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Abstract—Density-wave type dynamic instabilities were detected in the tubes of a large-capacity sodium
heated steam generator. The peak-to-peak amplitudes of these oscillations varied between 9 and 60 X and the
periods between 4 and 7.6s.

Our experimental data for the periods and the inception conditions of the dynamic instabilities, and the
datafound in literature obtained for a tube and a rectangular channel across which pressure drop is constant,
have been correlated with simple equations for the following range of conditions: pressure: 4.1-17 MN/m?;
exit quality: 0.27-1.59; inlet subcooling: 3-111 K ; ratio of heated length to hydraulic diameter: 153-1921 ;
hydraulic diameter: 0.0045-0.0126m; enthalpy rise in the channel: 582-2130kJ/kg; mass velocity:
353-2088 kg/m? s; average heat flux 0.1-3.25 MW/m?; period: 0.35-7.6s.

At the start of dynamic instabilities the steam quality (or the enthalpy of the steam or steam/water mixture)
at the outlet of a boiling channel is constant for a given subcooling, pressure and geometry in the low-
subcooling range, and for a given pressure and geometry for the range of medium and high subcoolings.

The period of the dynamic instabilities is a function of the transit time of a fluid particle in the boiling
region of a channel, the Froude number and the ratio of the length of the boiling region to the total heated
length.

A hot channel factor has also been established, which relates the operating conditions in the tube in which

the dynamic instabilities occur first, to the average operating conditions in the steam generator.

NOMENCLATURE At,,,, degree of subcooling [K];
Ap,  cross-sectional area [m?]; At,, logarithmic mean temperature
Ay, heated area [m?]; difference [K],
D,  inside diameter of a tube [m]; U,  over-all coefficient of heat transfer
Dy,  hydraulic diameter [m]; {W/m?K];
Fr,  Froude number (Fr = G?/p?Dgg); W,  mass flow Lkg/ sl;
G,  mass velocity [kg/m?s]; X,  steam quality;
g, acceleration of gravity [m/s?]; z axial coordinate [m].

H enthalpy [J/kg];

AH, enthalpy rise in a channel [J/kg]; Greek sym b.OIS )
AH,,,, inlet sub cooling in units of enthalpy % void fraction; )
[3/kg]; B, vapour volumetric rate ratio;
K,  pressure loss coefficient of an orifice Vs viscosity [kg/ms];
or a flow control valve fitted to the p, density [kg/m’];
inlet of a channel, based on the flow S transit time of a fluid particle s];
area of the channel; {,  period[s].
L,  heated length or a length [m]; Subscripts
P, pressure [N/m?]; a, refers to average value;
P.,  critical pressure [N/m?]; b, refers to boiling region;
P,,  reduced pressure (P, = P/P,); I refers to inception conditions of
Q, power [W]; dynamic instabilities;
q, heat flux [W/m?]; i, refers to inlet condition;
Re, Reynolds number (Re = GDg/v)); D, refers to preheat region;
r, latent heat of evaporation [J/kg]; o, refers to outlet condition;
t, temperature [K or °C]; S, refers to superheated steam region;
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s, refers to saturated liquid condition;
54, refers to unit or steam generator;
v, refers to saturated vapour condition.

INTRODUCTION

DYNAMIC instabilities are hazardous for a sodium
heated steam generator, which is a crucial component
of a LMFBR, since they induce flow maldistribution
among the tubes or in the tubes, and thermal cyclings
at the welds, at the upper tube plate and at the dry-out
location.

Very little literature exists on experimental and
theoretical works dealing with the dynamic in-
stabilities in a tube of a long, straight-tube, once-
through, sodium heated steam generator [1-3}] In
connection with the development of BWRs and
PWRs, this type of instability has been extensively
studied for short, electrically heated channels. The
data from electrically heated channels can, by no
means, be extrapolated to a long, sodium heated steam
generator tube without any experimental verification,
owing to intolerable errors in predicting the Inception
Conditiohs of dynamic Instabilities (ICI) (i.e. power,
subcooling, mass velocity and pressure at the start of
instabilities) for a wide range of conditions with the
existing stability models, as demonstrated in [4,5].
There is equally little literature on stability models that
can be applied to a sodium heated steam generator
tube, in which superheated steam is produced [2, 3]. It
is moreover reported in [ 6] that the model given in [3]
does not fit the data sufficiently well.

