ocities. It should be noted that this was also the case when
eq. (4.31) was used instead of eq. (4.34) as entrainment cor-
relation. The main reason for this discrepancy is supposed to
be an incorrect interpretation of the suction curves. When the
film thickness is large, the shape of the suction curve becomes
more rounded than shown in fig. 3.9. This causes a considerable
uncertainty in the determination of the film flow rate. The
explanation of the disagreement suggested above is supported by
the data reported by Nigmatulin, Malyshenko and Shugaev (1976).
They measured equilibrium film flow rates in a 13.3 mm tube at
10-100 bar. The results at 50 bar are shown in fig. 4.13, where
the predictions are also included. It is seen that the data of
these authors for low gas velocities give considerably higher
values than those in figs. 4.10-4.12, and that the agreement
with the predictions is excellent.

4.1.5.2. Predictions of PFrictional Pressure Gradients. 1In

figs. 4.14 and 4.15 the predicted values of (dp/dz)f are com-—
pared to the measurements in test sections 10 and 20. A similar
comparison is made for the adiabatic data reported by Kirillov
et al. (1973) in fig. 4.16. As was the case for the predictions
of the film flow rate, a good agreement is observed except at
low gas velocities. Also this discrepancy is supposed to result
mainly from the above-mentioned incorrect interpretation of the
suction curves at large film thicknesses. The underestimation
of the experimental film flow rate at low gas velocities causes

a too progressive roughness correlation (eq. (4.25)). This



overestimation of the equivalent sand roughness involves an
overprediction of the frictional pressure gradient at large
film thicknesses.

4.2, Diabatic Conditions in Tubular Geometries

The equilibrium situation described in the previous sections
is never obtained for diabatic flows. The film flow is no
longer simply controlled by a balance between deposition and
entrainment. The evaporation of the water film to steam com-
plicates the flow conditions.

In this section a mass balance on the film will be set up
on the basis of the diabatic data. This enables us to calculate
the axial position where the film flow rate vanishes, i.e.
where burnout occurs.

4.2.1. Mass Balance on the Film

The total mass flow rate is given by (cf. eq. (2.1)):

m = mg + m, + mg. (4.35)

In the steady state (m is constant) we obtain:

dm dm dm
£ e qg _
3z + Iz + 3 = 0. (4.36)

When no superheating of the steam or water is assumed, a heat
balance yields:

dm md,q,"
g . _2°2 (4.37)

dz r
ev

When all evaporation is assumed to take place in the film, the
change in the flow rate of entrained liquid can be written as:

dme
Thus we find the following mass balance on the film:
dInf q2l|
'CTZ—— = Tl'dz(GD - GE - ;’—). (4.39)
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4.2.2. Entrainment and Deposition Rates

It is assumed that the entrainment rate, GE’ can be de-
scribed, also under diabatic conditions, by eq. (4.34), which
was developed from the adiabatic data. Thus it is postulated
that the heat flux does not influence the entrainment process.
This is presumably incorrect for very high heat fluxes, where
the formation of steam inside the film and the bursting of
bubbles at the film surface is believed to cause an increment
of the entrainment rate (cf. Andersen (1972)). However, this
enhancement is supposed to be negligible for the moderate heat
fluxes (q2" < 200 W/cm2) considered here (cf. Andersen and Wirtz
(1975)).

The evaporation of the film is, however, supposed to diminish
the deposition rate. The radial velocity of the steam at the
film surface is given by :

q,"

v..=v (y =2¢) = . (4.40)

revpg

This velocity decreases rapidly with y, the distance from the
wall. At large film thicknesses, where the amplitude of the
roll waves is large, the influence of the perpendicular gas
stream on the deposition rate is assumed to be negligible, be-
cause the droplets are captured by the waves at relatively
large distances from the wall. However, at small film thick-
nesses, where the film is relatively smooth, it is assumed that
the radial gas stream has a significant influence on the mass
transfer coefficient. To take some account of this effect, the
deposition rate is calculated by

J (ky - Vgi © 6/YD)c when Vgi © */¥p <k

(4.41)

e > k

D — [
0 when vgi 2 kp

where a representative value of YD was estimated from the dia-
batic film flow data:

Yb = 50 um. (4.42)



The influence of incorporating eqgs. (4.40) - (4.42) into
the model will be demonstrated in sect. 4.2.4,

4.2.3. Initial Condition

The mass balance on the film (eq. (4.39)) can be integrated
when the initial conditions are specified. Ideally, these
values should represent the onset of annular flow. However,
the transition between the churn and annular flow regime is a
rather gradual transition (cf. Hewitt and Hall-Taylor (1970)),
so the onset is a rather ill-defined concept.

However, Wallis (1969) quotes a value of 80% of the mean
void fraction to be representative of the transition. At 0=0.8
the influence of the heat flux on the film flow rates is rather
small (cf. figs. 3.17 and 3.21), so the following initial con-~

dition was chosen:

mf(a = 0.8) = mf,eq(a = 0.8) (4.43)

where the equilibrium film flow rate, me , is calculated from

r€g
the adiabatic model presented in sect. 4.1.

4.2.4. Predictions of Data

As in the adiabatic case, comparisons between experiments
and predictions of film flow rates and frictional pressure
gradients will be given. However, in this section predictions
of burnout heat fluxes, powers and steam qualities will also be

compared to experimental data.

4.2.4.1. Predictions of Film Flow Rates. 1In figs. 4.17.a=f

the calculated values are compared to the measurements of film
flow rates and the values of Xpq that were estimated from the
burnout experiments and eq. (3.18). It is seen that the model
takes the variation of pressure, heat flux and mass flux into
account in a reasonable way.

In fig.4.17.c the calculations performed with Yp = 0 (i.e.
GD = ch) are included. It is verified that the incorporation
of eq. (4.41) in the model has a beneficial influence on the

predictions of x at high mass fluxes, where the mean droplet

BO
concentration is large.
As in the adiabatic case, it is supposed that the main

reason for the underprediction of the film flow rates at G = 500
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kg/mzs is an incorrect interpretation of the suction curves (cf.
sect. 4.1.5.1). The discrepancies between the experimental and

predicted values of x at G = 500 kg/mzs can be explained, in

any case partly, by tﬁg too insensitive determination of burnout,
which was discussed in sect. 3.3.3.

Figure 4.18 shows another comparison between calculated and
experimental film flow rates. The measurements were carried
out by Bennet et al. (1969) in a tube with steam-water at 69 bar.
The inner diameter was 12.7 mm and the heated length 3.66 m. In
these experiments the inlet subcooling was kept (approximately)
constant at 30°C, while the heat flux was varied between 75 and
148 W/cm2.

Also this figure demonstrates that the model reasonably

predicts film flow rates in tubes under diabatic conditions.

4.2.4.2. Predictions of Frictional Pressure Gradients. The

capability of the model to calculate frictional pressure gradi-
ents is demonstrated in figs. 4.19 and 4.20. In fig. 4.19 com-
parisons are made with the present measurements in test section
10, and in fig. 4.20 the predicted values are shown together
with the experimental pressure gradients reported by Kirillov
et al. (1973). It is seen that the characteristic drop in
(dp/dz)f, which is measured when burnout is approached, is also
predicted by the model.

The observed general underprediction of (dp/dz)f indicates
that the heat flux causes an increased roughness of the f£ilm
surface. However, it is difficult to estimate whether or not
this tendency is significant, because of the uncertainty in the
determination of the frictional pressure gradient under diabatic
conditions, which was discussed in sect. 3.3.2.

4,2.4,3, Predictions of Burnout. The calculation of the

burnout steam quality and the corresponding burnout heat flux
and power is carried out by an iterative procedure. The inte-
gration of eq. (4.39), from the initial point (a = 0.8) to the

position where the film flow rate vanishes, is first performed

" (1) ) .
(68

with the experimental value of gq" (i.e.

” -—
9Bo,exp ~ ¢

The calculated value of Xpy = gives the axial position

*BO
of burnout (cf. eq. (3.2)):

Gr

(n) r + (h 2

(n) _
L BO ev 2 - b)) —my (4.44)
2q

BO = (x
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where n = 1 in the first step.

If L (n) differs more than 1% from Ld’ a new calculation

BO
of x = X (n+1) is performed with the heat flux q"(n+l):
BO BO
: Gr
o (n+1) (n) _ 2
gq (xBo reo t (h, hy)) ffg . (4.45)
(n+1)

A new value LBO

the calculation is continued until

is then estimated from eq. (4.44), and

Ly = Lgo ™ I/14 < 0.0L. (4.46)

Usually, only 2 or 3 iterations are necessary before the
criterion (4.46) is fulfilled. The main reason for this fast
convergence is that the calculation of Xpo is rather insensitive
to the value of the heat flux (cf. figs. 4.17.c-e).

The results of the predictions of the burnout measurements
presented in sect. 3.3.3 are shown in figs. 4.21-4.23.

Figure 4.21 shows the measured and calculated values of x

in test section 10 for Ld = 4.02 m and ATsub = 10°C. It is

BO

seen that the characteristic maximum in Xpo is reproduced by

the model, but the predicted extremum at high mass fluxes occurs

at too high pressures. This discrepancy is associated with the

observed overprediction of x o at high mass fluxes and pressures.

B
The overestimation is a consequence of the initial condition

eq. (4.43). It is evident that this condition limits the cal-
culation of burnout to steam qualities beyond Xinit?

= 0.8). (4.47)

Because me eq is always greater than zero (when x is less than
14

1), it is evitable that the model overpredicts x_., when the

BO
difference between x and x. is small. This is the

BO,exp init
case for the points at high pressures and mass fluxes in fig.
4,21.
In fig. 4.22 the experimental burnout powers obtained in
test section 10 for Ld = 4,02 m and ATsub = 100°C are compared
to the calculated values. As in fig. 4.21, a good agreement is

observed except at high pressures and mass fluxes. The pre-



- 53 -

diction of QBO for p = 90 bar and G =3000 kg/mzs was not carried
out because XBO,exp was less than Xt

The influence of the heated length on the experimental burn-
out heat flux is shown in fig. 4.23 together with the predictions.
These experiments in test section 10 were performed at 70 bar
with a 10°C subcooling. In general there was good agreement
except at high heat fluxes. As mentioned in sect. 4.2.2, it is
believed that the bursting of bubbles from the film, which occurs
at high heat fluxes, causes an increment in the entrainment
rate. This enhancement, which is not incorporated in the model,
is supposed to be responsible for the overestimation of burnout
at q"BO s 200 W/cm2.

The predictions of burnout in other test sections are sum-
marized in table 4.3. It should be noted that only experiments
were q"BO,exp was less than 200 W/cm2 are included. It is seen
that the best results are achieved at low heat fluxes where the
diabatic length is long. The greatest discrepancies occur at
tube diameters where no diabatic film flow data are available.
Finally, it should be mentioned that the scattering due to dif-
ferences in measuring equipment, experimental procedures, geo-
metrical tolerances, etc., is assumed to be about 5% (cf. Nilsson
and Larsson (1971)).

4.3. Equilibrium Conditions in Annular Geometries

The description of fully developed annular flow in annuli is
somewhat more complicated than the corresponding description for
tubular geometry treated in sect. 4.1. The additional compli-
cation arises principally because of the following two reasons:

1) The radius of zero shear stress is not known a priori.

2) It is found experimentally that the tube film carries
considerably more liquid per unit perimeter than the
rod film.

4.3.1. Shear Stress

The annulus is divided into two subchannels, where the sur-
face of zero stress makes the boundary. The radial position of
this surface is denoted ry. For all symbols used, subscript 1
refers to the subchannel inside Tge and 2 to the subchannel
outside re.



Table 4.3

Predictions of Burnout in Tubes

d; Lq P n e (OZ)E Reference

m m bar - % %
0.0059 2.7-5.2 69 52 -9.8 11.6 | Dell et al. (1969)
0.0100 2.0-8.0 30-90 70 -0.5 6.5 | Present results
0.0100 2.0 30-90 43 8.0 12.2 | Nilsson (1970)
0.0100 2.0 30-90 | 41 12.6 14.4 | Becker et al. (1965)
0.0100 2.5 70-90 29 8.4 9.8 | Becker et al.(1965)
0.0100 3.0 40-90 34 6.8 7.8 | Becker et al. (1965)
0.0100 3.5 40-90 28 6.7 7.9 | Becker et al.(1965)
0.0100 5.0 50-70 30 -2.3 7.7 | Persson (1971)
0.0175 2.5 30-70 21 13.9 15.8 | Becker et al., (1965)
0.0199 2,5 30-70 18 11.7 12.7 | Becker et al. (1965)
0.0200 3.75 50-70 26 13.3 14.8 | Becker et al. (1965)
0.0247 7.1 50-70 44 0.0 4.6 | Becker and Ling (1970)
0.0250 2.5 30~70 13 11.3 11.6 | Becker et al. (1965)
n: Number of data points analyzed
e: Mean error (Q

BO,cal QBo,exp)/QBO,exp

(02)¥: Standard deviation of errors.

The hydraulic radii for the two subchannels are given by:
r,. = |rs - ri|/r. (4.48)

where subscript j equals 1 or 2.
The shear stresses on the walls become
dp) Ihj 4.49)
Twiy = (dz)f 2 (4.
The shear stresses should by normal sign convention be of op-

posite signs, but for the sake of convenience the positive signs

T
are adopted for both wl and Tw2"
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The interfacial shear stresses are expressed by:

r, ..
.. = (4B} hi) (4.50)
ij dz £ 2
where
2 2
= - . 4‘5
T |rg rijl/rij (4.51)
and
, = . - 8. 4.52)
iy ]rJ 53| (

4.3.2. Velocity Profiles in the Films

It is assumed that Prandtl's two-layer model, which was
presented in sect. 4.1.2, is also valid for the films in annuli.

Thus the following set of equations is obtained (cf. egs. (4.4)-

(4.17)):
+ _ *
*
u1j = Vtwj7pl (4.54)
+ *
Yy = yjulj/vl (4.55)
¥y = Irj-rl (4.56)
N ve v <11.5
= J -
Y15 + e (4.57)
2.5 1n yj+5.5 yj > 11.5
s = . =6 .
ulJ ulj(yJ J) (4.58)
vy (5
R - H B
RefJ LT ulj dyj (4.59)
"l 0
+

*
5 = 84y /My (4.60)
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Y2Re .
¢y Repy < 66.125

st = £ (4.61)
Rep, + 38.592

o+

Re > 66.125

2.5 1n a; + 3 £3

A comparison between theoretical and exrerimental values

has already been shown in fig. 4.1 for the thickness of the

rod film.

Due to the lack of experimental values, it was impossible,
as mentioned in sect. 3.3.5, to correlate the wavelength of the
roll waves in the annular test section to the tube film thick-
ness. In fig. 4.24 the experimental values of A, are shown versus
the theoretical values of 62 calculated from the measurements of
Meys Meo and (dp/dz)f. A good agreement is shown between the
measurements in the two geometries, and the following empirical

relationship is suggested:

Aw = 320 62. (4.62)

4.3.3. Velocity Profile in the Core

In the annular gap it is assumed that the position of maxi-
mum gas velocity is identical to rg. For single-phase flows it
has been experimentally shown that this is not necessarily true
(cf. e.g. Lawn and Elliott (1971)). However, in this connection,
the deviations are supposed to be negligible.

