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Abstract—The results of an experimental investigation are presented on critical heat flux in forced con-
vective flow boiling during transients caused by simultaneous variations of either two or three parameters
among pressure, flow rate and thermal power. The three parameters are varied according to an exponential
law for the flow rate and the pressure decrease, and to a ramp and a step law for the input power increase.
Experiments are carried out employing a tubular test section which is electrically and uniformly heated.
Test parameters include the flow rate half-flow decay time, several values of the initial power (before the
transient) and the final power (at the end of the transient) in the case of step transients, and the slope of
the ramp in the case of ramp transients, and the depressurization rate. An analysis of the experimental
data is performed using the local conditions approach, and applying the quasi-steady-state method. The
effect of the simultaneous variation of either two or three main parameters on the time-to-crisis is also
analysed for transients in which only one of the parameters is varied.

INTRODUCTION

THE crITICAL heat flux (CHF) phenomenon has been
extensively investigated in the past with particular
regard to steady-state nuclear reactor operating con-
ditions [1-5], with the aim of establishing the bound-
ary conditions of the thermohydraulic design.

However, transient CHF is of great importance for
the analysis of the thermohydrodynamic charac-
teristics of petrochemical and nuclear power plants.
In fact it is very likely to occur during off-normal
conditions. An accurate knowledge of the transient
CHF is needed for safety evaluations of the plants
under accident conditions.

There are three different main types of transients:
flow rate transients, pressure transients and power
transients. From the viewpoint of plant safety the
following variations with time are of interest: flow
rate decrease, pressure decrease and power increase.

These three types of transients generally take place
at the same time during plant accidents, and the situ-
ation becomes more complicated. It is therefore
important, from an experimental point of view, to
carry out tests in which all the three parameters poten-
tially involved in the real accident transient are varied
simultaneously in order to have the best rep-
resentation of such transients. It will then be possible
to verify the computation methods against an exper-
imental data set which could be as close as possible to
the real situation.

Transient boiling experiments in which only one
parameter (flow rate, pressure or power) was varied,
the other two being kept constant, have been exten-
sively performed in the past. A thorough review was
published by Kataoka and Serizawa [6].

Moxon and Edwards [7] carried out a series of
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experiments on forced convective transient boiling of
water at a pressure of 6.9 MPa in step power increase
and gradual flow decay (L/D = 200—400). Gaspari et
al. [8] conducted an experiment on flow and power
transients, using a 4 m long annulus (21 mmi.d. x 13.5
mm o.d.) with the outer tube heated. Water was cir-
culated at 5 MPa. Shiralkar et al. [9] measured the
transient time-to-crisis in a flow transient test, using
water at 6.9 MPa flowing in a 2.7 m long annulus of
314 mm id.x13.7 mm o.d. with the inner tube
heated. Smirnov ef al. [10, 11] studied experimentally
the effect of the rate of inlet velocity decrease on the
transient CHF velocity, using 1.4 and 0.5 mm long
i.d., single tubes in water at 9.8 MPa. Iwamura and
Kuroyanagi [12] carried out flow transient tests by
linearly decreasing the inlet velocity of water flowing
ina 0.8 m long, 10 mm i.d. tube at a pressure of 0.5-3.9
MPa. A similar experiment was conducted [13] with
a higher rate of decrease, using Freon 12 flowing at a
pressure of 1.1-1.8 MPa in 2 2 m long, 7.8 mm i.d.
tube. Leung [14, 15] measured the transient time-to-
crisis for flow transients with Freon 11 flowing in a
uniformly or non-uniformly heated tube (11.7 mm
i.d., 3.05 mm long). Experiments were carried out
[16-18] with exponential flow decrease, exponential
pressure decrease and step or ramp power increase
using Freon 12 flowing at pressures of 1.0-3.0 MPa
in a 2.3 m long, 7.7 mm i.d. tube. Recently the CHF
during transients caused by the simultaneous vari-
ation of two parameters—power (increase) and flow
rate (decrease)—was studied [19]. Differences from
‘single parameter’ experiments were outlined and the
quasi-steady-state method was proved successful in
predicting the results.