The aim of this paper is to present data and
correlations for the periods and the inception con-
ditions of dynamic instabilities obtained in the tubes of
a large capacity sodium heated steam generator.
Before presentation of the data, dynamic instabilities
relevant to a steam generator tube are briefly reviewed
below. For a more detailed review of the literature on
the subject, the reader is referred to [7, 8],

Many types of dynamic instabilities can occur in a
steam generator tube, which can be ascribed to a
number of different causes, viz. propagation of
pressure- or density waves [7], variation of flow
patterns [9] and thermodynamic non-equilibrium
between the phases in the superheated steam region
(1, 10]. However, sufficient evidence has been given in
the literature that the cause of the main type of
instability important for the design of steam gene-
rators is the propagation of density waves. This type of
low-frequency instability is referred to in the literature
as parallel-channel [ 3], density-wave [11], time-delay
[12] or mass flow-void feed-back [4] instability or
oscillations. .

Density-Wave Oscillations (DWO) have been expe-
rimentally studied by many investigators for different
types of geometries and boundary conditions, for
water [1, 13-17] and refrigerants [11, 18], for forced-
[1, 11, 13, 18] and natural-circulation systems
[14-17], for a single channel [1, 13} or multi-channels
[187] across which a constant pressure drop is main-
tained, and for a forced-convection channel to which a
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compressible volume such as a surge tank or a gas
pressuriser is attached upstream [11]. In these in-
vestigations heat generation was either uniform [11,
13-16, 18] or non-uniform [ 1, 17].
The conclusions of these studies are the following:
(1) DWO are due to multiple regenerative feed-
backs between flow rate, vapour generation
rate and pressure drop [4, 11].

(ii) The other parameters being constant, the stabi-
lity of a steam generator tube may be increased
by decreasing the heat flux [ 1, 137, exit pressure
drop[15], heated length [ 18] and inlet subcool-
ing at low subcoolings [15, 16, 18], and by
increasing the flow [1, 13}, pressure [15.16],
inlet pressure drop [ 14, 15], inlet subcooling at
high- and medium subcoolings [ 15, 16. 18] and
tube diameter [16]. A non-uniform heat flux
distribution stabilises the flow [17].

(iii) A coarse correlation has been found in the
literature [8] indicating that the period of the
DWO is approximately one to two times the
transit time of a fluid particle in a tube.
However, itis reportedin [ 1, 19] that the period
of the DWO can be about half or even a small
fraction of the transit time.

There are some types of dynamic instabilities pre-
sent always in a steam generator tube which produces
superheated steam of qualities up to about 2. The
temperature at any point in a cross-section in the
superheated steam region of such a steam generator
tube oscillates irregularly owing to thermodynamic
non-equilibrium between the phases (i.e. the presence
of water droplets in the superheated steam). The actual
degree of superheating of the produced steam is found
to be higher than that calculated by a simple heat
balance, as the heat needed for the evaporation of
water droplets is used for superheating [ 1, 10}.

If an adiabatic section follows the heated section of a
steam generator tube, these instabilities disappear, as
observed in the present study and in [10]. This is
probably due to complete evaporation of the water
droplets in the highly superheated steam along the
adiabatic section.

Mass-flow oscillations were also reported at the
outlet of a horizontal steam generator tube [ 20].

TEST SET-UP, PROCEDURE AND CONDITIONS

Test set-up

Dynamic instabilities were investigated in the evap-
orator of a 50 MWih liquid sodium heated steam
generator. This steam generator was designed by
Neratoom for the LMFBR, SNR-300. It was tested in
the SOMW Sodium Component Test Facility at
Hengelo. The steam generator consists of an evap-
orator and a superheater. A description of the steam
generator is given in [21,22]; data for the 50 MW
Sodium Component Test Facility may be found in
[23].

The evaporator is a counterflow, 30 MWth once-
through unit and operates in forced-convection mode.
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It is shown in Fig. 1. The water/steam flows vertically
upward in 139 tubes of 0.0126m LD. and 0.0172m
O.D., and is heated by sodium flowing downward
around the tubes arranged in a shell in an equi-
triangular pattern of 0.0275m pitch. The effective (i.e.
heated) tube length is 18.64 m, and the total tube length
between the tube plates 19.34 m. The steam generator
was manufactured from 24 Cr 1 Mo stabilised ferritic
steel.

The evaporator was heavily instrumented [22]. It
will be sufficient to mention here that the values of the
inlet and outlet temperatures, outlet pressure and mass
flow both at the sodium- and water/steam-side in the
evaporator were measured with pre-calibrated instru-
ments, and collected with an on-line data acquisition
system and processed by a computer, Siemens-300.