Inside and outside rg, we adopt the turbulent logarithmic

profile for rough walls (cf. eq. (4.18)):

r.. - rf
. = u.. + u*.(2.51 1] + 8.5 4.63
ugj(r) ul] ugj( n ———Kg;——— ) ( )
where
*, = /1., . 4,64
Y93 Ti3/Pg { )

The mean velocities of the gas in the two subchannels are

derived from:
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s
ugj = 2T J ugj(r)r dr /ch (4.65)
r,.
i]
where
_ 2 _ 2
Ay = mlrg rijl . (4.66)
The continuity equation for the gas core then becomes:
- Gx 1 -
u = -—- == ) A , (4.67)
9  pg®  BAg 3 €1 9]
where
A = A + A = 7m(r z . r 2) (4.68)
c cl c2 i2 i1’ - *

Under the no-slip assumption, the mean void fraction can be

calculated:
A, m_/p
a =—A9 H (4.69)
g+t _e
Dg pl
where
_ 2 _ 2
A= Tr(r2 rl). (4.70)

The condition that the velocities defined by (4.63) have a
common maximum velocity at r = Iy, may be expressed as:

ugl(rs) = ugz(rs). (4.71)

When an identical relationship for k is assumed,

s1 and kSZ
the equivalent sand roughness can now be determined from the
experimental values of Mgy, Mgy and (dp/dz)f. The variation of
kS with ath is shown in fig. 4.25. It is seen that the relation-
ship is independent of the pressure (cf. sect. 4.1.3), but the
correlation deviates from eq. (4.25), derived for tubular geo-
metries. Due to the lack of experimental information on the

velocity profile, it is impossible to determine whether or not
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this difference has a physical background, or whether it is a
result of an improper assumption (e.g. eq. (4.21), where k is
supposed to be a constant).

The correlating curve can be expressed as (valid for

Gthj < 800um) :

K. = 4. , . 1a3 -1 2
sj = 4-74 Sypy + 0.80 * 107 m 8 ths

_ . a6 =2 3 . 1.9 -3 4
0.99 * 10° m % §,,.% + 5.32 + 107 m > ¢

4.3.4. Asymmetric Film Flow Condition

As in the tubular case, the deposition rate is described as
(cf. eq. (4.26)):

GDj = ij c (4.73)

where c¢ is the mean droplet concentration, calculated from
eq. (4.27).

Thus, in the equilibrium situation, we have (cf. eq. (4.28)):
GEj = ij c . (4.74)
As in sect. 4.1, it is assumed that the dimensionless ratio:

S

- fsilagtgi"s
ag

aj (4.75)
is a representative parameter for the entrainment process.
Therefore the product ij ceq is plotted for the rod and tube
in figs. 4.26.a-b. The mass transfer coef-

D1 and kDZ'
It is seen that there is reasonable agreement between the

film versus Suj
ficients given in table 4.2 are used for both k

relationship derived for tubular geometries (eq. (4.34)), and
the result shown in fig. 4.26.b for the tube film in the annular
geometry.

The disagreement shown in fig. 4.26.a for the rod film is a
consequence of the experimental fact that the tube film carries
more liquid per unit perimeter than the rod film (cf. sect.
3.3.1.1). It can be explained by an increased entrainment rate
and/or a decreased deposition rate for the rod film.

Even if the curvatures of the rod and tube surfaces are of
opposite sign, it is supposed that the effect of this relation-
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ship on the entrainment rate is negligible, because the thick-
nesses of the films are much smaller than the radii of the
annulus. Therefore, it is assumed that eq. (4.34) is also valid
for the rod film:

_ 2
The asymmetric film flow in annuli has therefore to be ex-
plained by a decreased deposition rate for the rod film, i.e.,

k < k

. (4.77)

D2°
Usually it is supposed that the deposition process can be
described by diffusion of the droplets. Thus the diffusion
equation was solved for the tubular case by Hutchinson, Whalley
and Hewitt (1973). They assumed that the entrainment process
took place at the crests of the roll waves at the radial position:

- bé (4.78)

where b was assumed to be a constant equal to 5 (cf. sect. 3.3.4).
In the equilibrium situation, the following relationship between
the diffusion coefficient for the droplets AD (mz/s) and the

mass transfer coefficient kD was derived:

ZAD
kD = > . (4.79)

X
r2(1 - —Ej)
I

When bd§ << r,, €q. (4.79) reduces to:

It can be shown that eq. (4.80) is also valid for an annular
geometry when bjsj << rj. Thus we have:

%p1 _ *p1
Xp2  *p2

(4.81)

o,lc»
[ [ ¥

where it is assumed that bl = b2.
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The diffusion coefficient AD is usally, by Reynolds analogy,
assumed to be proportional to the turbulent eddy viscosity
for the gas (cf. e.g. Soo (1967)). The eddy viscosity e
(mz/s) is calculated by: 7

0 for Y<Yip
e = du (4.82)
1/ )
/ Pg E{fg— for Y>Yy,
where y =y + u* /v
tr tr g’ g
By means of eq. (4.63) we obtain:
- _ 2m Ts
“q3 A3 J eg(r)r dr
rtrj
4 3 4
* . .
_ 2%Y95 Tiy {ii»__zrs i3, Ttrj
2 2.2 3 4
(rs rij) (4.83)
3 2 2
_ Tiifers _ s¥iry + rzr r
3 2 s ij trj
- - (=147
where Tery = Tig (-1)7y,

The ratio between the mass transfer coefficients thus becomes

k € §
D1 1 72

— = -3 == (4.84)
D2 egz 1l

When representative values of Loy 61, 62 are inserted in egs.
(4.83)-(4.84), we obtain a ratio greater than unity, which is
in contradiction to the inequality (4.77). Therefore it must be
concluded that the application of diffusion theory and/or Rey-
nolds analogy is inadequate for the description of the deposi-

tion process in annular geometries.
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The main reason for this insufficiency is believed to be the
large size of the droplets. A characteristic droplet diameter
in annular steam-water flow is 100 uym (cf. e.g. Tatterson, Dall-
man and Hanratty (1977)). This large size makes the droplets
rather insensitive to the fluctuations of the gas, so that their
mean free path becomes of the same order as the dimensions of
the test sections (cf. Hewitt and Hall-Taylor (1970)).

However, the experimental asymmetry can be qualitatively
understood by means of the relationship between the turbulent
kinetic energy and the local void fraction derived by Lahey
(1976) . Assuming proportionality between the turbulent kinetic
energy of the liquid and the gas phase, he derived the following
relationship from the two-fluid momentum equations under iso-

tropic conditions:

t
o

loc 1-t
R (4.85)

i
0

loc

where % 6e is the local void fraction and Ty (kg/msz) is the
turbulent kinetic energy of the liquid per unit volume:

T, = % o1 u-l2 (4.86)

where u'l2 is the mean value (in time) of the square of the
fluctuating component of the liquid velocity.

The ratio between the turbulent kinetic energies is denoted
t:

T ép ur 2 o
=-9-29 9 . g
t T Cl . (4.87)
1 %p o2 P1
1 1

1 and C, (in eq. (4.85)) are assumed to be constants.
For large droplet sizes, it is assumed that the influence
of the turbulent gas is so weak that

u' < — u! (4.88)

in the gas core. When (4.88) is fulfilled it appears from eq.
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(4.87) that t is greater than unity. 1In this case it appears
from eq. (4.85) that the local void fraction is greatest where
the kinetic turbulent energy is smallest. From single-phase
measurements in tubes and annuli, it appears that the turbulent
kinetic energy decreases with the wall distance (cf. Laufer
(1953), Lawn and Elliott (1971)). Thus eq. (4.85) can explain
the existence of a gas core in annular flow under the assumption
of inequality (4.88).

If t <1, eq. (4.85) predicts that the local void fraction
is largest at the walls. This is in fact the case in the bubbly
flow regime, where the turbulence of the liquid phase is domi-
nating (cf. Serizawa, Kataoka and Michiyoshi (1975)).

We will now return to the case where t > 1 and, by means of
eq. (4.85), explain the asymmetric film flow in annuli by the
existence of an asymmetric turbulence profile. From single-
phase measurements in channels with a rough and a smooth wall,
it appears that the turbulence level is higher in the region
near the rough wall (cf. Hanjalic and Launder (1972)). This
indicates that if an asymmetric film flow is first established,
the asymmetry will be maintained due to the progressive relation-
ship between the film thickness and roughness (eq. (4.72)).
Measurements in smooth annuli imply that the turbulence level
outside ry is greater than the turbulence level inside ry
already in the single-phase (cf. Brighton and Jones (1964)).
Thus it is probable that the tube film is thicker than the rod
film in the fully developed, equilibrium situation.

The explanation suggested above is supported by the film
flow measurements, which were performed at very low steam quali-
ties (cf. fig. 3.19.b). Here it was shown that the ratio be-
tween the film flow rates per unit perimeter tends to unity,
and the fraction of entrained liquid increases when the steam
quality tends to zero, i.e. when t becomes less than unity.

From the experimental film flow rates it was evaluated that
the introduction of

le = 0.4 sz (4.89)
described the asymmetry in an adequate manner.

This condition closes our set of equations for calculation

of the equilirbium conditions for annular flow in annuli,.
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4.3.5. Predictions of Data

As in the tubular case (sect. 4.1.5), we will now illustrate
the capability of our model by comparisons between calculated
and experimental film flow rates and frictional pressure

gradients.,

4.3.5.1. Predictions of Film Flow Rates. In figs. 4.27.a-b

the predicted values of rod and tube film flow rates are com-
pared to the adiabatic measurements in test section 17/26L at

70 bar. Similar comparisons are shown in fig. 4.28 for 30, 50
and 90 bar. It is seen that the agreement is in general good,
but that the model overestimates the experimental tube film flow
rates at low gas velocities. This was also the case in the
tubular geometry (cf. sect. 4.1.5.1), and the main reason is
also here supposed to be an incorrect interpretation of the
suction curves.

The effect of geometry is illustrated in fig. 4.29, where
data for developing, adiabatic film flow are compared to the
calculations. The measurements were carried out by Moeck (1970)
in an annulus (dl = 0.0197 m, d2 = 0.0238 m) with a movable
heater inside the rod, so the adiabatic length could be varied.
The prediction was performed by means of eq. (4.92) with ql“ =
qz" = 0. The calculation was initiated with the experimental
film flow rates at L, = 0. The figure indicates that a higher
ratio between the mass transfer coefficients than that given by
eg. (4.89) would improve the agreement. An increment of the
ratio seems reasonable for Moeck's narrower geometry because -
for symmetrical reasons - le/kD2 must tend to unity when dl/d2
does. However, due to the few equilibrium measurements (8)
carried out by Moeck, it was impossible to establish a convinc-
ing relationship between the diameter ratio and le/sz.

4.3.5.2. Predictions of Frictional Pressure Gradients. In

fig. 4.30 the calculated values of (dp/dz)f are compared to the
measurements in test section 17/26L. It is not surprising that
the agreement is excellent, since the roughness correlation
(eq. (4.72)) has been in fact deduced from these data. When a
similar comparison was carried out for the equilibrium data by
Moeck (1970), a general overprediction of about 10% appeared.

However, this discrepancy is believed to result mainly from the
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too low ratio between the mass transfer coefficients discussed
above.

4.4. Diabatic Conditions in Annular Geometries

This final section of the analytical part of this report,
treats the diabatic film flows in annuli.

The relationships derived in sect. 4.2 for diabatic films
in tubes are assumed also to be valid for annuli.

4.4.1. Mass Balances on the Films

The differential changes in the flow rates of gas, entrained
liquid, and films thus become (cf. eqs. (4.35)-(4.39)):

dm m(d,q," + d ")
g _ 171 292 (4.90)
dz r
ev

dme
Jz- = "(@1(Ggy ~ Gpy) + dy(Gp, = Gpy)) (4.91)
drn . q "
N & - - _J

iz ﬂdj(GDj GEj = ). (4.92)

4.4.2., Entrainment and Deposition Rates

The entrainment rates are calculated from eq. (4.76), and
the expression for the deposition rates becomes (cf. egs. (4.40)
(4.42)):
-6./50um q."
Go. = (k. ~ e 3 <4 ). (4.93)

DJ Tev Pg

4.4.3., Initial Conditions

As in the tubular case, the initial condition was chosen as:

mf.(a = 0.8) =m

. = 0, 4,94
j fj'eq(a 0 8) ( )

where m is calculated from sect. 4.3.

fj,eq
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4.4.4. Predictions of Data

Finally, calculations of film flow rates, frictional pressure
gradients, and burnout steam qualities will be compared to

measurements in annuli under diabatic conditions.

4.4.4.1. Predictions of Film Flow Rates. In figs. 4.31l.a-b

examples are shown of predictions of the film flow measurements

in test section 17/26S. It is seen that the agreement in gen-
eral is good. Due to the existence of two walls, which can be
heated individually, it is seen from fig. 4.31.b that the films
are not so independent of the heat flux at the initial point as
in the tubular case (cf. also figs. 3.20.a-b). Thus it appears
from fig. 4.31.a that the best agreement is achieved when the
two heat fluxes are equal.

4.4.4.2. Predictions of Frictional Pressure Gradients. The

measurements of (dp/dz)f shown in fig. 3.26 are compared to the
calculated values in fig. 4.32. From the results at G = 900
kg/mzs it is seen that the model takes proper account of the

measured variation of (dp/dz)f with the heat flux distribution.

4.4.4.3., Predictions of Burnout. The calculation of burn-

out is carried out as in the tubular case (cf. sect. 4.2.4.3),
with a fixed ratio between the heat fluxes. The steam quality

is set equal to x when Mgy and/or Mg, vanishes., The axial

BO
position of burnout is then calculated (cf. eq. (4.44)):

2 2
G(r - r. )
(n) _ (n) 2 1
Lgo = (Xgg Tay * (hy = hy)) —5 W (1)
q; ry+qa, r

(4.95)
2
and so on.

In figs. 4.33.a-b the burnout measurements performed by
Jensen and Mannov (1974) in test section 17/26S are shown
together with the predictions. It is seen that burnout takes
place on the rod as long as the fraction of power on the tube
is less than approximately 0.70., This relationship is, of
course, a consequence of the asymmetric film flow conditions
discussed in sect. 4.3.4. The figure shows a reasonably good
agreement, even if the asymmetry seems to be overestimated.

The effect of geometry and pressure is illustrated in figs.
4.34.a-b. Similarly, examples of the burnout measurements of
Becker and Letzter (1975) are shown together with the predic-



tions. The measurements were carried out in an annulus with a
slightly smaller diameter ratio than test section 17/26S. Also
these comparisons for 30 and 70 bar show a good agreement be-

tween experiments and theory.
A summary of the predictions is given in table 4.4.

Table 4.4

Predictions of Burnout in Annuli

a, d, Ly P QF n e (oz)’5 Ref
m m m bar - - 2 $
0.0120 0.0213 3.0 30-70 0-1| 38 1.4 7.6 | a

0.0137 0.0222 2.6-2.8 42-69 0 26 4.2 10.3 b

0.0159 0.0210 3.7-4.6 52-69 0 49 -3.6 7.8 c

0.0170 0.0260 3.5 70 0-1 48 -5.6 10.9 4

QF: Power fraction QBOZ/(QBOI + QBOZ)
n: Number of data points analyzed
e: Mean error (Qp, .a1 ~ Qgo,exp’ /%80, exp

k;)gzstandard deviation of errors

References: a) Becker and Letzter (1975)
b) Janssen and Kervinen (1963)
c) Little (1970)
d) Jensen and Mannov (1974)

5. SUMMARY AND CONCLUSIONS

An experimental and theoretical investigation of the annular
steam-water flow regime in tubes and annuli was performed.

More than 200 film flow measurements are presented in the
report together with experimental data on pressure gradients,
film thicknesses, wave frequencies and velocities, and burnout
heat fluxes.