The aim of the present paper is to describe a series
of experiments carried out with Freon 12 to analyse



724

G. P. CELATA ¢f al.

NOMENCLATURE
a,,a, constants in equation (2) [s*, % f.. B, parameters in equation (2) [s~']
a parameter in equation (1) [dimensionless] y,,7, parameters in equation (5) [s?, s
by, b, constants in equation (2) [s*, 7] r mass flow rate [kgs™']
b parameter in equation (1) [m] 8,6, parameters in equation (5) [s?, s?]
B constant in equation (3) [s '] A parameter in equation (5) [s ']
¢,.c, constants in equation (4) [s*, s%] A1, A, parameters in equation (4) [s™']
¢, liquid specific heat [J kg 'K '] p density [kg m 7).
d,,d, constants in equation (4) [s*, 57
D diameter of test section [m]
E excess to the crisis power [W]
G mass flux [kgm~ 257 Subscripts
h heat transfer coefficient W m~?K™'] b bulk fluid
by, latent heat [J kg™ '] CHF critical heat flux, thermal crisis
L length of heated test section [m] crit  critical condition
M margin to the crisis power [W] exp  experimental
P pressure [Pa] f liquid
q heat flux [W m~7] h half-flow
hY wall/fluid heat transfer surface [m?] in inlet
t time [s] m metal
T temperature ["C] 0 situation before the transient
V volume of the test section wall [m?] r reduced
X steam quality [dimensionless] s8 steady-state
w thermal power [W]. sub  subcooling
tr transient
Greek symbols w test section wall
o ramp slope [W s~ '] 0 situation at the end of the transient.

the behaviour of CHF during transients caused by the
simultaneous variation of either two or three of the
parameters : flow rate, pressure and power, namely
flow rate pressure transients, pressure power tran-
sients, pressure power flow rate transients. The vari-
ations studied correspond closely to the real situation
of a plant accident, so the experiments permit an
accurate assessment of methods employed in safety
codes.

Data analysis was based on local condition analysis,
and the quasi-steady-statc method applied with
acceptable results.

THE EXPERIMENTAL APPARATUS

The experimental R-12 Joop is schematically illus-
trated in Fig. 1. It consists of a piston pump, a fluid-
to-fluid pre-heater to control the inlet fluid tempera-
ture, a water cooled condenser and an R-12 tank. The
use of R-12 as a test fluid allows the simulation of
water at higher pressures and over a wider range of
system parameter. The maximum operating pressure
of the loop is 3.5 MPa, whereas the maximum mass
flux is 1800 kg m s '. The available electric power
is 5 kW for the electric pre-heater and 10 kW for the
test section,

The test section is a stainless steel tube uniformly
and electrically heated over a length of 2.30 or 1.18

m, 7.7 mm in diameter. Its thermal diffusivity is about
4.1x 107 m? s~ '. The test section instrumentation
consists of 0.5 mm K-type thermocouples inserted
into the tube wall and distributed as shown in Fig.
1. There are 12 wall and 6 bulk fluid temperature
measuring stations available on the test section. The
onset of the CHF condition is indicated by the ther-
mocouple placed at the test section end, where the
fluid exits from the tube. Tests carried out using a
Wheatstone bridge did not give results different from
those obtained with the thermocouple indication. R-
12 flow is upwards with subcooled inlet conditions.
Data acquisition is by a Computer DIGITAL
MICRO PDP 11, coupled with an eight channel
graphic Multirecorder Watanabe System.

EXPERIMENTAL RESULTS

Steady-state critical heat flux experiments

In order to establish the reference conditions for
transients analysis, we first carried out a set of steady-
state CHF tests [20].

In this investigation the pressure ranged from 1.25
MPa (corresponding to 8 MPa for water) to 2.75 MPa
(corresponding to 16.2 MPa for water), whereas the
mass flux ranged from 400 to 1600 kg m~*s~'. The
inlet subcooling varied from 23 to 0°C.