In order to detect the instabilities, six thermocouples
were placed on the upper tube plate at the outlets of six
tubes at different radial locations, as indicated in Fig. 2.
The temperatures measured by these thermocouples
are recorded both with potentiometric multi-channel
recorders and with the computer. In the present work,
only the instabilities detected in these six tubes are
dealt with; the inlet temperature and outlet pressure
for these tubes are known since these quantities are
equal for all the tubes in the evaporator. The pressure
drop across the tubes of the evaporator is also equal for
each tube.

All the temperatures were measured with inconel-
sheathed, chromel-alumel thermocouples of 1mm
0.D.; theerror in determining a temperature was 3/8%,

Water/steam-side mass flow was measured with an
orifice meter with an accuracy of 2%,. Sodium-side
mass flow was measured with an electromagnetic flow
meter with an accuracy of less than 45/. The pressures
were measured with Barton cells with an accuracy of
less than 2%,

|
f
l 1 m Test procedure and conditions
”“ At all operating conditions of SNR-300, the evap-
LIE orator produces wet steam of qualities of 0.95 or less,
" and it is not susceptible to instabilities. Under extreme
A conditions far remote from the operating conditions of
3 SNR-300, instabilities were observed, however, when
steam with a high degree of superheating had to be
produced in the evaporator; in other words the
evaporator operated as a once-through steam gene-
rator for the test runs for which the instabilities have
been detected, and will therefore be referred to as the
unit further on.
The ICI are, per definition, the operating conditions
‘L' i ' at the last stable condition in a channel. Therefore, to
l determine ICI, steam quality at the outlet of the unit
was increased by very small increments by decreasing
water/steam-side mass flow while keeping the other
operating conditions constant both at the
water/steam- and sodium side. Instabilities were de-
tected only for the aforesaid six tubes by recording the
temperatures measured by the thermocouples located
at the outlets of these tubes. When the first diverging
FiG. 1. Evaporator. temperature oscillations were detected for a tube, the
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FIG. 2. Locations of the tubes for which instabilities have been detected.
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Table 1. Data for the ICI and the periods of instabilities

Location 233 Location 238 Location 229 Location 235
or 225
Run to 14 to 4 to { to 4
No. (°C) (s) °0) (s) (°C} (s) (°C) (s)
1.3* 437% — 433% 7 — — — —
24 428+ — — — — — — —
2.5 — — 428 6.7 — — —
3.7 408+ — 405+ 7.5 405t 7 — —
44 399+ — 399t 6.7 — — — —
13.2 430% — 427% 5 427 5.5 -—
13.4 — — — — — 430/43 11 6/6%
14.0 418+ — — — — —
14.2 - - 429 7.6 — — — —
14.3 — — — - 434 6 — —
144 — — — — - — 423t 6.61
14.5 — — — — — — 430 7.5
15.0 4181 — — — — — — —
154 — — 431 6.6 431 7 — —
19.7 382+ 5 — — — — — —
19.8 — — — — 372 6 — —
203 386t 4 — - — — - e
213 367t 4 — - e — — —
218 — — — — 389 5 — —
221 380t 4 — — - o — —
262 424+ 6.6 —_ — — — - —
26.5 — — 427 6 — — — —
269 433 6 — — — — — —
289 374% 4 — — — e — —_
330 — - 315 5 — — — —

*For the values of P, and ¢,, see the corresponding run in Table 2.

+Hot channel, in which the instabilities occur first.

tLocation 225.
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Table 2. Operating conditions for the unit