The adiabatic experiments were carried out under conditions
that allow the data to be regarded as equilibrium data. The
equilibrium measurements in annuli showed an asymmetric film
flow condition, where the tube film carried considerably more
liquid per unit perimeter than the rod film. It was shown that



the diabatic film flow is independent of the subcooling, as long
as there is no steam at the inlet. It was demonstrated that
burnout takes place at the axial position where the film flow
rate vanishes. The wave measurements gave an indication of
proportionality between the wavelength of the roll waves and

the film thickness.

On the basis of the experimental data, a film-flow model
for annular flow in tubes and annuli was set up. It was shown
that the velocity profile in the film could be described ad-
equately well by Prandtl's turbulent two-layer model. The
velocity distribution in the gas core was described by the
turbulent, logarithmic profile for completely rough walls. A
general film roughness correlation between the equivalent sand
roughness and the film thickness was derived. By the intro-
duction of a new entrainment parameter, a general entrainment
correlation was shown to be valid for both air-water at low
pressures and steam-water at 30-90 bar. The asymmetric film
flow in annuli was discussed, and the inability of diffusion
theory to describe the deposition process was demonstrated.
The main reason for this insuffiency was assumed to be the
large droplet size, and assuming that the gas turbulence has
only little influence on the droplets, the asymmetry was
qualitatively explained by means of a relationship between the
local void fraction and the turbulent kinetic energy.

The capability of the model was demonstrated by several
comparisons between measurements and predictions of film flow
rates, frictional pressure gradients, and burnout heat fluxes.

In general, good agreement was obtained especially under
adiabatic conditions and at moderate heat fluxes, where the
effect of enhanced entrainment due to bursting of bubbles from
the film surface can be neglected.

Although the film-flow model has thus proved to describe
annular steam-water flow in tubes and annuli reasonably well,
it should be recognized that further investigation of several
aspects are desirable.

It was indicated that the model overpredicts burnout at high
heat fluxes; therefore it would be expedient to perform diabatic

experiments at heat fluxes beyond 200 W/cmz, so that the effect
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of increased entrainment due to the bursting of bubbles could
be implemented in the model.

An extension of the set of annular test sections would also
be valuable to establish a convincing relationship between the
diameter ratio and the mass transfer coefficients.

The asymmetric film flow condition in annuli demonstrates
that a more fundamental physical knowledge of the deposition
process is highly desirable. Therefore measurements of local
properties (e.g. local velocities, turbulence levels, void
fractions, and droplet sizes) would be a great advantage in a
further development of the model.
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NOMENCLATURE

Cross-sectional area

Ratio between mean film thickness and
wave amplitude (cf. eq. (4.78))
Roughness function in the velocity profile
Mean droplet concentration

Constant in eq. (4.15)
Cross-correlation of needle signals
(cf. fig. 3.36)

Constant in eq. (4.87)

Constant in eq. (4.85)

Acceleration pressure gradient
Frictional pressure gradient
Single~phase frictional pressure gradient
Hydrostatic pressure gradient

Total pressure gradient

Outer diameter of the rod in annular
test sections

Inner tube diameter

Mean error

Wave frequency (cf. fig. 3.35)
Constant in eq. (4.31)

Total mass flux

Deposition rate

Entrainment rate

Enthalpy of water at temperature Ti
Dimensionless heat balance

Constant in eq. (3.25)

Mass transfer coefficient

Constant in eq. (3.24)

Equivalent sand roughness

Wavenumber for roll waves

Length of test sect:on

Adiabatic length

Diabatic length

Needle distance (cf. eq. (3.34))

Axial position of burnout



=
i
=

e el e

N

£ o
+

Mass flow rate

System pressure

Heat flux

Thermal power

Electrical power on the steam generator
Electrical power on the rod

Electrical power on the tube

Radial coordinate

Radial position of wave crest

Evaporation heat at saturation temperature
Radius of zero shear stress

Outer radius of the rod

Inner radius of the tube

Constant in eg. (3.26)

Film Reynolds number

Slope of the suction curve (cf. fig. 3.9)
Slope of the suction curve (cf. fig. 3.9)
Mean slip ratio

Entrainment parameter (cf. eq. (4.32))
Entrainment parameter (cf. eg. (4.33))
Power spectrum of needle signal

(cf. fig. 3.35)

Entrainment parameter (cf. eq. (4.29))
Ratio between Tg and Tl
Turbulent kinetic energy per unit volume
Saturation temperature

Time for a wave to pass between two probes
(cf. fig. 3.26)

Temperature at the inlet of the steam
generator

Temperature at the inlet of the test section
Temperature at the outlet of the test section
Temperatures in the heat balance unit

(cf. fig. 3.2)

Axial velocity

Mean value (in space) of u

Fluctuating component of u

Mean value (in time) of the square of u'

. . . +
Dimensionless velocity u = u/u*



- 71 -

u* m/s Friction velocity u* = V?;;
v m/s Radial velocity
Vi m/s Wave velocity
Ve \Y% Trigger level (cf. fig. 3.8)
X - Steam quality
xc's - Steam quality in the core near the wall
(cf. eq. (3.9))
Yy m Distance from wall
Yp m Constant in eq. (4.41)
y+ - Dimensionless wall distance y+ = yu*/v
z m Axial coordinate
z m Axial position of pressure tap i
Zi m Midpoint between zg and Zi41
2o - Constant in eq. (4.31)
o - Mean void fraction
ac’m - Mean void fraction in the core
(cf. eg. (3.12))
ac,s - Void fraction in the core near the wall
Oy - Void fraction in the wave region
$ m Film thickness
st - Dimensionless film thickness &' = Su*l/vl
Af snl Frequency range (cf. fig. 3.25)
Ahsub J/kg Enthalpy difference hSub = hz-hl
Api ga Pressure drop between zy and Zi41
ATsub c Inlet subcooling ATsub = T2-T1
Ao - Void fraction difference
, Ao = a?’m-a?’s
€ m°/s Eddy viscosity
€ m2/s Mean value (in space) of ¢
K - von Karmdns constant
Aw m Wavelength of the roll waves
Ap mz/s Droplet diffusion coefficient
u kg/ms Dynamic viscosity
\Y m2/s Kinematic viscosity
p kg/m3 Density
p' - Density ratio p' = pl/pg
o N/m Surface tension of water
(02)% - Standard deviation



T N/m Shear stress
T con - Dimensionless needle contact time
Tmin - Minimum value of Teon
¢2 - Two-phase multiplier (cf., eg. (3.31)).
Subscripts*
BO Burnout
c Core
cal Calculated
cont Containment
cr Critical
curv Curvature
e Entrained 1liquid
eq Equilibrium
ev Evaporation
exp Experimental
f Film
g Gas phase
h Hydraulic
h.ex. Heat exchanger
i Interfacial
init Initial
J j = 1: Inside ry
j = 2: Outside ry
1 Liquid phase
loc Local
max Maximal
min Minimal
nom Nominal
out Outlet
P Primary
s Secondary
th Theoretical
tr Transition
% Wall

*

unless otherwise specified among the main symbols.
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APPENDIX

Film Flow Measurements. Test Section 17/268S.
Diabatic.
Film Flow Measurements. Test Section 10.

Adiabatic.

Film Flow Measurements. Test Section 10.
Diabatic. L, = 0.1 m.

Film Flow Measurements. Test Section 10.
Diabatic. L, = 0.5 m

Film Flow Measurements. Test Section 10.
Diabatic. La = 1.0 m.

Film Flow Measurements. Test Section 10,
Diabatic. La = 2.0 m.

Film Flow Measurements. Test Section 17/26L.
Adiabatic.

Film Flow Measurements. Test Section 20,
Adiabatic.

Pressure Drop Measurements. Test Section 17/268S.
Diabatic.

Pressure Drop Measurements. Test Section 10.
Adiabatic.

Pressure Drop Measurements. Test Section 10.
Diabatic.

Pressure Drop Measurements. Test Section 17/26L.
Adiabatic.

Pressure Drop Measurements. Test Section 20.
Adiabatic.

Burnout Measurements. Test Section 10.
Measurements of Rod Film Thickness, Wave Frequency
and Velocity. Test Section 17/26L. Adiabatic.
Measurements of Film Thickness, Wave Frequency and
Velocity. Test Section 20. Adiabatic.
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Table Al. Film Flow Measurements. Test Section 17/26S. Diabatic. L, 0.1 m. Ld =3.5m .
L]
Main System Parameters Experimental Data Entr. Voids
Run p G m CREE S ____Tgff_____ﬂ 5. 5, mg/m Core Wave
Min, Max.' %%.,s ac,m A“/uc,s o
bar kg/mzs kg/s w/cm2 % ) ) - - % % % ) L
101 70 500 0.152 0 20 10.6 15.7 0.72 3.45 20.7 96.5 95.1 -1.4 85.4
50 38.0 43.6 0.62 4.30 97.0 -1.9 82.4
102 10 20 9.6 14.9 0.66 3.05 21.4 96.8 94.9 -1.9 86.9
40 42.2 43.7 0.96 2.90 95.4 -0.5 87.4
103 20 20 10.1 13.7 0.63 4.68 20.6 96.9 95.1 -1.8 81.2
30 41.5 45.7 0.86 7.15 95.9 -0.7 73.9
104 30 20 9.2 12.8 0.57 2.63 18.8 97.2 95.5 -1.7 88.5
20 41.5 48.4 0.82 2.75 96.1 -0.5 88.0
105 40 20 8.6 12.2 0.46 2.40 19.8 97.7 95.3 -2.4 89.4
10 42.8 48.0 1.00 5.40 95.2 0.04 78.9
106 50 20 9.5% 11.2 0.70 2.25 21.2 96.6 95.0 ~-1.6 90.0
0 43.2 47.6 1.44 4.65 93.3 1.7 81.3
107 600 0.182 40 60 3.6 4.8 0.01 2.13 16.9 99.9 98.6 -1.3 90.4
40 12.9 18.3 0.08 4.55 99.6 -0.9 81.6
108 60 60 3.5 4.0 0.08 1.53 16.2 99.6 98.6 -0.9 92.9
60 12.4 19.8 0.12 5.50 99.4 ~0.7 78.6
109 66 60 3.8 4.5 0.01 1.05 16.4 99.9 98.6 -1.2 95.0
66 16.1 19.1 0.16 3.85 99.2 -0.5 84.0
110 900 0.274 0 20 11.7 16.2 0.70 3.95 22.0 96.6 94.8 -1.8 83.6
85 32.4 41.8 0.34 13.4 98.3 -3.5 60.2
111 0 30 7.8 13.2 0.30 6.05 28.4 98.5 95.5 -3.0 77.0
85 25,6 28.4 0.68 3.60 96.7 -1.2 84.9
112 [ 40 7.6 11.7 0.06 3.15 30.1 99.7 96.4 -3.2 86.5
85 11.8 18.2 6.08 5.85 99.6 -3.1 77.6
113 0 50 6.2 8.8 0.16 3.35 33.7 99.2 96.7 -2.4 85.8
85 8.0 7.5 0.10 2.00 99.5 -2.7 91.0
114 85 20 5.4 8.8 0.36 3.65 19.0 98.2 95.5 -2.7 84.7
0 44.8 52.2 1.32 12.40 93.8 1.7 62.0
115 85 25 5.7 7.5 0.26 1.9¢ 20.6 98.7 96.0 -2.6 91.4
] 41.0 46.9 1.26 12.4 94.1 2.0 62.0
116 85 30 4.3 4.5 0.64 2.15 24.0 96.9 96.2 -0.7 90.4
0 40.2 41.5 1.18 2.80 94.4 1.8 87.8
117 1000 0.304 1] 20 8.6 13.3 0.47 3.90 24.7 97.7 94.2 -3.5 83.8
50 29.6 42.0 0.56 13.9 97.3 -3.1 59.3
118 0 20 11.8 16.8 0.69 4.00 24.2 96.7 94.3 -2.4 83.5
1060 33.6 39.0 0.60 7.80 97.1 -2.8 72.2
119 30 20 8.2 11.7 0.34 4.73 13.2 98.3 96.8 -1.5 81.0
30 40.5 45.1 0.92 6.55 95.6 1.2 75.5
120 45 2 14.0 18.4 5.8 11.0 47.2 77.7 46.2 ~-40.5 64.8
45 29.5 32.4 [11.85 19.10 63.1 -26.7 51.4
121 45 5 12.0 16.1 | 2,92 7.20 | 37.3 | 87.4 73.0 -16.3 73.7
45 38.8 41.6 4.04 8.90 83.3 -12.3 69.4
122 45 10 11.4 15.2 | 1.32 4.85 | 27.4 | 93.8 88.0 -6.1 80.6
45 39.6 47.4 1.48 8.20 93.1 -5.4 71.1
123 45 20 8.8 13.2 0.28 2.80 21.7 98.6 94.9 -3.7 87.8
45 35.4 45.1 0.78 15.6 96.2 -1.4 56.5
124 45 40 3.3 4.7 0.08 1.78 33.0 99.6 96.0 -3.5 91.9
45 14.5 22.3 0.38 8.40 98.1 -2.1 70.7
125 60 40 3.8 4.9 0.07 1.25 30.7 99.6 96.3 ~3.3 94.1
60 12.2 24 .4 0.08 10.65 99.6 -3.2 65.5
126 100 20 7.1 9.4 0.08 3.00 21.6 99.6 94.9 -4.6 87.1
0 44.2 49.0 1.48 7.30 93.1 1.8 73.5
The upper values apply to the rod, the lower apply to the tube




Table A2. Fi1lm Flow Measurements. Test Section 10. Adiabatic. L, = 9.0 m,
Main System Parameters Experimental Data 'Entr. Voids
i
Run p G m xout ,__J/_.m_. | sc s,, m_ /m Core Wave
B Min. Max. “c,s 9 m Au/“c,s ay
bar kg/m’s  kg/s % % 1y - - % % 0y 'y %
201 30 1000 0.0785 16 40.0 46.5 1.7 3.5 37.5 97.0 95.9 -1.1 94.0
202 24 36.2 38.4 1.41 2.15 137.6 97.5 97.2 -0.3 96.2
203 32 31.6 33.2 0.43 0.8 |34.8 99.2 98.1 -1.1 98.6
204 40 20.7 20.7 0.6 ? 39.3 98.9 98.2 -0.7 ?
205 50 13.2 16.0 0.27 1.48 |34.0 99,5 98.8 -0.7 97.4
206 60 7.5 12.4 0.4 4.5 27.6 99.3 99.2 -0.1 92.4
207 2000 0.157 8 26.8 ? ? 11.1 ? 2 ? ? 83.2
208 16 24.0 27.5 1.65 4.1 56.5 97.1 99.5 2.5 93.0
209 20 | 21.8 23.8 0.38 2.6 56.2 929.3 95.1 -4.2 95.5
210 24 |, 14.8 14.8 0.68 61.2 98.8 95.6 -3.2 ?
211 32 6.9 9.0 0.59 59.0 98.9 96.7 -2.2 96.0
212 40 ! 5.0 8.1 0.14 51.9 99.7 97.7 -2.0 93.5
213 | 50 J 4.5 6.7 0.11 . 43.3 399.8 98.4 -1.4 93.4
214 S0 500 0.0393 24 ( 48.6 ? ? 4.47 ? ? ? ? 87.3
215 32 44.8 49.4 1.48 2.88 {18.6 95.4 98.1 2.8 91.4
216 40 41.9 44.7 1.09 2.60 }15.3 96.6 98.8 2.3 92.2
217 S0 39.9 44.0 0.38 0.99 6.0 98.8 99.6 0.8 96.9
218 60 . 35.0 35.0 0.65 ? 5.0 97.9 99.7 1.8 ?
219 1000 0.0785 8 ? 42.2 5.95 ? 49.8 83.8 83.1 -0.8 ?
220 16 38.4 41.5 1.83 15.1 42.5 94.4 92.0 -2.5 67.0
221 24 36.5 38.8 1.46 3.10 (37.2 95.5 95.2 -0.3 90.8
222 32 32.8 34.3 1.06 1.78 (33.7 96.7 96.7 0.0 94.5
223 40 29.0 31.0 0.10 0.85 |29.0 99.7 97.7 -2.0 97.3
224 50 21.0 21.0 0.34 ? 2%.0 98.9 98.1 -0.8 ?
225 60 J 12.9 15.1 0.69 1.65 |24.9 97.8 98.7 0.9 94.9
226 2000 0.1571 8 24.4 33.0 3.95 18.1 59.0 88.6 80.6 -9.0 62.9
227 16 22.2 ? ? 4.65 ? ? ? ? 86.8
228 20 20.4 24.3 1.35 4.95 |55.7 95.8 91.7 -4.3 86.1
229 24 19.5 21.4 0.76 ? 54.6 94.5 92.9 -1.7 ?
230 32 14.0 14.0 0.20 ? 54.0 99.4 94.8 -4.6 ?
231 40 8.4 9.8 0.23 2.60 [50.2 99.3 96.1 -3.2 92.2
232 | 50 4.2 6.6 0.17 4.1 43.4 99.4 97.2 -2.2 88.2
233 ! 60 2.5 5.5 0.08 4.85 |34.5 99.7 98.2 -1.5 86.3