Very few correlations are available in the literature
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F1G. 1. Schematic of the experimental loop and the test section.

for CHF predictions with R-12 [20]. A correlation,
proposed by Bertoletti ef al. [21] for both water and
R-12, has been adopted for the present study. It was
slightly modified to have a better fit with the exper-
imental data. The correlation has the following form
(ST units):

r hrg (a—x)

nDL | h
L

10(1.18 —2.07P, +1.55P2)
a= Go33

”

qcur =

where P, is the reduced pressure, i.e. the ratio of
the operating pressure, p, to the critical value,
Perit (Pcm =42 MPa)

The comparison between the steady-state CHF
experimental data and predictions obtained using the
above correlation is shown in Fig. 2 for a mass flux
ranging from 350 to 1500 kg m~2 s~'. As shown in
the figure, this agreement is good and within +10%
for 96% of the experimental data.

Test matrix
Transients with simultaneous variation of mass
flow rate, pressure and thermal power involved three
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F1G. 2. Steady-state reference CHF tests: predictions obtained using correlation (1).
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power input before the transient, W,. The transient is
described by several parameters. The mass flux
decrease is characterized by the half-flow decay time,
t,, i.e. the time necessary to half the initial value, G,
The step thermal power increase is characterized by
the thermal power input at the end of the transient,
W.. The ramp thermal power increase is charac-
terized by the slope of the straight line to which the
power ramp tends, & [kW s~ ']. The pressure decrease
is characterized by the average pressure gradient over
the first 0.5 s from the beginning of the transient, dp/d¢
(it is a reference value to compare different depress-
urization rates).

The inlet subcooling is kept constant during the
tests.

(a) Transients with simultaneous variation of flow
rate and pressure
The test matrix can be represented as follows:

p.  [MPa]
G, [kgm~2s™'1 1470

dp/dt [MPas™'] 0.02, 0.05,0.1,0.2,0.3
th [s} 0.5

M [kW] 0.5, 1.7.

1.25,2.02

The parameter M, which is defined as ‘margin to the
CHF’, is linked to the initial value of the input power,
W,. 1t is the difference between the steady-state ther-
mal crisis power, Wk and W, (with the same values
of G and p).

(b) Transtents with simultaneous variation of pressure
and heat flux (step and ramp variations)
The test matrix can be represented as follows:

p [MPa]
G, [kgm ?s7']
dp/dr [MPas™']

202
1470
0.02, 0.05,0.1,0.2,0.3.

The values of thermal powers W, and W, are linked
to Wene, Do, and G, Wy, being the steady-state
critical thermal power calculated before the beginning
of the transient. These latter values are reported in
Table 1.

The values of W, were fixed such that the difference
between Wy and W, (margin to the crisis, M) was
constantly equal to either 0.5 or 1.7 kW. Similarly the
value of W, for step power variations, was chosen
such that the difference between W, and Wy, (excess
to the crisis, E) was always equal to 1.0 kW.

In the case of ramp variations of the power, o was

2 [kWs™'] 0.7,19.

Table I. Experimental steady-state CHF data

p [MPa] Glkgm™=>s7] Wene [W]
1.20 1470 5020
2.02 1470 4160

G. P. CELATA et al.

(c) Transients with simultaneous variation of press-
ure, flow rate and heat flux (step and ramp variations)
The test matrix can be represented as follows :

ps  [MPa] 1.25,2.02, 2.77

G, [kgm ?s™'] 1470

dp/dr [MPas™ '] 0.06, 0.09, 0.14, 0.29, 0.32
Iy {s] 04

M kW] 0.5,1.7.

For what concerns M, E and «, we employed the same
values as point (b).

Transients characterization

Mass flow rate decays were obtained by means of
a hydraulic integrator, made up with a regulating
valve and a bleed controlled with pressurized air:
higher pressures correspond to longer half-flow decay
times, ¢,.

Decay curves of inlet mass flux are approximated
by the following mathematical expression :

G
2 B3l + as) exp (B10)
0
+(by+by) exp (B20)] (2)
with

2 1
“=T [‘[‘ﬁ;(ﬁ. S RURETHT] —ﬁz)ZJ
R
2= B (BB

[ o
P BB =BT T I3 =B 1)

1
b= BB B

where f§, and f, are values linked to the hydraulic
integrator, obtained with best-fit procedures on exper-
imental data of G [22].