Sodium side Water/steam side
Run w t; Q w t; to P,
No. (kg/s) °C) MW)  (kg/s) °C °C)  (MN/m?
1.3 170 452 21.2 13.0 286 394 16.7
24 170 442 189 115 286 396 16.7
25 170 442 18.1 107 286 409 17.0
37 174 421 14.8 86 286 395 17.0
44 179 403 8.7 47 286 400 16.7
132 174 440 i8.1 115 302 404 16.7
134 173 443 15.1 92 301 418 16.6
140 183 440 223 139 260 364 16.8
14.2 182 442 200 108 260 410 16.7
14.3 186 442 19.5 10.0 260 419 16.7
144 186 441 18.1 9.2 259 418 16.5
145 179 441 16.1 8.7 259 414 16.8
15.0 172 439 218 128 240 374 16.8
154 173 441 18.8 9.8 240 416 16.7
19.7 122 408 10.4 6.2 300 337 12.8
198 121 408 10.1 55 300 359 12.2
20.3 125 411 125 74 280 330 123
213 123 408 12.2 6.8 260 330 123
218 120 412 105 57 260 356 134
221 124 409 11.9 6.5 240 337 134
26.2 126 434 12.1 6.7 301 422 16.2
26.5 126 436 129 7.4 301 418 16.3
269 127 441 145 84 300 411 16.2
289 121 386 113 59 281 324 9.2
330 62 351 6.6 25 214 305 53
operating conditions of the previous stable run were
specified as the ICI for this tube (i.e. the temperature at sool
the inlet of the tube and the temperature and pressure
at the outlet of the tube). It was also checked whether o ‘
the requirement is fulfilled that the temperature oscil- 450 Locaton 238 Location 225
lations beyond the ICI reach a limit cycle and there-  § P
after are sustained. The difference between the outlet g aoof
temperature for the run specified as the ICI and the §
outlet temperature for the previous run did not exceed B U
10K. During a run the total mass flow in the unit and ,1
the temperature and pressure at the outlet and inlet of , ‘ : . 1
the unit were kept constant. 300 10 20 % 6w
Time, s

For almost all test runs, instabilities were first
detected in the tubes located at the outer tube bundle
region; i.e. for the tubes numbered as 233 and 238 in
Fig. 2. If the mass flow is decreased further, the tubes in
the inner tube bundle region also become unstable.
The operating conditions for the experiments are
summarised in Tables 1 and 2.

Beyond the ICI, periodic outlet temperature oscil-
lations were detected with amplitudes between 9 and
60K and periods between 4 and 7.6s. These periods
suggest that the observed oscillations are of the
density-wave type. An example of these oscillations is
shown in Fig. 3. ’

During some runs, outlet temperature oscillations
with small irregular periods and amplitudes of a few
degrees Kelvin have also been observed, These in-
stabilities will not be further considered since it is
speculated that these are caused by multiple irregular
interactions between flow rate, pressure drop and
vapour generation rate due to mode of operation, viz.

F1G. 3. Typical example of density-wave oscillations.

by decreasing the mass flow in the unit in small steps;
these instabilities disappear after some minutes.

CORRELATION OF DATA

In general, to correlate the results of dynamic
instability experiments, they are fitted into a theoreti-
cal stability model, which is a simultaneous solution of
the three one-dimensional, non-steady state con-
servation equations (i.e. energy, momentum and mass)
for the one-phase flow, subcooled boiling and boiling
regions of a steam generator tube with appropriate
boundary conditions [3-5, 7, 8, 12, 13, 15-17, 19,
24-26]. Since these three conservation equations
include more than three unknowns for each of the flow
regions mentioned above, subsidiary equations have
to be used for reduction of the unknowns in the
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equations. These are correlations for the properties of
water and steam, correlations for slip ratio, heat
transfer and pressure drop for different flow regions of
a steam generator tube, and a correlation for the
thermodynamic non-equilibrium condition in the sub-
cooled boiling- and superheated steam-region of a
steam generator tube.

Three main approaches have been used in the
literature for the solution of the three conservation
equations: numerical or analog solution of the equa-
tions for given initial conditions and a given system
(see for example [ 24]), linearisation and solution of the
equations with the help of the feed-back theory (see for
example [257]) and simplified analytical solution of the
linearised equations (see for example [12,26]). With
the exception of the last approach, the use of a
computer is in general necessary for the solution of the
equations.

Almost every stability model presented in the litera-
ture assumes an axial uniform heat flux distribution, a
condition which does not apply to the present experi-
ments. Therefore the data presented in this study have
been correlated with dimensional analysis.

Correlation of the ICI data

It was shown in [1] that in a steam generator tube
across which pressure drop is constant, the enthalpy
rise in the tube, or the steam quality at the outlet of
the tube is constant for a given geometry, subcooling
and pressure. The correlation given in [1] for the
ICI excellently fits the present data but not the
data of Quandt [13] obtained for a 0.00246 x 0.0254
x 0.686m electrically heated rectangular channel
across which pressure drop was constant. Therefore
the correlation given in [1] is modified to determine
the outlet steam quality at the ICI:

(Xo); = 0.98{0.038+0.0039

x [In([1-PJPP*)]"1}

L 0.51
X(B) (1+K)>0?

x (14 1.7exp[ ~50AH, /H.]). (1)

At given operating conditions, instabilities will
occur in the channel if the steam quality at the outlet of
a boiling channel (evaluated by the use of equation (2)}
exceeds the steam quality predicted by equation (1).
Equation (1) fulfils the requirement that the steam
quality is not defined at the critical pressure since X
= (Hy—H,)/r and r =0 at the critical pressure. The
steam qualities predicted by this equation are com-
pared in Fig. 4 with the present data, the data given in
[1] for a 10m and an 18.84m long sodium heated
steam generator tube and the data of Quandt[13]fora
0.686 m long rectangular channel. The data are found
to fit the equation well.