Table A2 (continued). Film Flow Measurements, Test Section 10. Adiabatic. L, =9.0m
Main System Parameters Experimental Data Entr. Voids
Run p G m Xout me/m s, s, [mg/m Core Wave
Min. Max. “c,s °‘c,m Au/ac’s o,
bar kg/m’s  kq/s s ' 3 - - ' ' ' % %
234 70 500 0.0393 24 49.2 54.4 | 1.64 6.0 f21.6 | 92.5 95.7 3.5 77.2
235 32 42.9 47.6 | 1.21 3.04 |[20.4 | 94.4 97.0 2.8 87.0
236 40 40.5 43.0 | 1.1 1.79 |17.0 | 94.3 97.9 3.2 91.9
237 50 37.3  42.2 [ 0.28 1.64 | 7.8 |98.6 99.2 0.6 92.5
238 ‘ 60 30.6 35.4 | 0.30 3.0 4.6 | 98.5 99.6 1.1 87.1
239 i 750  ©0.0589 16 7.0 2 2 5.40 | 2 2 ? ? 79.0
240 | 24 42.0 44.3 | 2.35 6.0 [31.7 |89.6 93.9 4.8 77.2
241 32 39.9  43.2 | 0.95 1.95 {24.8 ] 95.5 96.3 0.8 91.2
242 | 40 39.1 40.7 | 0.38 0.61 {19.3 {98.2 97.7 -0.5 97.1
243 50 32.4  33.5 | 0.27 1.50 {16.5 | 98.7 9B.4 -0.3 93.1
244 1 60 25.7 28.4 | 0.24 0.52 [11.6 | 98.8 99.1 0.3 97.5
245 1000 0.0785 8 36.8 ? ? 8.10 | ? ? ? ? 71.4
246 16 37.2 47.8 | 1.20 6.60 {36.2 [94.4 90.0 -4.7 75.4
247 24 33.8  38.3 | 1.34 7.10 {37.7 |93.8 92.8 -1.1 74.1
248 32 31.7 34.2 [o0.61 1.25 |33.8 {97.1 95.0 -2.2 94.2
249 40 27.0 28.8 | 0.31 3.70 [31.2 |98.5 96.3 -2.2 84.6
250 50 19.0 21.6 | 0.09 5.80 [28.4 ,99.6 97.3 -2.3 77.8
251 60 14.7 14.7 0.70 2 25.3 | 96.7 98.0 1.3 ?
252 2000 0.157 8 34.2 ? ? 3.13 | ? 2 ? ? 86.6
253 12 22.0 26.0 [ 4.00 9.25 [62.0 |83.5 79.7 -4.6 68.7
254 16 20.0 23.2 | 2.20 9.30 |60.8 |B84.4 84.0 -0.5 68.5
255 20 20.0 22,0 | 2.00 3.30 |58.0 }95.. 88.0 -7.9 86.0
256 24 18.0 18.9 |1.33 3.10 [57.1 |93.8 89.5 -4.6 86.7
257 32 2 13.3 | 0.38 2 54.7 |98.2 92.2 -6.1 ?
258 40 9.0 10.0 | 0.13 1.40 |50.0 |99.4 94.2 -5.2 93.5
259 50 5.0 7.3 [0.04 1.33 [42.7 |99.8 96.0 -3.8 93.8
260 60 3.5 5.3 | 0.05 2.00 [34.,7 |99.8 97.2 -2.6 91.0
261 3000 0.2356 8 18.5 23.1 |[3.23 7.15 [68.9 |86.3 70.2 -18.7 73.9
262 16 14.3 17.0 | 1.64 3.50 [67.0 |92.5 82.9 -10.4 B85.3
263 24 11.5 11.5 [1l.08 ? 64.5 |94.9 88.3 -7.0 ?
264 32 7.3 9.0 | 0.26 0.75 |59.0 [98.7 91.7 -7.1 96.4
265 40 5.0 7.7 [ 0.10 1.35 [52.3 [99.5 93.9 -5.6 93.8
266 |90 500 0.0393 50 37.0 39.1 |0.62 1.30 |10.9 |95.9 9B.5 2.7  91.7
267 60 33,1  35.2 [0.28 0.94 | 4.8 [98.1 99.4 1.3 93,9
268 1060 0.0785 16 39.7 41.8 [ 2.36 4.8 {42.2 |86.0 84.6 -1.6 75.1
269 24 29.2 34.5 |[o0.84 3.38 [41.5 (94,5 89.3 -5.5 B1l.0
270 32 25.7 28.0 [o0.45 1.75 |40.0 (97.0 92.0 -5.2 89.2
271 40 22.5 24.2 |0.25 1.25 [35.8 |98.3 94.2 -4.2 92.0
272 50 18.2 18.2 [o0.12 ? 31.8 |99.2 95.8 -3.4 ?
273 60 13.5 13.5 |0.14 7 26.5 [99.0 97.0 -2.0 ?
274 2000 0.157 8 27.7 31.9 |4.76 6.65 |60.1 |75.2 65.8 -12.5 68.5
275 16 17.8 ? ? 3.91 | ? ? ? ? 78.7
276 20 16.7 ? ? 1.95 | 2 ? ? ? 88.1
277 24 15.3  16.9 | 0.925 2.6 [|59.1 |[94.0 85.4 -~-9.1 B4.8
278 32 10.7 ? ? 0.48 | 2 ? ? ? 96.8
279 40 7.3 9.5 [0.16 0.75 [|50.5 (98.9 92.0 -7.0 95.1
280 50 6.9 6.9 |0.03 2 43.1 [99.8 94.4 -5.4 ?
281 60 3.6 5.3 | 0.07 1.05 [34.7 |99.5 96.2 -3.3 93.2




Table A3, Film Flow Measurements. Test Section 10. Diabatic. La = 0.1 m.
L}
Main System Parameters l Experimental Data Entr.‘ Voids

+ Pre-

Run P G m q” L xoutl mf/m Sq sy m,/m Core Wave digt.
Min. Max. c.5 o mAa/uch, o, [*Bo
bar kg/m?s kg/s  w/em® m % % % - - % * % s v s

301 30 1000 0.C785 100 4.020 50 15.0 17.6 0.58 1.44 32.4 98.9 98.8 -0.1 97.4 67.9
302 2000 0,157 100 4.020 24 21.8 24.5 0.64 1.94 51.5 98.8 96.2 -2.6 96.5 45.0
303 3000 0.236 100 4.020 24 13.6 14,5 0.44 1.35 61.5 99.2 95.5 =3.2 97.5 136.6

- —_—— - —_—— ———— - - -
304 50 1000 0.0785 100 4.020 50 18.3 18.3 0.86 ? 31.7 97.2 97.9 0.7 ? 74.2
305 2000 0,157 100 4.020 24 21.4 24.3 0.96 2.38 51.7 96.9 93.4 -3.6 92.8 49.7
306 3000 0.236 100 4.020 24 13.8 13.8 0.83 ? 62.2 97.3 92.2 -5.2 ? 40.7

J SN R

307 70 500 0,0393 50 2.000 24 47.9 52.9 1.98 4.15 23.1 91.1 95.4 4.7 83.0(102.6)
308 50 2.000 32 45.1 46.7 1.65 2.93 21.3 92.4 96.8 4.7 87.3(102.6)
309 50 4.020 40 40.4 43.2 0.83 2.25 16.8 96.0 97.9 1.9 90.0 103.8
311 50 4.020 80 15.2 15,2 ? ? 4.8 ? 99.7 ? ? 103.8
312 100 2.000 60 30.1 30.1 ? ? 9.9 ? 99.1 ? ? (l02.1)
313 100 2.000 80 17.9 17.9 ? ? 2.1 ? 99.8 ? ? (102.1)
314 1000 0.0785 50 4.020 16 42.7 51.8 1.15 6.03 32,2 |93.0 93.0 0.0 77.0 75.8
315 50 4.020 24 37.6 43,7 1.38 2.47 32.3 93.6 93.7 0.1 89.1 75.8
316 50 6.000 24 37.4 46.0 0.55 2.27 30.0 97.3 94.1 -3.2 89.9 77.6
317 50 4.020 40 27.8 28.8 0.43 0.75 31.2 97.9 96.2 ~-1.6 96.4 75.8
318 50 6.000 40 26.4 28.2 0.35 0.93 31.8 98.3 96.2 -2.1 95.6 77.6
319 50 6.000 60 10.2 14.8 0.12 1.55 25.2 99.4 97.9 -1.4 92.8 77.6
320 100 2.000 16 47.4 53.5 1.25 7.6 30.5 94.1 91.4 =-2.9 72.7 (73.9)
321 100 2.000 24 38.0 49.3 0.88 3.85 26.7 95.8 94.7 -1.0 84.0 (73.9)
322 100 2.000 32 34.2 36.4 1.13 3.05 31.6 94.7 95.3 0.6 86.9 (73.9)
323 100 4.020 40 27.5 27.5 0.39 ? 32.5 98.1 96.1 =-2.0 ? 70.8
324 100 4.020 50 19.4 19.4 0.05 ? 30.6 99.7 97.0 -2.6 ? 70.8
325 100 4.020 60 10.0 12.4 0.0% 0.90 27.6 99.7 97.7 -1.9 95.7 70.8
326 2000 0,157 50 4.020 16 24.7 29.2 1.62 5.15 54.8 92.5 85.5 -7.6 79.7 50.7
327 50 4.020 24 19.2 22,4 0.72 1.78 53.6 96.5 90.0 -6.7 91.9 50.7
328 100 2.000 16 26.7 30.7 3.20 6.50 53.3 86.3 85.8 -0.5 75.7 45.0
329 100 2.000 24 20.4 23.4 1.00 2.35 52.6 95.2 90.2 ~5.3 89.6 45.0
330 100 4.020 24 21.0 22,1 1.24 1.70 53.9 94,2 90.0 -4.4 92.2 46.9
331 100 6.000 24 19.5 22,5 0.85 1.77 53.5 95.9 90.0 -6.1 91.9 48.4
332 100 4,020 32 13.2 13.2 0.35 ? 54.8 98.3 92.2 =-6.1 ? 46.9
333 100 4.020 40 6.6 6.6 0.63 ? 53.4 96.9 93.8 ~-3.2 ? 46.9
334 100 6.000 40 6.6 6.6 0.24 ? 53.4 98.8 93.8 -5.0 ? 48.4
335 150 4.020 16 28.6 36.2 1.15 6.40 47.8 94.6 87.1 -7.9 76.0 43.2
336 150 4.020 24 19.4 22,0 | 0.97 2.13 54.0 95.4 90.0 ~-S5.6 90.4 43.2
337 150 4.020 32 11.8 12.2 0.19 1.68 55.8 99.0 92.0 =-7.0 92.3 43.2
338 3000 0.236 100 4.020 24 11.7 11.7 0.98 ? 64.3 95.3 88.3 -7.4 ? 39.0
339 100 4.020 32 5.5 5.5 1.30 ? 62.5 93.9 91.2 -2.9 39.0
340 150 4.020 16 18.0 20.5 2,32 4.65 63.5 89.7 83.6 -6.8 83.3 35.0
341 150 4.020 24 11.5 11.5 0.65 ? 64.5 96.8 88.2 -8.8 ? 35.0
342 150 6.000 24 10.4 10.4 0.95 ? 65.6 95.4 88.1 -7.7 36.1
343 150 4.020 29 7.5 7.5 0.20 ? 63.5 99.0 90.2 -8.8 35.0
344 90 1000 0.0785 100 4.020 50 9.6 13.8 0.18 1.40 36.2 98.7 95.2 -3.5 91.1 58.9
345 3000 0.236 100 4.020 24 9.0 9.0 0.97 ? 67.0 93.7 83.8 -10.5 ? 33.4