Pressure decays were obtained by opening a regu-
lating valve placed in the bypass line to the normal
regulating valve. Decay curves of pressure are
approximated by the following mathematical
expression :

p(t) = p,—p.ll1—exp (—BH+ (058> +1)]. (3)

Parameters B and Ap = p,—p., obtained with a
best-fit procedure, are reported in ref. [22]. The step
thermal power input to the test section during a tran-
sient is not, however, of a step nature, owing to the
finite time constants of the electric power system. The
time-dependent expression of the step input power to
the test section wall, W(¢), is approximated by the
following expression :

W(t) = Wx +/‘%)%(Wx - Wn)[((',l +tC2) €Xp (}~ll)
+(d\ +edy) exp (,0] (4
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with

~ _[ 2 N 1 ]
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1

T
2 1
d=- [Mzuzmﬂ + u%uz—mﬂ]
1
= k)

where 1, and 4, were determined through a best-fit
procedure on the experimental data points [22].

In the case of the ramp input power variation, the
time-dependent expression, W(z), is approximated by
the following expression :

Wty = W,+al’[(e, +ext) e+ (1 +720]  (5)

where
1

2 1
& =3, ’yl=/13; Vz—ly

Bspi s
The value of 4 was obtained by a best-fit procedure
on the experimental data points [22]. The parameter
a, is defined as the slope of W (¢) for ¢t > 3|i|; after
this time the curve can be considered a straight line.
In mathematical terms

[aw
T e

The electrical power is read by instruments directly at
the terminals placed on the test channel ends: there-
fore it is always exactly the thermal power that is being
delivered to the wall. Computerized data acquisition
takes into account the heat loss from the test section,
which (although very small) was experimentally deter-
mined as a function of the wall temperature. Conse-
quently W(7) represents the actual net thermal power
delivered to the test channel wall. The actual thermal
power delivered to the fluid, W}, depends not only on
the response of the electric power system as discussed
above, but also on the thermal capacity of the test
section wall. Assuming that the test channel can be
characterized by an average temperature 7T,,, we may
write

dT,
Wil) = W= (pe,V )~ ©

where p is the density, ¢, the specific heat, and V' the
volume of the test section tube wall. Since the heat
flux to the fluid may also be expressed in terms of the
heat transfer coefficient from the wall to the fluid, A,
heat transfer area, S, and the bulk fluid temperature,
T, 1.e.

W(1) = hS[T, () —Ty] N

the heat balance equation (5) becomes

dr,
W) = hSITu (O =Tl + (e, V) - (8)

This equation may now be solved for the wall tem-
perature distribution, T,, using the stainless steel
properties for the test section and equation (3), or
equation (4), for the test section input power dis-
tribution. It was solved numerically by means of the
ANATRA code [23], which will be briefly described
afterwards. Parameters 1, and 1, in equation (4) (step
power variations) have the physical meaning of the
inverse of time constants of the electric feeding system
which can be represented by two in-series delay blocks
(each of them with a transfer function characterized
by a pole of multiplicity two).

In the case of ramp power variations, equation (5),
the electric feeding system can be represented by a
single delay block of the same kind, characterized by
A

The time-dependent expression of mass flux, G(z),
was derived by analogy from power time-dependent
laws.

In this case parameters f§, and f, in equation (2)
and B in equation (3) have no direct physical meaning
in the present analysis.

The numerical values of f,, ., B, p., A1, 42, and
A, were obtained first by equating equations (2)—(5)
to the measured values of G(r), p(¢) and W(r), and
then by applying a best-fit procedure.

Experimental uncertainty

An evaluation of the experimental uncertainty was
achieved through carrying out 20 runs of the same
test.

(a) Two parameter tests (flow rate/pressure) : exper-
imental result of time-to-crisis lie around the mean
value (1.5 s) with a standard deviation of 0.05 s, and
with a maximum deviation of +0.1 s.

(b) Three parameter tests: experimental results of
time-to-crisis lie around the mean value (1.25 s) with
a standard deviation of 0.035 s, and with a maximum
deviation of +0.07 s.

Transient critical heat flux experiments results

The complete data set of experimental results is
collected in ref. [22]). Some CHF parameters in the
following figures, refer to ‘steady-state conditions’.
This is in the sense that they are computed, at inlet
conditions, solving the equation systems given by the
CISE-modified correlation—equation (1)}—and time-
dependent expressions of pressure, flow rate, and/or
power variations (steady-state approach at inlet
conditions).