The following equations hold also for a boiling
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By inserting equation (1) into equation {2), the power
or the enthalpy rise in a channel at the ICI can be
predicted:

Q1 = W, AH; = W {{AH ;,,); + (Xo)y7} “)
and
AH,; = f(AHsub)I + (X (5)

where (X,); in equations (4) and (5) is given by
equation (1). Equation (5) is compared with the present
data and the data of [1, 13] in Fig. 5, and it predicts
very well the enthalpy rise in the test channels at the
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ICI (or the power in the test channels at the ICI;
compare equation (4) with equation (5)). The experi-
mental ranges of the equations (1), (4) and (5) are:

(Po); = 4.1-17 MN/m?
(Xo) = 027-1.59
Aty = 3-111K
AH, = 582-2130kJ/kg
L/D = 153-1921
Dy = 0.0045-0.0126 m.

In the present experiments, the heat flux (or power) and
mass velocity were not measured in the tubes in which
the instabilities were detected. The range of these
operating conditions in the data given [1,13] is: G,
= 353-2088 kg/m?s and (g,); = 0.1-3.25 MW/m?.

It follows from the equations (1) and (3) that the
steam quality (or the enthalpy of the steam/water
mixture or steam) at the outlet of a channel across
which a constant pressure drop is maintained, is
constant at the ICI for a given pressure, geometry and
subcooling for low subcoolings ([AH,,,/H]; < 0.1)
and for a given pressure and geometry at medium and
high subcoolings. This is an important result. It can be
used as a boundary condition additional to the boun-
dary conditions used in the literature to solve the three
conservation equations.

In accordance with equation (4), the other para-
meters being constant, the stability of a boiling channel
may be increased by decreasing the heat flux, the
heated length and the subcooling at low subcoolings
and by increasing the mass velocity, the inlet pressure
drop, the hydraulic diameter of the channel and the
inlet subcooling at medium and high subcoolings.
These results are in agreement with the experimental
results of various investigators. Pressure can decrease
or increase the degree of stability of a boiling channel,
depending on its magnitude and on the subcooling, in
accordance with equation (4). This result is not in
agreement with that given in [15, 16] for a natural-
circulation channel.

Equation (1) was compared with the ICI-data of
Anderson (as quoted from [ 4]), Becker et al. [ 15], Levy
and Beckjord [14], and Spigt [16] from natural
circulation boiling systems. The aforesaid in-
vestigators used different types of short electrically
heated test sections, i.e. annulus and tube, and the
pressure in their experiments covered the range be-
tween 0.2 and 7 MN/m?. The number of their ICI-data
was 131. As anticipated, equation (1) did not fit these
ICI-data, because the boundary condition used in the
experiments of the aforesaid investigators, namely, a
constant pressure drop across the whole loop, was
different from the boundary condition used in the
present experiments and those discussed in [1, 13], i.e.
a constant pressure drop across a channel. Neverthe-
less for the natural circulation systems, it can also be
shown by the use of the data of the aforesaid authors
that the steam quality at the outlet of a channel or the
enthalpy rise in a channel is constant at the ICI
for a given geometry, subcooling, pressure and mass
velocity.
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Correlation of the period of the dynamic instabilities

A rather approximate correlation is found in the
literature [8] indicating that the ratio of the period of
the DWO to the transit time (of a fluid particle in a
channel) varies between 1 and 2. This correlation will
be verified below. In order to calculate the transit time,
such factors as for instance the mass flow and the
lengths of different flow regimes in a channel have to be
known. In the present experiments these quantities
were not measured. Therefore the transit time has been
evaluated for the average operating conditions of the
unit and is assumed to be equal to that in a tube for
which the instabilities were detected. For the operating
conditions of the present experiments, this assumption
is not strict: If it is assumed that the same power is
developed in every tube, then the average mass flow in
the unit differs by at most 10%; from that in a tube of the
unit (see Tables 1-2 and ¢ = W AH ). A 10%, variation
in the mass flow can introduce only a few percent
variation in the lengths of different flow regimes in a
tube of the unit, since the pressure drop across the unit
is constant. Furthermore, as will be seen later, a 10%,
error in the mass velocity is of second-order impor-
tance in correlating the data.