84 -

Table A4. Film Flow Measurements. Test Section 10, Diabatic. La = 0.5 m.
Main System Parameters Experimental Data Entr. Voids
Run . me/m Core Wav
p G m q Ly *out £ s. s, |mg/m e
Min. Max. 8c,s 9c,m B0/og g ay
bar  kg/m’s kg/s W/cn? m %y . - - ) ) Y % )
346 3o 1000 0.0785 100 4.000 50 ;12.1 14.7 [ 0.090 0.75{ 35.3 {99.8 98.7 -1.1 98.6
347 2000 0.157 100 4.000 24 121.1 23.2|0.53 1.04 | 52.8 [99.0 96.1 -2.9 98.1
348 50 1000 0.0785 100 4.000 50 [18.4 19.6 {0.045 0.36 30.4 {99.8 98.0 =-1.7 98.8
349 2000 0.157 100 4.000 24 [20.6 24.0 |0.84 2.64152.0 |97.3 93.4 -4.0 92.0
350 70 500 0.0393 50 4.000 60 |[30.7 34.0}0.060 0.99 6.0 |99.7 99.5 -0.1 95.3
351 1000 0.0785 100 4.000 60 [12.0 14.0|0.17 0.58|26.0 |99.1 97.% ~1.2 97.2
352 2000 0.157 150 4.000 16 {28.0 30.5(1.98 3.50{53.5 |91.1 85.8 =-5.7 85.2
353 2000 0.157 100 4.000 40 8.5 9.0 [ 0.30 0.93 [ 51.0 |98.5 94.0 -4.5 95.6
354 3000 0.236 100 4.000 32 8.2 8.2 (0,58 ? 59.8 |97.2 91.5 ~-5.8 ?
355 90 1000 0.785 100 4.000 50 [11.7 13.5|0.017 0.531]36.5 {99.8 95.1 -4.6 96.4
356 2000 0.157 100 4.000 24 [16.4 18.0 |1.00 2,07 [ 58.0 [93.5 85.6 =-8.3 87.4
Table A5, Film Flow Measurements. Test Section 10. Diabatic. La = 1.0 m.
Main System Parameters Experimental Data Entr. Voids
Run G m . L, x ‘f/m ] s m_/m Core Wave
P q d out c W @
Min, Max. 9. s %c.m Aa/cc‘. oy
bar kq/mzl kg/8 W/cm2 m [ [} 3 - - [ 3 L [ ]
357 30 1000 0.0785 100 4,000 S0{ 13.0 16.6|0.038 1.06| 33.4 |99.9 9%8.7 -l.1 98.1
358 2000 0.157 100 4.000 24) 19.9 22.1]0.24 0.71] 53.9 199.5 96.0 -3.5 29;1
359 50 1000 0.0785 100 4.000 S0| 19.2 21.3{0.33 0.68| 28,7 |[98.9 98.1 ~0.7 97.8
360 2000 0.157 100 4.000 24| 19.9 23.7 | 0.66 2.90( 52.3 |97.8 93.3 -4.6 91.6
361 70 500 0.0393 50 4.000 60| 30.0 36.4 (0.24 1.44 3.6 198.8 99.7 0.8 93.3
362 1000 0.0785 50 4.000 16| 39.0 50.0 |1.20 4.25{ 34.0 |95.5 90.7 ~-5.0 82.6
363 1000 0.0785 100 4.000 60| 12.5 18.310.29 1.801 21.7 |98.5 98.2 -0.3 91.8
364 2000 0.157 150 4.000 16| 24.5 30.4 |1.54 4.25] 53.6 |92.9 85.8 -~7.6 82.6
365 2000 0.157 100 4.000 40 9.8 11.5{0.25 0.68| 48.5 |98.7 94.3 -4.4 96.7
366 3000 0.236 100 4.000 32 8.0 8.0 ]0.63 ? 60.0 | 96.9 91.5 -5.6 o
367 90 1000 0.0785 100 4.000 So0| 13.2 17.1[0.15 0.88] 32,9 |98.9 95.6 -3.3 94.2
368 2000 0.157 100 4.000 24| 16.2 16.2]0.91 ? 59.8 | 94.0 85.2 -9.3 ?
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Table A6. Film Flow Measurements, Test Section 10. Diabatic. La = 2.0 m.
Main System Parameters Experimental Data Entr. Voids
me/m Core wWave
Run p G m q" Ly Xoue £ s, s, | mg/m
Min. Max.: s %%m Am/dc's ay,
bar kg/m’s kg/s  Wen? m s | e % - - % % % % 3
369 30 1000 0,0785 100 4.000 50) 12.2 15.2, 0.035 0.89| 34.8] 99.9 98.7 -1l.1 98.4
370 2000 0.157 100 4.000 24} 17.0 18.2} 0.44 2.58| 57.8} 99.2 95.7 -3.4 95.5
M 50 1000 0.0785 100 4.000 S0| 19.4 20.0{ 0.080 0.18)] 30.0| 99.7 98.0 -1.6 99.4
372 2000 0.157 100 4.000 24| 20.3 22.2| 0.77 1.32| 53.8( 97.5 93.1 -4.4 95.8
373 70 500 0.0393 50 4.000 60§ 29.6 33.8| 0.11 1.03 6.2] 99.4 99.4 0.03 95.1
374 1000 0.0785 100 4.000 60( 13.0 20.2} 0.10 1.65| 19.8{ 99.5 98.3 ~-1.1 92.4
375 2000 0.157 150 4.000 16} 22.4 26.3| 1.85 5.15| 57.7| 91.6 84.8 -7.3 79.7
376 2000 0.157 100 4.000 40 9.3 11.3] 0.35 0.93] 48.7] 98.3 94.3 -4.0 95.6
377 3000 0.236 100 4.000 32 7.7 7.7 0.68 ? 60.3] 96.2 91.4 -5.4 ?
378 90 1000 0.0785 100 4.000 50] 16.2 16.2] 0.20 33.8] 98.6 95.5 -3.1 ?
379 2000 0.157 100 4.000 24§ 15.3 15.31 1.09 ? 60.7| 92.9 85.1 -8.4 ?
Table A7. Film Flow Measurements. Test Section 17/26L. Adiabatic. La = 8.C m.
Main System Parameters Experimental Data Entr. Voids
mo/m
Run P G m Aout £ L s, me/m Core Wave
Min, Max. o % m Aa/ucja ay
bar kg/m®s  kg/s % ' s - - ' ' Voo '
501 30 500 0.152 20 9.1 13.6 0.60 4.05 16.3 98.9 98.5 -0.3 93.1
45.7 50.1 0.94 2.85 98.3 0.2 95.0
502 40 6.8 11.2 0.22 3,10 16.8 99.6 99.2 -0.3 94.6
21.9 32.0 0.16 4,85 99.7 -0.4 91.8
503 50 5.9 8.8 0.16 3.25 17.9 99.7 99.3 -0.3 94.3
14.1 23.3 0.06 5.95 99.8 -0.5 90.2
504 1000 0.304 20 6.6 10.2 0.34 4.55 31.3 99.3 97.2 -2.1 92.3
26.1 38.5 0.62 10.30 98.8 -1.6 84,1
505 40 2.2 3.3 0.04 2.40 46.3 99.9 97.9 ~1.9 95.8
_ﬂ___{ B 6.2 10.4 0.04 2.70 99.9 -1.9 95.3
506 50 500 0.152 40 7.2 11.8 0.16 2.10 11.4 99.4 99.0 ~-0.4 93.5
o .. 1320 36.8 § 0.32  4.20 98.9 0.1 87.9
507 1000 0.304 20 7.6 10.9 0.42 2.20 26.3 98.6 95.8 -2.7 93.3
31.6 42.8 1.04 13.4 96.7 -0.8 69.6
508 40 3.4 5.8 0.08 3.5 38.3 99.7 96.9 -2.7 90.9
9.8 15.9 0.18 4.40 99.4 -2.4 87.4
509 55 2.14 2.31 0.014 0.11 34.2 99.9 98.0 -1.9 99.6
3.4 8.5 0.10 5.20 99.6 -1.6 85.5

The upper values apply to the rod, the lower apply to the tube.
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Table A7 (continued). Film Flow Measurerents. Test Section 17/26L. Adiabatic. La = 8.0 m.
Main System Parameters Experimental Data Entr. Voids
Run P G m out mf/m S s, me/m Core Wave
Min. Max, Be. % .m Aa/uc's a,
bar kg/mzs kg/s 3 % % - - 3 L % % %
510 70 400 0.122 61 6.9 11.1 0.020 2.15 -0.8 99.9 100.0 . 90.4
26.6 28.7 0.16 2.30 99.2 . 89.8
g
511 500 0.152 20 8.3 13.1 0.86 3.25 21.9 95.9 94.8 -1.0 86.1
43.3 45.0 1.56 6.25 92.8 2.1 76.9
512 30 7.8 11.0 0.60 2.90 13.5 97.1 97.8 0.7 87.4
38.8 45.5 0.38 6.00 98.1 -0.3 77.1
513 40 7.4 11.2 0.24 2.40 9,7 98.8 98.8 [} 89.4
35.2 39.1 0.40 1.80 98.0 0.7 91.8
514 50 6.1 9.3 0.24 2.25 10.7 98.8 98.9 0.1 90.0
23.1 30.0 0.060 4.10 99.7 -0.7 83.1
515 60 5.3 8.7 0.14 2.10 7.2 99.3 99.4 0.1 90.6
17.3 24.1 0.12 4.00 99.4 0 83.5
516 800 0.243 30 6.6 9.3 0.42 2.45 22.2 97.9 96.4 -1.5 89.2
33.2 38.5 0.54 4.70 97.4 -0.9 8l.1
517 50 4.0 6.7 0.060 2.05 25.6 99.7 97.5 -2.1 90.8
11.9 17.7 0.060 3.40 99.7 =-2.1 85.6
518 1000 0.304 20 6.2 9.8 0.52 3.35 24.0 97.4 94.4 -3.1 85.8
37.2 46.2 0.72 4.60 96.5 -2.2 81.5
519 30 5.3 8.2 0.16 2.15 29.8 99.2 95.3 -3.9 90.4
23.6 32.0 0.16 9.75 99.2 -3.9 67.5
520 40 4.2 6.4 0.12 1.90 35.0 99.4 95.8 -3.5 91.4
12.8 18.6 0.060 3.15 99.7 -3.8 86.5
521 50 2.0 3.4 0.20 2.00 34.8 99.0 96.6 -2.3 91.0
7.1 11.8 0.040  3.45 99.8 -3.1 85.4
522 60 0.94 1.45 0.078 0.49 30.7 99.6 97.5 -2.0 97.6
4.6 7.9 0.020 2.35 99.9 -2.3 B9.6
523 1400 0.426 15 6.4 8.7 0.98 4.05 36.5 95.3 89.2 -6.4 83.3
34,0 39.8 2.06 7.60 90.7 -1.6 72.7
524 20 5.7 7.2 0.62 1.75 33.5 97.0 92.3 -4.8 92.0
30.1 39.3 0.46 6.30 97.7 -5.5 76.2
525 2000 0.608 20 4.60 5.50 0.11 0.65 49.8 99.4 89.0 -10.4 96.8
22.0 24.7 0.62 3.85 97.0 -8.2 84.0
526 28 2.00 2.90 0.21 1.38 55.4 98.9 91.1 -7.9 93.6
9.3 13.7 0.22 3.85 98.9 -7.9 84.0
527 35 0.65 1.23 0.25 1.18 55.5 98.7 92.7 -6.1 94.4
5.6 8.3 0.32 2.40 98.4 -5.7 89.4
528 90 1000 0.304 20 6.2 9.2 0.48 2.90 29,0 96.7 90.8 -6.1 83.2
34.8 41.8 | 1.40 5.85 91.1 -0.3 71.1
529 40 3.4 5.6 0.12 1.90 39.4 99.1 93.6 -5.6 88.3
12.0 15.0 2.80 98.9 -5.3 83.7

I 0.16

The upper values apply to the rod, the lower apply to the tube.




Table A8. Film Flow Measurements. Test Section 20. Adiabatic. L, = 9.0 m.
Main System Parameters Experimental Data Entr. Voids
m./m
Run P G m Xout £ 8. s, me/m Core Wave
Min. Max. “c,s °c,m A°/°c,s a,
bar kg/m’s  kg/s * % % - - % % 3 % 2
601 70 500 0.1571 20 29.0 40.1 1.75 6.85 39.9 92.0 91.0 -1.1 74.7
602 30 22.4 34.8 1.70 10.80 35.2 92.2 94.5 2.4 65.2
603 40 20.0 29.8 1.30 3.73 30.2 93.9 96.4 2.5 84.4
604 50 16.8 26.0 0.70 3.20 24.0 96.6 97.6 1.0 86.3
605 60 15.2 21.5 0.48 2.27 18.5 97.6 98.5 0.8 89.9
606 70 13.5 18.7 0.20 1.65 11.3 99.0 99.2 0.1 92.4
607 750 0.236 20 21.6 34.4 1.87 10.0 45.6 91.5 89.8 -1.8 66.9
608 30 17.6 30.0 1.08 8.20 40.0 94.9 93.8 -1.1 71.1
609 40 16.0 25.2 0.53 4.15 34.8 97.4 95.8 -1.6 83.0
610 50 13.7 17.7 0.45 2,03 32.3 97.8 96.9 -0.9 90.8
611 60 11.9 14.3 0.18 1.25 25,7 99.1 97.9 -1.1 94.1
612 70 8.9 10.3 0.12 0.65 19.7 99.4 98.6 -0.7 96.8
S - - o= - R
613 1000 0.314 20 20.2 29.4 1.65 5.55 50.6 92.4 88.9 -3.8 78.5
614 30 13.8 23.5 0.83 6.30 46.5 96.0 92.8 -3.2 76.2
615 40 12.0 16.3 0.45 1.82 43,7 97.8 94.8 -3.0 91.7
616 50 9.5 11.8 0.25 2.22 38.2 98.7 96.3 -2.4 90.1
617 60 7.1 7.7 0.22 1.10 32.3 98.9 97.4 -1.5 94.8
618 70 4.3 4.7 0.18 1.35 25.3 99.1 98.2 -0,8 93.7
619 2000 0.628 20 9.7 16.3 1.50 9.00 63.7 93.1 86.4 -7.1 69.2
620 30 7.3 8.8 0.77 3.08 61.2 96.3 90.8 -5.6 86.8
621 40 4.3 4.9 0.42 1.13 55.1 97.9 93.6 -4.4 94.7
Table A9. Pressure Drop Measurements. Test Section 17/26S. Diabatac.
R ‘ . d d 2
un | p G q," q, Xoue | GD) &) ®
tot £
bar kg/m2 s W/cm2 w/cm2 % kPa/m kPa/m -
101 70 500 0 50 20 7. .0 .0
102 10 40 20 6. .8 .7
103 20 30 20 6. .8 .7
104 30 20 20 6. .8 7
105 40 10 20 6. .7 4
106 50 0 20 6. .4 .8
107 600 40 40 60 14.6 11.8 17.0
108 60 60 60 16.1 12.3 17.7
109 o 66 66 60 16.6 12.3 17.8
110 900 0 85 20 15.0 10.5 7.5
111 30 19.2 15.0 10.7
112 40 22.6 18.7 13.0
113 50 24,8 20.5 14.5
114 85 0 20 13.3 9.7 6.9
115 25 15.0 11.6 8.1
116 30 16.0 12.8 9.0
117 1000 Q 50 20 16.7 13.2 .
118 (] 100 20 18.8 13.5 7.9
119 L 30 30 30 16.3 12.5 7.4
120 45 45 2 11.1 3.5 2.0
121 5 11.7 5.1 2.9
122 10 13.1 7.8 4.5
123 20 17.3 12.8 7.5
124 40 24.3 20.2 11.9
125 | 60 60 40 25.7 20.5 12.2
126 100 0 20 16.5 12.3 7.2




Table Al0. Pressure Drop Measurements. Test Section 10. Adiabatic.
Run P G e | @ am @ wm @@ am P am
tot 4 f

bar kg/m2 8  } kPa/m kPa/m kPa/m -
201 30 1000 16 15.2 14.1 13.7 9.8
202 24 22.4 21.4 21.3 15.1
203 32 27.2 26.6 26.3 18.7
204 40 30.4 29.9 29.6 21.0
205 50 35.9 35.4 35.1 24.9
206 60 42.8 42.0 41.9 29.8 ]
207 2000 8 25.9 23.5 23.5 5.0
208 16 42.5 40.7 40.6 8.6
209 20 46.8 45.0 44.9 9.5
210 24 48.8 47.2 46.9 9.9
211 32 57.7 55.6 $5.5 11.7
212 40 68.5 65.8 65.8 13.9
213 50 85.7 81.8 81.9 17.3
214 50 500 24 5.3 3.1 5 8.1
215 32 6.1 4.6 .6 10.7
216 40 7.6 6.5 .5 15.0
217 50 9.1 8.2 .1 18.8
218 60 10.7 10.1 . 23.0
219 1000 8 7.6 4.7 4.6 3.2
220 16 10.5 8.8 8.5 5.9
221 24 14.6 13.3 13.2 9.1
222 32 18.1 16.7 16.9 11.7
223 40 21.5 20.6 20.5 14.2
224 50 25.1 24.5 24.3 16.8
225 60 29.6 29.1 28.9 19.9
226 2000 8 17.7 15.2 14.8 3.0
227 16 27.6 26.0 25.6 5.3
228 20 32.1 30.5 30.4 6.2
229 24 34.7 33.5 33.1 6.8
230 32 41.4 40.2 39.9 8.1
231 40 50.5 49.2 49.1 10.1
232 S0 59.5 58.3 58.0 11.9
233 60 71.0 69.3 69.3 14.3
234 70 500 24 .8 . .7 6.1
235 32 .9 . 2 7.3
236 40 .5 . 9.3
237 50 -6 . 12.4
238 60 .4 . . 14.5
239 750 16 6.2 3.7 3.8 4.3
240 24 7.2 5.4 5.3 5.9
241 32 8.6 7.3 7.1 8.0
242 40 9.9 B.8 8.7 9.7
243 50 12.0 1.1 10.9 12.3
244 60 13.9 13.3 13.0 14.6




Table AlQ0 {continued).