(a) Transients caused by the simultaneous variation
of flow rate and pressure

Experimental results are reported in Figs. 3 and 4,
where the following are plotted :

@ the ratio between the transient and the steady-
state critical mass flux vs the depressurization rate
(Fig. 3);
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Fi1G. 3. Transient to steady-state critical mass flux vs the depressurization rate (pressure/flow rate transients).

@ the ratio between the transient and the steady-
state time-to-crisis vs the depressurization rate (Fig.
4).

From Fig. 3 it can be seen that the ratio Geyp i/ Gy s
shows a maximum, the value of which is a function
of both M and p,; for high values of the depress-
urization rate the ratio tends to a constant value.
This trend is more pronounced with lower values of
M and p,, for which the maximum is obtained at
lower values of dp/dt.

A similar behaviour, with the presence of a
minimum, is shown by the ratio fcyp o/ fenrs VS dp/de.

As the ratio Gepp ./ Genr . 18 always less than 1 (and
the ratio feup/tenrss 18 always greater than 1), this
means that the CHF always occurs for values of time-
to-crisis longer than those predicted with the steady-
state approach at inlet conditions.

(b) Transients caused by the simultaneous variation
of thermal power and pressure

Results regarding the step variation of the power
are presented in Figs. 5 and 6, where the ratio between
the transient and the steady-state critical thermal
power and the ratio between the transient and the
steady-state time-to-crisis are respectively plotted vs
the depressurization rate, dp/dz.

The experimental time-to-crisis is greater than the
steady-state value for very low dp/ds, then shows a
minimum value and finally tends to increase again for
high dp/d:.

In the region of the minimum value, the exper-
imental time-to-crisis is less than the steady-state pre-
diction. This behaviour may be qualitatively justified
as follows.

For very small dp/d¢, the CHF is delayed because
of the energy storage in the wall thickness (then

T T T T v T v
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a 05 1.25 N
4 r . = 05 2.02
o} 1.7 1.25
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1 . i ; | . L .
0.0 0.1 0.2 0.3 0.4

dp/dt [MPa/s]

FiG. 4. Transient to steady-state time-to-crisis vs the depressurization rate (pressure/flow rate transients).
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F1G. 6. Transient to steady-state time-to-crisis vs the depressurization rate (pressure/step power transients).

Icurg > lenrss). As dp/dt increases the actual thermal
power delivered to the fluid increases because of the
higher wall-fluid temperature difference due to the
sudden depressurization [17]. Such a power increase
tends to balance the delay of the CHF (sometimes it
is predominant). Increasing the depressurization rate
more and more we have an increase of outlet mass
flow rate due to the sudden flow boiling. This aspect
gives rise to a delay in the CHF because of the better
cooling of the test section wall. For lower values of
M, as the time-to-crisis is shorter, the influence of this
latter phenomenon is less relevant.

Similar conclusions can be drawn from the tests
carried out with ramp variations of the power, as
shown in Figs. 7 and 8, where the ratio between the
transient and the steady-state critical thermal power
and the ratio between the transient and the steady-
state time-to-crisis are respectively plotted vs the
depressurization rate, dp/dr.

(c) Transients caused by the simultaneous variation
of thermal power, flow rate and pressure

Experimental results are reported in Figs. 9(a)—(c)
for step power variations and in Figs. 10(a)-(c) for
ramp power variations. The following ratios are
respectively plotted vs the depressurization rate,
dp/dt:

@ the ratio between the transient and the steady-
state critical mass flux ;

@ the ratio between the transient and the steady-
state critical thermal power ;

@ the ratio between the transient and the steady-
state time-to-crisis.

From a macroscopic analysis of Figs. 9 and 10 it can
be seen that the CHF occurs at longer values of the
time-to-crisis than predicted by the steady-state
approach at inlet conditions. That means lower values
of the critical mass flux and higher values of the critical
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Fi1G. 8. Transient to steady-state time-to-crisis vs the depressurization rate (pressure/ramp power transients).

thermal power. The margin to the CHF, M, seems to
affect the transient, whilst the influence of the system
pressure can be neglected.