In order to determine the transit time in the unit, the
data taken for the ICI-runs have been used and
thermodynamic equilibrium in the boiling- and
superheated steam region was assumed. The heat
developed in the preheat region and that developed in
the superheated steam region are then known. The
lengths of these regions have been evaluated with the
heat-exchanger formula:

Q = Ay UAt, = 139nDLUA!,. (6)

The length of the boiling region was determined by
subtracting the sum of the lengths of the preheat- and
superheated steam region from the effective tube
length. The water/steam-side heat-transfer coefficient
in the overall coefficient of heat transfer in equation (6)
was evaluated with the well-known correlation of
Dittus and Boelter as quoted from [27], and the
sodium-side heat transfer coefficient in the overall
coefficient of heat transfer in equation (6) with the
correlation of Friedland et al. [28].

These heat-transfer coefficients were predicted at the
arithmetic mean temperature and pressure both in the
preheat- and superheated steam region. The properties
of sodium, water and steam were taken from [29, 30].
The average density of the steam/water mixture in the
boiling region was calculated from the equation below

{(1 _a)ps+apv} dz

(1]): JL"
e

The void fraction in equation (7) was evaluated with
the correlation established by one of the authors [31]:

036(1—P,)°p,
G{X + (1 —X)p,/py)}

(pa)b = (7)

Blo=1+ ®)
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where
_ X
{(X+1-X)pips)}

The average density of the fluid in a single-phase flow
region was predicted by using the arithmetic mean
temperature and pressure in this region, and the transit
time in the unit was calculated from the following
formula [1}:

5 = GI_ ! [Lp{pa)p+Lb(pn)b+LS(pa)S]'

B

)

(10)
The present data and the data obtained from [ 1, 13]

for the ratio of the period of the DWO to the transit
time are plotted vs Froude number in Fig. 6. In [1]

t 3~
[ 981 od
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permitting the assumption that the transit time in the
unit is equal to that in a tube for which the instabilities
were detected, and justifying the errors in predicting Fr
and L,. The experimental range of equation {11} is the
same as that given for equation (1) and the measured
periods varied between 0.35 and 7.65.

Evaluation of the hot-channel factor

A designer of a steam generator knows only the
average operating conditions in the unit but not those
in the hot channel where the instabilities occur first. In
a steam generator there are many tubes, and operating
conditions in every individual tube are different from
the average operating conditions of the unit. There-
fore, in order to apply equation (1) to a steam

© Present dota {L/Dy=1479)
¥ TNO-dato(L/Dy=1272) 1]

03 ¢ TNO-data{L/Dy=1921) 11
0.2p X Data of Quondt{L/Dy=153)132
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1 { i 1 i i i i
o ] CI S 3 7 g I

Fi6. 6. Verification of the correlation from literature for the periods of the DWO.

transit times are given. In order to calculate the transit
times from the data of [13], equations (7) to (10) were
used and thermodynamic equilibrinm was assumed in
the boiling region.

It follows from Fig. 6 that the above-mentioned
ratio appears to be a function of the Froude number
and can be as low as 0.25. Therefore the aforesaid
correlation given in the literature for the period of the
DWO is far from satisfactory.

In order to correlate the data, the following equation
was used:

{ ( Lb)
= = Fr®¥{09-0.6— {11)
&y L
where &,, the transit time in the boiling region is
Lb(pa)b
=8P 12
& G, (12)

Asshown in Fig. 7, equation {11)correlated the data
of [1, 10] rather well and the present data well, thus

generator, a hot-channel factor has to be defined,
which relates operating conditions in the hot-channel
to those in the steam generator. Here the hot-channel
factor will be defined as the ratio of exit steam quality
in the hot channel to that of the unit. For the operating
conditions considered in this study (see Tables 1 and 2},
this ratio can be given by the correlation below:

(XO)I

O/sg

= 0.616(2—P,)exp(2.2810 °Re

+0.57AH ,/H,)+0.061 (13)
for Re = 3.51-10* The correlation is shown in Fig. 8.
In order to judge whether the instabilities occur in a
steam generator for which the operating conditions are
known, (X,), has first to be evaluated by using
equation (1) and thereafter this (X, ), has to be inserted
into equation (13) to predict (X,),,. If this (X,),, is
lower than the steam quality at the outlet of the steam
generator, the unit is susceptible to instabilities.
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The experimental range of equation (13) is as
follows:

(P,);, = 9.2-17 MN/m?
(Atyuy)yy = 24-111K
G,, = 269-802kg/m’s
0,, = 8.7-223MW.