Pressure Drop Measurements.

- 89 -

Test Section 10.

Adiabatic.

Run P G xoue | @ ot m (gg)fu m) (g-g)fu . 220 m
bar kg/mI; % kPa/m kPa/m kPa/m -
245 70 1000 8 7.3 3.8 3.9 2.6
246 16 8.6 6.3 6.2 4.2
247 24 10.5 8.8 8.7 5.9
248 32 12.7 1l1.4 11.2 7.6
249 40 14.7 13.6 13.5 9.1
250 50 17.6 16.7 16.6 11.2
251 60 20.4 19.8 19.6 13.3
252 2000 8 13.2 9.6 9.5 1.9
253 12 17.5 14.9 14.8 3.0
254 16 20.0 18.0 17.7 3.6
255 20 22.3 20.8 20.3 4.1
256 24 24.7 23.3 22.9 4.6
257 32 29.3 28,2 27.8 5.6
258 40 34.9 34.0 33.6 6.8
259 50 42.7 41.9 41.5 8.4
260 60 50.5 49.7 49.3 9.8
261 3000 8 25.5 22.0 22.0 2.2
262 16 35.7 33.8 33.2 3.3
263 24 44.3 42,6 42.2 4,2
264 32 51.4 49.9 49.4 4.9
265 40 6l1.5 59.8 59.5 5.9
266 90 500 50 5.2 3.8 8.4
267 60 . . 4.6 10.2
268 1000 16 7.6 4.9 4.9 .2
269 24 8.2 6.1 6.1 .0
270 32 9.1 7.4 7.4 .8
271 40 10.5 9.1 9.0 5.9
272 50 12.2 11.2 11.0 .3
273 60 14.4 13.5 13.4 8.8
274 2000 8 13.2 9.6 9.5
275 16 15.7 13.1 13.1 .6
276 20 l6.4 14.3 14.2 .8
277 24 17.1 15.2 15.1 .0
278 32 21.1 19.7 19.4 .8
279 40 24,9 23.9 23.5 .6
280 50 31.0 30.0 29.7 .8
281 60 35.9 34.9 34.8 .8
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Table All, Pressure Drop Measurements, Test Section 10. Diabatic.

q 4 2
Run P G q" x (%) (%) é

out 35 tot 35 £
bar kg/m2 s W/cm2 [ kPa/m kPa/m -

309 70 500 50 40 8.3 S. 12.4
310 60 10.2 7. 16.5
311 80 12.3 9. 19.6
314 1000 50 16 12.6 7.7 5.4
315 24 15.0 10.6 7.2
317 40 19.6 15.2 10.3
323 100 40 25.6 18.1 12.3
324 50 28.2 20.3 13.8
325 60 28.7 20.4 14.0
326 2000 50 16 36.2 28.0 .8
327 24 39.7 32.0 .5
330 100 24 44.7 31.5 .4
332 32 48.8 35.3 .2
333 40 47.0 33.0 .6
335 150 16 41.0 22.0 4
336 24 53.4 34.7 .0
337 32 58.0 38.3 .8
338 3000 100 24 68.8 48.8 .9
339 32 71.5 51.5 .1
340 150 16 69.6 41.8 4.
341 24 80.5 52.3 5.
343 29 79.8 49.7 4.




Table Al2. Pressure Drop Measurements. Test Section 17/26L. Adiabatic.
d d d 2
Run p G o |§D am & csm G am efam
tot f f
2
bar kg/m” s % kPa/m kPa/m kPa/m -
501 30 500 20 7.6 6.0 6.0 12.6
502 40 14.0 13.0 13.2 27.4
503 50 17.2 16.3 16.5 34.2
504 1000 20 22.6 21.4 21.4 13.2
505 40 34.8 33.1 33.9 20.9
506 50 500 40 9.3 8.1 8.1 16.4
507 1000 20 15.7 13.9 14.0 8.4
508 40 24.3 22.8 23.4 14.0
509 55 31.8 30.4 31.1 18.6
510 70 400 61 7.0 5.7 5.9 17.4
_— T - - h

511 500 20 5.1 . 2.9 5.7
512 30 6.1 . 4.3 8.6
513 40 .0 5.6 11.2
514 S0 5 . 7.3 14.6
515 60 . . 8.4 16.7
516 800 30 11.4 9.6 9.8 8.5
517 50 15.4 14.1 14.4 12.6
518 1000 20 12.1 9.8 10.1 5.9
519 30 15.0 13.3 13.5 8.0
520 40 17.4 15.9 16.3 9.6
521 50 20.7 19.4 19.8 11.7
522 60 23.7 22.5 22.9 13.5
523 1400 15 16.3 13.6 14.0 4.
524 20 18.8 16.4 16.9 S.
525 2000 20 30.0 27.6 28.0 4.
526 28 36.1 33.8 34.5 6.
527 35 42,1 39.8 40.7 7.
528 90 1000 20 10.2 7.7 7.9 4.
529 40 13.0 11.3 11.6 6.




Table Al3. Pressure Drop Measurements. Test Section 20, Adiabatic.

Run P G Xout (gg»t aw @ um @ am ¢ amw
ot £ £ _
bar )ug/m2 8 3 kpa/m kPa/m kPa/m -
601 70 500 20 3.6 1.1 1.3 6.9
602 30 3.3 1.4 1.6 8.6
603 40 3.5 1.9 2.1 11.3
604 S0 3.7 2.3 2.5 14.0
605 60 4.0 2.8 3. 16.6
606 70 4.4 3.3 3.6 19.4
607 750 20 4.1 1.8 2.0 5.3
608 30 4.4 2.6 2.8 7.4
609 40 4.9 3.4 3.7 9.7
610 50 5.5 4.2 4.5 11.9
611 60 6.1 5.1 5.3 14.1
612 70 7.0 6.1 6.4 16.8
613 1000 20 5.4 3.2 3.5 5.6
614 30 6.1 4.3 4.6 7.4
615 40 6.9 5.4 5.8 9.3
616 50 8.0 6.6 7.0 11.3
617 60 9.2 8.0 8.5 13.6
618 70 10.6 9.5 10.0 16.0
619 2000 20 11.8 9.4 10.0 4.7
620 30 14,1 11.8 12.7 6.0
621 40 L 17.3 15.0 16.1 7.7




Table Al4. Burnout Measurements. Test Section 10.

Run Ld 4 ATsul:: ¢ | QBo ?}Eg *Bo
m bar °c kq/m2 E KW w/cm2 ]
401 2.02 70 10 500 62.4 97.4 98.6
402 . 1000 87.4 136.4 70.1
403 1500 99.6 155.4 52.0
404 2000 109.8 171.3 42.5
405 2500 117.9 183.9 36.2
406 3000 124.7 194.6 31.4
407 4.02 30 10 500 70.6 5.3 94.3
408 1000 99.9 78.3 87.1
409 1500 116.2 91.1 51.7
410 2000 134.2 105.2 44.9
411 2500 150.9 118.3 40.2
412 1000 166.7 130.7 36.6
413 100 500 85.4 67.0 91.8
414 1000 130.7 102.5 66.6
415 1500 166.3 130.4 51.8
4ls 2000 197.3 154.7 44.8
417 2500 230.7 180.9 40.3
418 3000 263.2 206.3 36.5
419 50 10 500 69.4 54.4 100.2
420 1000 101.9 79.9 75.2
421 1500 119.4 93.6 58.3
422 2000 135.4 106.2 49.3
423 2500 149.2 117.0 43.3
424 3000 165.1 129.4 39.1
425 100 500 84.4 66.2 97.7
426 1000 131.5 103.1 72.8
427 1500 163.0 127.8 56.0
428 2000 196.6 154.1 47.5
429 2500 222.3 174.3 1.5
430 3000 253.0 198.3 36.6
a1 70 16 500 63.6 49.9 100.8
a2 | 1000 91.1 71.4 73.7
433 1500 106.2 83.3 56.2
434 2000 120.3 94.3 1.4
a3 2500 134.4 105.4 41.8
e | 3000 146.5 114.9 38.3
T
437 100 500 76.9 60.3 96.2
438 1000 121.8 95.5 70.7
439 1500 152.0 119.2 51.7
440 2000 179.3 140.6 44.3
'TH 2500 205.8 161.3 38.2
442 3000 229.0 179.5 33.1




Table Al4 (continued). Burnout Measurements. Test Section l0.

Run Ly P ATgup G { %o 9Bo *Bo
m bar °¢c kg/m2 s { kw w/cm2 %
:
443 4.02 90 10 500 E 54.6 42.8 92.7
4a4 1000 72.6 56.9 61.7
445 1500 83.8 65.7 46.8
446 2000 96.9 76.0 40.1
447 2500 110.2 86.4 36.2
448 3000 123.8 97.1 33.8
409 ' 100 500 72.0 56.4 91.0
450 1000 104.7 82.1 60.4
451 1500 131.9 103.4 45.7
452 2000 157.3 123.3 37.8
453 2500 183.1 143.5 31.6
454 3000 200.1 157.7 25.4
455 6.00 70 10 500 62.6 32.9 100.7
456 1000 95.7 50.3 76.9
457 1500 , 115.1 60.5 61.2
458 2000 135.3 71.1 53.5
459 2500 ; 148.2 77.8 47.2
460 2885 ; 163.2 85.7  ad.0
461 100 500 80.3 42.2 98.2
462 1000 , 127.7 67.1 74.9
463 1500 159.1 83.6 59.4
464 | 2000 190.0 99.8 49.4
465 2500 |, 222.6 116.9 42.4
466 3000 | 248.2 130.4 38.8
T - - ~—-——<r— o -
467 ' 8.00 70 10 1000 98.3 38.7 78.6
468 1500 123.5 48.7 64.9
469 2000 147.0 57.9 58.5
470 2500 170.4 67.1 53.7

471 2900 186.6 73.5 50.1




Table AlS.

Adiabatic.

95 -

Measurements of Rod Film Thic ness, Wave Frequency and Velocity
Test Section 17/26L.

Main System Parameters

Rod Film Thickness Measurements

Wave Measurements

Run

P

G

y(90%) y(50%) y(1l0%) y(t

out mln) "min 1 1 1 Vwl wl wl
bar  kg/m’s $  um um um um [} um s71 sl ms7! pl m
501 30 500 20 40 130 400 1200 0.6 182 30 5-95 4.0 47 0.133
502 40 35 75 280 900 126 70 10-270 4.8 91 0.069
503 50| 15 35 190 200 77 100  30-450 - - -
504 1000 2;1 35 170 470 1300 1.4 212 40 10-95 5.8 43 0.145
505 40 * 10 20 90 350 0.0 36 360 50-800 - - -
506 SO 500 40 l 45 130 400 1300 0.1 181 40 10-75 4.0 63 0.100
|
507 1000 20 , 60 240 700 1300 4.8 278 26 8-60 5.6 29 0.215
508 40 ! 15 50 165 600 73 150 0-450 - - -
509 55 5 15 60 250 0.0 25 400 0-1000 - - -
o ___ N o - o
511 70 500 20 50 195 - 1200 13.5 242 10 0-30 2.6 24 0.260
512 30 35 155 660 1200 4.6 221 16 0-55 2.9 35 0.181
513 40 35 120 410 1300 0.7 172 30 0-100 67 0.093
514 50 25 90 340 1200 0.4 137 40 0-150 3.3 76 0.083
515 60 25 65 240 1000 0.0 106 75 25-215 - - -
518 1000 20 45 245 1000 1200 9.4 264 27 10-50 4.8 35 0.178
519 30 30 115 320 750 1.3 150 40 15-90 4.3 S8 0.108
520 40 15 65 190 500 0.4 85 100 70-190 4.3 146 0.043
521 50 20 30 110 400 0.1 47 150 0-500 - - -
522 60 10 15 60 300 0.0 26 400 0-800 - - -
525 2000 20 30 110 280 500 125 - - 8.3 - -
526 28 15 45 130 350 0.2 61 - - - - -
527 35 S 30 85 400 0.2 41 - - - - -
528 90 1000 20 40 275 - 1100 18.3 265 22 9-45 4.0 35 0.182
529 40 15 70 230 450 4.0 91 95 25-200 - - -




Table Al6. Measurements of Film Thickness, Wave Frequency and Velocity .
Test Section 20. Adiabatic.

Main System Parameters Film Thickness Measurements Wave Measurements
]
Run ¥ P G xout y(90%) y(S50%) y{10%) & f Af A\ kw Aw
: bar kq/mis 1] um um um um s~ s1 ms 3 ml m
601 70 500 20 250 1050 4000 1570 7 0-18 1.8 23 0,257
602 30 150 620 2100 940 12 3-20 2.2 35 0.183
603 40 100 420 1400 620 18 5-27 2.5 45 0.139
604 50 80 330 1150 500 23 15-30 2.8 52 0.122
605 60 60 280 1000 420 33 18-44 3.1 67 0.094
606 70 50 220 700 320 35 0-65 3.2 69 0.092
607 750 20 250 8s0 3000 1250 15 5-20 2,6 36 0.173
608 30 170 530 1800 820 21 15-32 3.2 41 0.152
609 40 110 400 1250 580 32 20-40 3.6 56 0.113
610 50 90 290 900 410 45 25-60 3.8 73 0.087
611 60 50 200 570 265 - - 4.3 - -
612 70 45 130 400 185 - - - - -
613 1000 20 270 910 3400 1380 20 12-33 3.5 36 0.175
614 30 170 570 1900 850 3 26~47 4.0 52 0.121
615 40 100 340 950 450 47 8-66 4.4 67 0.094
616 50 50 200 530 250 - - 4.8 - -
617 60 35 130 350 170 - - - - -
618 70 25 80 220 105 - - - - -
619 2000 20 160 650 2300 985 16 0-36 6.0 17 0.375
620 30 80 220 520 270 - - 9.4 - -
621 40 30 90 220 110 - - - - -
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Fig. 1.1. Variation of Wall Temperature
with Heat Flux at Burnout.

Bennet et al. (1967). Pressure 70 bar. Tube
Diameter 12.5 mm. Heated Length 5.56 m.
Mass Flux 2560 kg/mzl. Inlet Subcooling
20%.
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Fig. 3.10.a. Film Flow Measurements.
Test Section 10. Adiabatic. p = 30 bar.
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Fig. 3.10.c. Film Flow Measurements.
Test Section 10. Adiabatic. p = 70 bar.
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Fig. 3.10.b. Film Flow Measurements.
Test Section 10. Adiabatic. p = 50 bar.
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Fig. 3.10.d. Film Flow Measurements.
Test Section 10. Adiabatic. p = 90 bar.



m N T T T T L] A T T
- O G= 500 kg/m?s
v6G=750 -~
- a G=100 4
I o G=2000 ]
g L 4
Esof i
o O\O\O\\O |
o j\;\\‘;’\ 1
0 1 i . i 1 L 1 I
0 S0 100
X”(%]
Fig. 3.11. Film Flow Measurements.
Test Section 20. Adiabatic. p = 70 bar.
m T Y7 T T T T ¥ Y
0 d=0.010 m, G=1000 kg/m3s |
Present results
L x d=0.0125m, G= 960 kg/m?s
Singh et al.{1969)
i 0d=0.020 m, G=1000 kg/mzs )
F - Present results |
Esof
g |
|
0 ) ) 4
0

Xout [%]

108 -

m T T T T T T Al T T
© d=0.010 m, G=500 kg/m?s |
Present results
L x d=00125m, G=550 kg/m?s 1
Singh et al. {1969)
- D d=0020 m, G= 500 kg/m?s T
= | Present results
X
Esol ]
é L 4
+ .\1 p
X,
L \x .
O 1 ) 1 2 i 1 I Y 1
0 50 100
Fig. 3.12.a. Film Flow Measurements.
Comparison with Other Measurements.
G ~ 500 kg/m?s. p = 70 bar.
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from present results
- x— d=00127 m, Keeys. Ralph -
and Roberts (1970)
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Fig. 3.12.b. Film Flow Measurements.
Comparison with Other Measurements.
G ~ 1000 kg/m?s. p = 70 bar.