CONCLUSION

Evidence is presented that the inception conditions
and the periods of the so-called DWO can be predicted
with simple equations for a wide range of operating
conditions for a boiling channel across which the
pressure drop is constant, thus eliminating the use of
time-consuming complicated stability correlations in
the form of a computer program. For most industrial
applications, the prediction of the inception conditions
and the periods of the DWO is sufficient.

Further experimentel and theoretical verification of
the presented work is recommended, however.
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LES INSTABILITES DYNAMIQUES DANS LES CANAUX D’'UNE CHAUDIERE A
VAPEUR A HAUTE CAPACITE, CHAUFFEE AU MOYEN DE SODIUM

Résumé—On a observé des instabilités dynamiques d’un type de densité oscillatoire dans les canaux
d’une chaudiére & vapeur & haute capacité chauffée au moyen de sodium. Les amplitudes maximales de
ces oscillations varient entre 9 et 60 K et les périodes entre 4 et 7.6 s.

Nos données expérimentales pour les périodes et les conditions de début des instabilités dynamiques,
ainsi que les données trouvées dans la littérature pour un canal circulaire et un canal rectangulaire avec
une chute de pression constante ont été corrélées 4 I'aide de simples équations pour la gamme des
conditions suivantes: pression 4,1-17 MN/m?; qualité¢ de vapeur 4 la sortie des canaux 0,27-1,59: sous-
refroidissement a 'entrée des canaux 3—111 K: rapport de la longueur chauffante au diamétre hydraulique:
153-1921; diamétre hydraulique 0,0045-0,0126 m; augmentation de l'enthalpie dans le canal: 582
2130kJ/kg; vitesse massique 353-1088kg/m?s; flux de chaleur moyen: 0,1-3,25 MW/m?; période des

oscillations 0,35-7.6s.

Au début des instabilités dynamiques, le qualité de vapeur (ou U'enthalpie de la vapeur ou du mélange
d’eau et de vapeur) 4 la sortie d’un canal bouillant est constante pour un certain refroidissement, une
certaine pression et une géométrie dans la gamme des faibles refroidissements, et pour une certaine
pression et une géométrie dans la gamme des refroidissements intermédiaires et élevés.

La période des instabilités dynamiques est fonction du temps de résidence d’une particule fluide dans
la région bouillante d’un canal, du nombre de Froude et du rapport de la longueur de la région bouillante

4 la longueur totale chauffée.

Un facteur relatif au canal chauffant a été également établi, qui relie les conditions d’opération dans le
canal pour lequel les instabilités dynamiques se présentent la premiére fois, aux conditions moyennes
d’opération dans le générateur de vapeur.
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DYNAMISCHE INSTABILITATEN IN ROHREN EINES NATRIUMBEHEIZTEN
GERADROHR-ZWANGSDURCHLAUF-DAMPFERZEUGERS GROSSER LEISTUNG

Zusammenfassung—In den Rohren eines natriumbeheizten Dampferzeugers mit groBer Leistung werden
dynamische Instabilititen vom Typ “density wave™ beobachtet. Die Amplituden von Extremwert zu
Extremwert dieser Schwingungen variierten zwischen 9 und 60 K, und die Perioden variierten zwischen 4
und 7,6 s. Unsere experimentellen Daten fiir die Perioden und die Entstehungsbetriebszustinde sowie die in
der Literatur fiir ein Rohr und einen rechteckigen Kanal mit konstantem Druckverlust gefundenen Daten
sind mit einfachen Gleichungen fiir die nachsiechenden Betriebsbereiche korreliert worden:

Druck 4,1~17 MN/m?
Dampfgehalt am Austritt 0,27-1,59
Unterkiihlung am Eintritt 3-111K
Verhiltnis beheizter Lange zum hydraulischen Durchmesser 153-1921
hydraulischer Durchmesser 0,045-0,0126 m
Enthalpiezunahme im Kanal 582-2130kJ/kg
Massenstromdichte 353-2088 kg/m*s
mittlere Wirmestromdichte 0,1-3,25 MW/m?
Periode 0,35-7,6s.

Bei Beginn der dynamischen Instabilititen ist der Dampfgehalt (oder die Enthalpie des Dampfes oder des
Dampf/Wasser-Gemisches) am Austritt eines Dampfkanals im Falle einer gegebenen Unterkiihlung, eines
gegebenen Druckes und einer gegebenen Geometrie im Bereich der niedrigen Unterkiihlungen und fiir einen
gegebenen Druck und eine gegebene Geometrie fiir den Bereich der mittleren und gréferen Unterkihlungen
konstant. Die Periode der dynamischen Instabilititen ist eine Funktion der Durchstromungszeit eines
Teilchens im Siedebereich eines Kanals, der Froude-Zah! und des Verhéltnisses der Siedebereichslinge zur
gesamten beheizten Linge. Ein HeiBkanal-Faktor, der die Betriebszustinde in dem Rohr, worin die
dynamischen Instabilitidten zuerst auftreten, mit den mittleren Betricbszustinden im Dampferzeuger in
Beziehung setzt, ist auch erstellt worden.

AUHAMHUYECKAS HEVCTOWYUBOCTH B TPYBAX IIPSMOTOYHOI'O
ITAPOI'EHEPATOPA BOJIBIION ITPOM3BOAUTENBRHOCTH, PABOTAIOIEIO
HA HATPUH

AnsoTaius — B 1py6ax naporeneparopa GosbLIOH NPOH3BOAUTENLHOCTH, PabOTAIOWIErO HA HATPHH,
OOHapyXeHO HaM4YMe OHHAMMYECKOH HEYCTOHYMBOCTH THNA BOJH wioTHocTd. Kone6Ganus ammn-
Tyast coctasnamm 9-60 K nepuon 4-7.6 cex.

Hamu 3kcniepHMEHTaIbHbie JaHHBIC N0 NMEPHOJAM H YCJIOBHAM BOSHHKHOBCHMS AMHAMHYECKHX
xonebannit, a Taike onyOnnkxoBaHHbIE HaHHbIE A% TPYOSI H NPAMOYTONBHOTO KaHaM4 ¢ NOCTOSH-
HbIM IIEpErajioM [OaBAEHUS OMMCHIBAMMCH MPOCTHIMH YPAaBHEHHAMM JUIA CICAYIOLIHX YCIIOBHIMA:
nasnenne: 4,1-17 Mu/M?; xapaxTepHCTHKH Ha spixoae: 0,27-1,59; wenorpes Ha mxoge: 3-111 K;
OTHOIUCHHE HATPETOH NIMHbI K rHApaBIHYECKOMY HuamMeTpy: 153-1921; ruapaBnryYecKuii nuaMeTp:
0,0045-0,0126 Mm; npupocT 3JuTanenMH B KaHane: 582-2130 x JIx/kr; maccosbiit pacxom: 353-
2088 xr/m* cek.; cpeanuil Terwosot notok 0,1-3,25 Mer/m2; nepuoa: 0,35-7,6 cex. Ilpy BOIHHKHO-
BEHHHM JHHAMHMYCCKOH HCYCTOHUMBOCTH MCTHHHOE NapocoiepxaHue (IHTANBNHH Napa WiH Dapo-
BOAAHOH CMECH) Ha BBIXOZS H3 KaHala C KHOAECH XHAKOCTHIO ABAACTCH BEAHYMHOA NOCTOSHHOM
MIpH 3aJaHHBIX 3HAMECHHAX HEAOTrpPEBa, AABJICHHA ¥ rEOMETPHH KaHANAa B OMANA30HE HEIHAUMTE Ib-
HOrO HEeIOTrpeBa M NpH 3aJaHHOM JAB/EHHH H NreOMETPHH B IMANIA30HAX CPEAMEro M 3HAYHTENLHOIO
HeJorpesa.

Tlepuon xoneGaunii asnsercs GyHKUHE! BPEMEHH NMPOXOKACHUS HIEMEHTA XKUAKOCTH B KHIIAILIEH
30HE KaHana, yucaa Opyna ¥ OTHOWEHHA ITHHBL KHOAWEH 30Hb! K 0fuiel A/TMHe HArPeTOro KaHana.
Taxxe nonyden xo3pPHUBEHT [Ms rOpAYero KaHaja, COOTHOCAUMH paGoume ycnosus B Tpybe, B
KOTOpOH BO3HUKACT AHHAMHYCCKAA HEYCTOMYHBOCTH, CO CPEOHHMH PaboYHMMU YCHOBHSAMM B mapo-

TEHEepaTOpe.
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