Fig. 3.12.c. Film Flow Measurements.
Comparison with Other Measurements.
G = 1360 kg/m%s. p = 70 bar.
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Fig. 3.13.a. Rod Film Flow Measurements. Fig. 3.13.b. Rod Film Flow Measurements.
Test Section 17/26L. Adiabatic. p = 30 bar. Test Section 17/26L. Adiabatic. p = 50 bar.

m T T T T T T T T T m T T T T T T T T T
| O G= 400 kg/mis | | a G=1000 kg/m?s |
o0G= 500 -~

- XG= 800 - o ]

i a G=1000 -

OG=1400 - ) a3 T
£ 06=2000 ~ | F O+ |
Eso} _ Esol i
€ | ] € |

5 ) | B
0 w - 0 - — l
1 1 i 1 1 I 1 1 ' A 1 1 1 ) 1
0 50 00 0 50 100
Fig. 3.13.c. Rod Film Flow Measurements. Fig. 3.13.4. Rod Film Flow Measurements.

Test Section 17/26L. Adiabatic. p = 70 bar. Test Section 17/26L. Adiabatic. p = 90 bar.
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Fig. 3.14.a. Tube Film Flow Measurements.
Test Section 17/26L. Adiabatic. p = 30 bar.
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Fig. 3.14.c. Tube Film Flow Measurements.
Test Section 17/26L. Adiabatic. p = 70 bar.
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Fig. 3.14.b., Tube Film Flow Measurements.
Adiabatic. p = 50 bar.
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Pig. 3.14.d. Tube Film Flow Measurements.
Test Section 17/26L. Adiabatic. p = 90 bar.
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Fig. 3.15. Film Flow Measurements.

Comparison with Other Measurements.
1360 kq/mzs. P 70 bar.
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Fig. 3.16.b. Film Flow and Burnout
Measurements.

Test Section 10. Diabatic. P = 50 bar.
q" = 100 W/om®. L, = 4.02 m.

The Solid Symbols Designate Xpo Deri~
ved from Burnout Measurements.

(Cf. eq. (3.18)).
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Test Section 17/26L.
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0 50 100
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Fig. 3.16.a. Film Flow and Burnout
Measurements.
Test Section 10. Diabatic. P = 30 bar.

q” = 100 W/cmz. Ld 4.02 m.
The Solid Symbols Designate %00 Deri-

ved from Burnout Measurements.

(Cf.eq. (3.18)).
100 e —
O G= 500 kg/m?s, Lg=4.02m |
O G= SOO ” ,Ld=2.00m
b A G= 1000 " .LdIL.OOfTL
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9G6=2000 - . 14=200m;
fG=2000 *~ ., Lq=6.00m
50 . OG=3000 | Lg=4.02mH

Xout l%’

Fig. 3.16.c.
Measurements.
Test Section 10. Diabatic. P 70 bar.
q" = 100 W/cm’. Ly = 2.00-6.00 m.

The Solid Symbols Designate Xm0
Derived from Burnout Measurements.

(Cf. eq. (3.18)).

Film Flow and Burnout
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Fig. 3.16.d4. Film Flow and Burnout
Measurements.

Test Section 10. Diabatic. P = 70 bar
q" = 50 W/em®. L, = 2.00-6.00 m

The Solid Symbols Designate Xps
Derived from Burnout Measurements.

(Cf. eq. (3.18)).
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Fig. 3.16.f. Film Flow and Burnout .
Measurements.
Test Section 10. Diabatic. P = 90 bar.

q" = 100 W/em?. L, = 4.02 m.

The Solid Symbols Designate Xpo
Derived from Burnout Measurements,
(Cf. eq. (3.18)).
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Fig. 3.16.e. Film Flow and Burnout
Measurements.

Test Section 10. Diabatic. P = 70 bar.
q" = 150 W/cm?. Ly = 4.02-6.00 m.

The Solid Symbols Designate Xpo
Derived from Burnout Measurements.

(Cf. eq. (3.18)).
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Film Flow Measurements.
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Influence of Heat Flux and Boiling Length.
Test Section 10, Adiabatic and Diabatic.

P = 70 bar. G = 1000 kg/mzs.
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Fig. 3.17.b. Film Flow Measurements.
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Influence of Heat Flux and Bolling Length.
Test Section 10. Adiabatic and Diabatic.
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. 3.18. Film Flow Measurements.
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Fig. 3.19.a. Film Flow Measurements.
Test Section 17/26S. Diabatic.
p = 70 bar. G = 900 kg/m’s.
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Fig. 3.20.a. Film Flow Measurements.
Influence of Relative Heat Flux Distri-
bution and Boiling Length.

Test Sections 17/26S and L. Diabatic

and Adiabatic. P = 70 bar. G = 500 kg/m’s.

q,"+a," = 50 W/em. x_ . = 20%.
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Pig. 3.19.b. Film Flow Measurements.
Test Section 17/26S. Diabatic. p = 70 bar.
G = 1000 kg/m’s. q" = q", = 45 W/cm?.
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Pig. 3.20.b. FPilm Flow Measurements.
Influence ‘of Relative Heat Flux Distri-
bution and Boiling Length.

Test Sections 17/26S and L. Diabatic
and Adiabatic. P = 70 bar. G = 1000
kg/m’s. x_ . = 208.
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Fig. 3.21.a. Comparison between Mean Void
Fractions Calculated from Eq. (3.24) and
Eq. (4.24).

Test Section 10. Diabatic. p = 70 bar.
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Fig, 3.22.a. Pressure Drop Measurements.
Test Section 10. Adiabatic. p = 30 bar.
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Fig. 3.21.b. Comparison between Mean Void
Fractions Calculated from Eq. (3.24) and
Eq. (4.24).
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Fig. 3.22.b. Pressure Drop Measurements,
Test Section 10. Adiabatic., p = 50 bar.
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Fig. 3.22.c. Pressure Drop Measurements. Fig. 3.22.d. Pressure Drop Measurements.
Test Section 10. Adiabatic. p = 70 bar. Test Section 10. Adiabatic. p = 90 bar.
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Fig. 3.23. Pressure Drop Measurements.
Test Section 20. Adiabatic. p = 70 bar. T,

Fig. 3.24. Pressure Drop Measurements.
Test Section 17/26L. Adiabatic. p = 70 bar.
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Fig. 3.25. Pressure Drop Measurements.
Test Section 10. Diabatic. p = 70 bar.
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Fig. 3.27.a. Burnout Measurements.
Influence of Inlet Subcooling.
Test Section 10, Diabatic.

P = 30 bar. Ld = 4,02 m.
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Fig. 3.26. Pressure Drop Measurements.
Test Section 17/26S. Diabatic. p = 70 bar.
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Fig. 3.27.b. Burnout Measurements.

Influence of Inlet Subcooling.
Test Section 10. Diabatic. P = 50
Ld = 4.02 m.
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Fig. 3.27.c. Burnout Measurements.
Influence of Inlet Subcooling.

Test Section 10. Diabatic. P = 70 bar.
Ly = 4.02 m.
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Fig. 3.28. Burnout Measurements.
Influence of Diabatic Length.
Test Section 10. p = 70 bar. ATsub = 10%.
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Fig. 3.27.d4. Burnout Measurements.
Influence of Inlet Subcooling.

Test Section 10. Diabatic. P = 90 bar.
Ly = 4.02 m.
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Fig. 3.29. Burnout Measurements.
Influence of System Pressure.

o
Test Section 10. Ld = 4,02 n. ATsub = 10-C.
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Fig. 3.31. Examples of Needle Contact Time Curves.
Test Section 10. Adiabatic. p = 70 bar. G = 1000 kg/mzs.
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0 50 100 Fig. 3.32. Rod Film Thickness Measurements.
Xout [ %] Test Section 17/26L. Adiabatic. p = 70 bar.
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0 50 100 Fig. 3.33. Film Thickness Measurements.
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\3*\:\\%-\! Fig. 3.34. Film Thickness Measurements.
ol oy T%y Kirillov et al. (1973).

0 S0 100 Tubular Test Section. r, = 0.0085 m.
Xout [%6] L, = 4.68 m. Adiabatic. p = 68.6 bar.
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Fig. 3.35. Examples of Power Spectra of Needle Signals.
Test Section 20. Adiabatic. p = 70 bar. G = 500 kg/m%s.
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Fig. 3.36. Examples of Cross-Correlations of Needle Signals.
Test Section 20. Adiabatic. p = 70 bar. G = 500 kg/m’s.



- 123

400 ;

1 T
v p=30bar
a p:50 "
op=70 »
300 L A p=90 » -
— o}
E
£ n)
£200 - N
;<; (@] A
v
v
100 | o J
o &
v
O
O 1 | i
00 01 02 03 0.4
6,[mm)

Fig. 3.37. Measurements of Wavelength of
Roll Waves on Rod.
Test Section 17/26L. Adiabatic.
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Fig. 4.1. Comparison between Experimental
and Theoretical Film Thicknesses.

Test Sections 20 and 17/26L. Adiabatic.

P = 30-90 bar,
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Fig. 3.38. Measurements of Wavelength of

Roll Waves.
Test Section 20. Adiabatic. p = 70 bar.
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Fig. 4.2, Comparison between Experimental
and Theoretical Film Thicknesses.
Whalley, Hewitt and Hutchinson (1973).
Alr-Water. p = 2-4 bar. r, = 0.0159 m.

L, = 18.9 m,
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Fig. 4.3. Von Kirmén's Constant Versus
Experimental Film Thickness.

Kirillov et al. (1973).

Tube. r, = 0.0085 m. 1 = 4.68 m.,

p = 68.6 bar.
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Fig. 4.4.b, Equivalent Sand Roughness
Versus Theoretical Film Thickness.
Test Section 10. Adiabatic. p = 50 bar.
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Fig. 4.4.a. Equivalent Sand Roughness
versus Theoretical Film Thickness.
Test Section 10. Adiabatic. p = 30 bar.
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Fig. 4.4.c. Equivalent Sand Roughness
Versus Theoretical Film Thickness.
Adiabatic. p = 70 bar.
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Fig. 4.4.4. BEquivalent Sand Roughness Fig. 4.5. Equivalent Sand Roughness Vesrsus
Versus Theoretical Film Thickness. Theoretical Film Thickness.
Test Section 10. Adiabatic. p = 90 bar. Whalley, Hewitt and Hutchinson (1973).

Air-wWater, p = 2-4 bar, r, = 0.0159 m,

I.a = 18.9 m.
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Fig. 4.6. Equivalent Sand Roughness Versus Fig. 4.7. Droplet Concentration Versus
Theoretical Film Thickness. Entrainment Parameter.
Summary of Figs. 4.4.a-d and Fig. 4.S. Air-Water. p = 2-4 bar. r, = 0.0159 m.

La = 18.9 m.

wWhalley, Hewitt and Hutchinson (1973).
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Fig. 4.8.a. Droplet Concentration Versus
Entrainment Parameter.
Test Section 10. Adiabatic,

p = 30 bar.
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Fig. 4.8.c. Droplet Concentration Versus
Entrainment Parameter.

Test Sections 10 and 20. Adiabatic,

P = 70 bar.
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Fig. 4.8.b. Droplet Concentration Versus
Entrainment Parameter,

Test Section 10, Adiabatic.

p = 50 bar.
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Fig. 4.8.d. Droplet Concentration Versus
Entrainment Parameter.

Test Section 10. Adiabatic.

p = 90 bar.
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Fig. 4.9.a. Entrainment Correlation.
Air-water. p = 2-4 bar. r, = 0.0159 m.
La = 18.9 m, Whalley, Hewitt and Hutchinson

Fig. 4.9.b. Entrainment Correlation.
Steam-Water. Test Sections 10 and 20.
Adiabatic. p = 30-90 bar.

%oz [96]

Fig. 4.10.a. Comparison between Measured
and Predicted Film Flow Rates.

Test Section 10, Adiabatic. P = 30 bar.
The Symbols and Solid Lines Apply to

the Measurements. The Stippled Lines
Apply to the Predictions:

— — — : G = 1000 kg/m’s

G = 2000 -

(1973).
m L L ] T T T T T T A m ¥ T L ¥ | R v Bl L
i a G= 1000 kg/m?s | i O G= 500 kg/m?s |
0 G= 2000 " A G=1000 "

! 1 - 0 G=2000 ~ -
gw'_ -1 ESO ~ -
g€ | ] € | ]

o L A i 'y o 1 s A
0 100 o 100

Xannﬁl

Fig. 4.10.b. Comparison between Measured
and Predicted Film Flow Rates.

Teat Section 10. Adiabatic. P = S0 bar.
The Symbols and Solid Lines Apply to the
Measurements. The Stippled Lines Apply
to the Predictions:

G = 500 kg/m2s

G =1000 -

G = 2000 -

3
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Fig. 4.10.c. Comparison between Measured
and Predicted Film Flow Rates.

Test Section 10. Adiabatic. P = 70 bar.
The Symbols and Solid Lines Apply to

the Measurements. The Stippled Lines

Apply to the Predictions:
- -=-=- :G= 500 kg/m’s
— . — :G= 750 -
—_— — : G = 1000 -
— .. — : G =2000 -
— — . :G=3000 -
100 —— e ————
i © G= 500 kg/m?s |
v G= 750
- 4 G=1000 - 1
0 G=2000 -~
Eg s
Esof
€

Xout (%]

Fig. 4.11. Comparison between Measured
and Predicted Film Flow Rates.

Test Section 20. Adiabatic. P = 70 bar
The Symbols and Solid Lines Apply to
the Measurements. The Stippled Lines

Apply to the Predictions:
- ===~ :G= 500 kg/m’s
-—, — : G = 1750 -
——— - 3 G = 1000 -
-_— .., = : G = 2000 -
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Fig. 4.10.d4. Comparison between Measured
and Predicted Film Flow Rates.

Test Section 10. Adiabatic. P = 90 bar.
The Symbols and Solid Lines Apply to

the Measurements. The Stippled Lines

Apply to the Predictions:
- -=-=- :G= 500 kg/m’s
~— — — : G = 1000 -
—-— .., — 3 G = 2000 -

e p——————
0 G= 500 kg/m?s
vG= 680 -
aG= 960 "
0G=1360 ~
©6=2000 -

{a) |
(a)
(a)
(b)
(b)

-

r ¢

Flg. 4.12 Comparison between Measured and
Predicted Film Flow Rates,

The Symbols Apply to Measurements by:

(a) singh et al. (1969). 4, = 12.5 mm

(b) Keeys et
Adiabatic. P
The Stippled
tions:

al. (1970a). d, = 12.7 mm
= 69 bar.
Lines Apply to the Predic-

550 kg/mzs
= 860 -
= 960 -
1360 -
2000 -
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! O G= 500 kg/m?s |
v G=1000 -
- a G= 1500 -~ 1
(o) 0oG=2000 ~ Fig. 4.13. Comparison between Measured
i \ v G=3000 -~ and Predicted Film Flow Rates.
4 - Y \\? © G=4000 - . The Symbols Apply to Measurements by
;g 50 L \7 \\ ) Nigmatulin, Malyshenko and Shugaev (1976).
&g i K \\ (0] 4, = 13.3 mm. Adiabatic. P = 50 bar.
i R\ < -{ \\ ' T The Stippled Lines Apply to the Predic-
L N 4 tions:
I k\.h\i\.\y \S ] - === :Ge= 500 kg/m%s
"\,\\n\\ "~ — . — :G=1000 -
i X"V\\E‘d\.\"‘ 1 —— — :G=1500 -
ol Y T% T=h— - — — . 1 G=2000 -
0 50 100 —_ .. — : G = 3000 -
Xout [%] : G = 4000 -
100 ————————————————

Fig. 4.14.a. Comparison between Measured
and Predicted Frictional Pressure
Gradients.

Test Section 10, Adiabatic. P = 30 bar.
The Symbols and Solid Lines Apply to the
Measurements. The Stippled Lines Apply

{dP/dz)¢ [kPa/m]
8
-

0 X 2 N 2 1 1 L ) A to the Predictions:
0 50 00 — — — : G = 1000 kg/m’s
XW'[%] —

ee — 3 G = 2000 -

100 ————————
0 G= 500 kg/m?s |
a G=1000 -

i o G=2000 -~ ’

50 |- ) Fig. 4.14.b. Comparison between Measured
and Predicted Frictional Pressure
i 8 ] Gradients.
L | Test Section 10. Adiabatic. P = 50 bar.
C The Symbols and Solid Lines Apply to the
i ) Measurements. The Stippled Lines Apply
50

(dP/dz), [kPa/m]

k to the Predictions:
2
Ly - ==« :G= 500 kg/m"s
100 —_ — —: G = 1000 -
Xout (%] — .. — : G =2000 -
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Fig, 4.14.c. Comparison between Measured
and Predicted Frictional Pressure
Gradients.

The Section 10. Adiabatic. P = 70 bar.
The Symbols and Solid Lines Apply to

the Measurements. The Stippled Lines
Apply to the Predictions:

-=-=-=- :G= 500 kg/mzs
_— . — : G = 750 -
————— : G = 1000 -
—_ .. — : G = 2000 -
—_— — G = 3000 -

Fig. 4.14.d. Comparison between Measured
and Predicted Frictional Pressure
Gradients.

Test Section 10. Adiabatic. P = 90 bar.
The Symbols and Solid Lines Apply to

the Measurements. The Stippled Lines
Apply to the Predictions:

- ===~ :G= 500 kg/mzs

—_— — — : G = 1000 -

_— .. = : G = 2000 -

Fig. 4.15. Comparison between Measured
and Predicted Frictional Pressure
Gradients.

Test Section 20. Adiabatic. P = 70 bar.
The Symbols and Solid Lines Apply to
the Measurements. The Stippled Lines
Apply to the Predictions:

- - === :G= 500 kg/m’s

— ., — :G= 750 -

— — — : G = 1000 -

— .. — 3 G = 2000 -



i”‘“
(S
—

20 -
i O G=500 kg/m?s |
- v G=750 - .
r s G=1000 - ]
E i 4
§ i ] Fig. 4.16. Comparison between Measured
= 10 L — and Predicted Frictional Pressure
’g [ ./g“' o : Gradients.
% 5 -/.Ab /( ] The Symbols Apply to the Measurements
~ + S LTV 1 by Kirillov et al. (1973). Tubular
0 y A/’v/v IO ] Test Section. d, = 17 mm. L_ = 4.68 m.
L %'Y’,__O—‘ g="00 1 Adiabatic. P = 68.6 bar. The Stippled
- ’26—0 ) Lines Apply to the Predictions:
O— L L PR 1 | ; : . -—- - - :G=500kg/mzs
0 50 100 — . — :G6= 1750 -
Xoug[%] — .. — : G = 1000 -
100 e S s A
& G =1000 kg/m?s |
AN 0G=2000 *
& G =3000 * b
° N 8 Fig. 4.17.a. Comparison between
£ 50 \ | Measured and Predicted Film Flow Rates
5 \ and Burnout Steam Qualities.
\ . ) Test Section 10. Diabatic. P = 30 bar.
\ \, i q" = 100 W/cm®. Ly = 4.02 m,
L \ C\ \ i The Symbols Apply to the Measurements.
\Q \\.\ A\\ The Stippled Lines Apply to the Predic-
T .‘.\\\\ \}\ R tions:
0 NN N — . — : G = 1000 kg/m’s
0 50 100 — — . :G=2000 -
Xout1%] — v — : G = 3000 -
VWO -v 1 +—————
N & G= 1000 kg/m?s i
0 G=2000 -~
- <& G=3000 "
\ ]
g \ 1 Fig. 4.17.b. Comparison between Measured
Egol \ \, i and Predicted Film Flow Rates and Burnout
£ ] \ \ ] :team Qualities.
. est Section 10. Diabatic. P = 50 bar.
AN \, | q" = 100 W/en?. L, = 4.02 m.
L . t\ \ | The Symbols Apply to the Measurements.
QL )\ \\ The Stippled Lines Apply to the
r \\.\\ \ \ 1 Predictions: ,
ol Ny 0N L — . — : G = 1000 kg/m’s
0 50 100 — — . :G=2000 -
Xout[%] — .. — : G = 3000 -
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O G= 500 kg/m?s, LdzL.02m<.
O G= 500 - . Lg=2.00m,
a G=1000 -+ ,L4=4.00m-
& G=1000 » ,Lg=2.00m
06=2000 - .L4=402m]
ogG=2000 ~ ,Lg=200m
of G=2000 ,Lq=6.00m
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Fig. 4.17.c. Comparison between Measured
and Predicted Film Flow Rates and Burnout
Steam Qualities.

Test Section 10. Diabatic. P = 70 bar.

a" = 100 W/em?. L, = 2.00-6.00 m.

The Symbols and Solid Lines Apply to the
Measurements. The Stippled Lines Apply
to the Predictions:

-=--=- :G= 500 kg/mzs

— . — : G = 1000 -

-_—— . : G = 2000 -

— .. — 1 G = 3000 -

N : Predictions with Yp = 0.

Fig. 4.17.d. Comparison between Measured
and Predicted Film Flow Rates and Burnout
Steam Qualities.

Test Section 10. Diabatic. P = 70 bar.

q* = 50 W/em?. Ly = 2.00-6.00 m.

The Symbols and Solid Lines Apply to the
Measurements. The Stippled Lines Apply

to the Predictions:

- --- :G= 500 kg/m’s
— . — :G=1000 -
— .. — : G = 2000 -

Fig. 4.17.e. Comparison between Measured
and Predicted Film Flow Rates and Burnout
Steam Qualities.

Test Section 10. Diabatic. P = 70 bar.

q" = 150 W/em®. Ly = 4.00-6.00 m.

The Symbols and Solid Lines Apply to the
Measurements. The Stippled Lines Apply
to the Predictions:

— — . : G = 2000 kg/m’s

— .. — : G = 3000 -



~ 133 -

100 S —
5 G=1000 kg/m?s, L4=4.02m ]
( © 623000 =~ ,Lg=402"

4

Fig. 4.17.f. Comparison between Measured

‘\\ and Predicted Film Flow Rates and Burnout
AN ] Steam Qualities.

) Test Section 10. Diabatic. P = 90 bar.

a" = 100 W/em?, L, = 4.02 m.

The Symbols Apply to the Measurements.

The Stippled Lines Apply to the

| Predictions:

0 50 100 — . — :G

)(,,UQIO/O] e. T 36

my Im (%)

1000 kg/m%s
3000 -

0.4 ' : .
O G=1360 kg/m?s
a G=2040 -
03l ©6G=2720 - .
E
5 @)
502 + o -
€ OO D
01+ Y 7 Fig. 4.18. Comparison between Measured
AD and Predicted Film Flow Rates.
Measurements by Bennet et al. (1969).
0.0 1 ! ) Tubular Test Section. Diabatic.
0.0 0.1 0.2 0.3 0.4 d, = 12.7 mm. L, = 3.66 m. P = 69 bar.
My exp/M q* = 75-148 w/cm?,

Fig. 4.19. Comparison between Measured

{dP/dz), [kPa/m]

and Predicted Frictional Pressure
Gradients.

Test Section 10. Diabatic. P = 70 bar.
The Symbols and Solid Lines Apply to the
Measurements. The Stippled Lines Apply
to the Predictions:

500 kg/m?s

1000 -

2000 -

3000 -

~~=-=- 1:0G

G
_—— : G
G

s
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Fig. 4.20. Comparison between Measured
and Predicted Frictional Pressure
Gradients.

Measurements by Kirillov et al. (1973).
Tubular Test Section. d2 = 17 mm.

Ld = 4.68 m. Diabatic. P = 68.6 bar.
The Symbols Apply to the Measurements.
The Stippled Lines Apply to the

Predictions:

a;: -~ -~ - - 3+ G= 500 kq/mzs, q" = 23W/cm2
b: — =~ — : G = 750 - , q" = 23 -
ct =— , ~— 3+ G = 750 - , Q" = 46 -
d: — .. — : G = 1000 - , Q" = 46 -

Fig. 4.21. Comparison between Measured
and Predicted Burnout Steam Qualities.
Test Section 10, L, = 4.02 m.

AT, = 10%C.

The Symbols and Solid Lines Apply to
the Measurements. The Stippled Lines
Apply to the Predictions:

500 kg/m’s

= 1000 -

= 1500 -

= 2000 -

= 2500 -

= 3000 -

da

I
I

[2 2> I > B~ B I
i
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Fig. 4.22. Comparison between Measured
G=1000 and Predicted Burnout Powers.
Test Section 10. Ld = 4.02 m.
- o
100 |- _J aTg , = 100°C.
The Symbols and Solid Lines Apply to the

G= 500
kg/ﬂﬂs Measurements. The Stippled Lines Apply
to the Predictions:
B 7 - --- :G= 500 kg/m’s
—_ . — : G = 1000 -
— — — : G = 1500 -
0 PR G S| 1 | 1 1 1 —_— -, ¢ G = 2000 -
0 50 100 — .. — : G = 2500 -
p(bar) — — .. : G = 3000 -~
T T T
'—OLd=2m -
alg=4m
aLy=6m
VLd=8m /’,
200 - —
— -~
Fig, 4.23. Comparison between Measured
100 | - and Predicted Burnout Heat Fluxes.
Test Section 10. P = 70 bar.
_ o
ATsub = 10~C.

The Symbols and Solid Lines Apply to the
Measurements. The Stippled Lines Apply
to the Predictions:

- ===~ :L.=2.02m

a

0 i 4 ! ———:I;=4.02m
0 1000 2000 3000 4000 —.— :1-6.00m
Glkg/m?s) — .. —~:Lyg=8.00m
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Fig. 4.24. Experimental Wavelength of
Roll Waves versus Theoretical Tube Film
Thickness.

Test Sections 20 and 17/26L. Adiabatic.
p = 30-90 bar.

20 T T T
v p=30 bar
a p=50 bar
o p=70 bar
— - o p=90 bar 7
NU')
E
2 0
_'31 = -
Q
Q
X

00

01 0.2

, 0.3
Su1 [‘ ]

0.4

Fig. 4.26.a. Entrainment Correlation.
Test Section 17/26L. Rod. Adiabatic.
The Values Given in Table 4.2 Are
Used for kD.

101 - 1 1 L I LB ¥ L T I ll'l_
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Fig. 4.25. Equivalent Sand Roughness Versus
Theoretical Film Thickness.
Annular Test Section 17/26L. Adiabatic.
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Fig, 4.26.b. Entrainment Correlation.
Test Section 17/26L. Tube. Adiabatic.
The Values Given in Table 4.2 Are
Used for kD.
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Fig. 4.27.a. Comparison between Measured
and Predicted Rod Film Flow Rates.

Test Section 17/26L. Adiabatic.

P = 70 bar.

The Symbols and Solid Lines Apply

to the Measurements. The Stippled

Lines Apply to the Predictions:

- === :G= 500 kg/m’s
—— — :G=1000 -
— .. — : G =2000 -

Fig. 4.27.b. Comparison between Measured
and Predicted Tube Film Flow Rates.

Test Section 17/26L. Adiabatic.

P = 70 bar.

The Symbols and Solid Lines Apply to

the Measurements. The Stippled Lines
Apply to the Predictions:

- --- :G= 500 kg/m%s
— — — :G=1000 -
— .. — : G =2000 -

Fig. 4.28. Comparison between Measured
and Predicted Film Flow Rates.

Test Section 17/26L. Adiabatic.

P = 30,50 and 90 bar.

Solid Symbols Apply to the Rod Film.
Open Symbols Apply to the Tube Film.
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Fig. 4.29. Comparison between Measured
and Predicted Film Flow Rates.

The Symbols Apply to the Measurements
by Moeck (1970): Annular Test Section
d, =19.7 mm. 4, = 23,8 mm. P = 70 bar.

1 2

= 2 =
G = 1360 kg/m“s. Xout = 28%. Adiabatic.

The Solid Lines Apply to the Predictions.

Fig. 4.30. Comparison between Measured
and Predicted Frictional Pressure
Gradients., Test Section 17/26L. Adiabatic
P = 30-90 bar.
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Fig. 4.31.a. Comparison between Measured
and Predicted Film Flow Rates.

Test Section 17/265. Diabatic. . .

P = 70 bar. G = 1000 kg/m’s. @, = q, =
45 W/cmz.

The Symbols and Solid Lines Apply to
the Measurements. The Stippled Lines
Apply to the Predictions:

3 mfl/m

- - - -

_——— mfz/m

Fig. 4.31.b. Comparison between Measured
and Predicted Film Flow Rates.

Test Section 17/26 S. Diabatic.

P = 70 bar. G = 900 kg/mzs.

The Symbols and Solid Lines Apply to

the Measurements. The Stippled Lines
Apply to the Eredictions: W
: q1.= 85 W/cmz, q2,
qu

1] W/cm2
85 -~

—_——;q1=0 -

Fig.
and Predicted Frictional Pressure
Gradients.

Test Section 17/26S. Diabatic. P = 70 bar
The Symbols and Solid Lines Apply to the
Measurements. The Stippled Lines Apply

to the Predictions:

4.32, Comparison between Measured
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Fig. 4.33.a. Comparison between Measured
and Predicted Burnout Steam Qualities.
The Symbols Apply to the Measurements
by Jensen and Mannov (1974): Test Section

17/265. P = 70 bar. AT, . = 10°C.
The Stippled Lines Apply to the
Predictions:

- --- :G= 500 kg/m®s

- — = : G = 1000 -

— . — : G = 1360 -

Fig. 4.33.b. Comparison between Measured
and Predicted Burnout Steam Qualities.
The Symbols Apply to the Measurements

by Jensen and Mannov (1974): Test Section

17/26S. P = 70 bar. AT, = 100%c,
The Stippled Lines Apply to the
Predictions:

- -=-- :G= 500 kg/m’s

— — — : G = 1000 -

— . — :G =1360 -
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Fig. 4.34.a. Comparison between Measured
and Predicted Burnout Steam Qualities.
The Symbols Apply to the Measurements

by Becker and Letzter (1975):

Annular Test Section. d1 = 12,0 mm.

d2 = 21,3 mm. Ld = 3.00 m. P = 30 bar.
AT, = 10°C.

The Stippled Lines Apply to the
Predictions:

- = -<- :G= 500 kg/m’s

— — G = 1000 -

— . = : G = 2000 =

Fig. 4.34.b. Comparison between Measured
and Predicted Burnout Steam Qualities.
The Symbols Apply to the Measurements

by Becker and Letzter (1975):

Annular Test Section. d1
d2 = 21.3 mm, Ld
ATy, = 10%C.
The Stippled
Predictions:

= 12,0 mm.
= 3.0m., P = 70 bar.

Lines Apply to the

- - -- :G= 500 kg/m%s
— — — : G =1000 -~
— . — :G=2000 -~
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