Also in this case there is a minimum in Zepg o/ tour s
trend vs dp/dz as already observed in the previous
subsection.

As a conclusion of this paragraph it is worth men-
tioning transients in which the power was varied alone
or simultaneously with the flow rate but without press-
ure variations and transients caused by the sim-
ultaneous variation of power and pressure (inde-
pendently from the variation of the flow rate).

In the first case [18, 19], there was a different behav-
iour depending on the kind of input power: step or
ramp variation, the latter being a slower variation of

the power and giving results intermediate between
step variations and steady-state results.

In the case of simultaneous variation of power and
pressure, ramp and step power variations can no
longer be distinguished. This behaviour can be
explained bearing in mind that, as shown in ref. [17], a
pressure decrease gives rise to an increase of the local
heat flux (thermal capacity of the wall) that must be
summed up to the heat flux delivered to the fluid by
the external heating. The local, transient heat flux,
being sometimes very high, tends to minimize the
difference between step and ramp variations making
both very quick and very similar. In pressure tran-
sients [17], the local heat flux is responsible for the
occurrence of the CHF only.
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FiG. 9(b). Transient to steady-state critical thermal power vs the depressurization rate (pressure/flow
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F1G. 10(b). Transient to steady-state critical thermal power vs the depressurization rate (pressure/flow
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DATA ANALYSIS

In the previous paragraphs it has been shown how
the steady-state approach at inlet conditions (i.e. the
use of a steady-state correlation with the parameters
calculated at the inlet section), is unable to predict
transient CHF data. A summary of the results is pre-
sented in Fig. 11, where the steady-state time-to-crisis
is plotted vs the transient time-to-crisis for flow
rate/power/pressure transients.

It seems worth showing at this point a comparison
between single (one-parameter) and multiple (two- or
three-parameter) transients. In Fig. 12 this com-
parison is plotted for a typical flow variation. The
superimposition of two or three variations gives rise
to shorter actual time-to-crisis, whilst the steady-state
value remains roughly constant. This was expected
because the simultaneous occurrence of variations

2000. : T :

tending to induce boiling is obviously bound to give a
synergic effect that brings forward the CHF condition.

As already stated in refs. [6, 19], in order to have a
more realistic description of the phenomenon it is
therefore necessary to examine the experimental data
using the analysis of local conditions. A more suitable
approach consists of using correlation (1) with the
local instantaneous values of the parameters of inter-
est. This method is sometimes called the ‘quasi-steady-
state’ approach. To calculate the local conditions an
original computer code was developed, ANATRA
[23], based on heat transfer correlations reassessed by
the authors [20]. ANATRA code is a HEM code one-
dimensional in the fluid and two-dimensional in the
wall thickness that solves the three balance equations
applied for the test section with the finite differences
method. The quasi-steady-state method for the pre-
diction of CHF conditions consists of calculating the
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FI1G. 12. Analysis of the effect on the CHF of the simultaneous occurrence of flow rate, pressure and power
variations, with reference to single flow rate variations.
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value of the local heat flux (or steam quality) every
time-step and comparing the computed value with the
prediction obtained using correlation (1) (or other
equivalent reliable correlations). The CHF condition
is indicated when the local value of the heat flux (or
steam quality) is greater or equal to the value given
by correlation (1).

A graphic representation of local condition analysis
is reported in Figs. 13-15, respectively, for pressure/
flow rate, pressure/power and pressure/power flow
rate transients. In each figure the following are
plotted :

(a) the calculated vs the experimental time-to-crisis ;

(b) the ratio between the calculated and the exper-
imental time-to-crisis vs the depressurization rate,
dp/dt.

G. P. CELATA et al.

Most data lie within a +25% band without any
significant systematic deviation, and that must be con-
sidered a positive result. Larger deviations are
observed for data characterized by fast variations of
the pressure, coupled with low margin to crisis, M. It
is possible to fix a threshold of the depressurization
rate beyond which the quasi-steady-state approach is
no longer adequate for prediction of the transient
CHF:0.2 MPas™'.

In ref. [17] it was clearly shown how, because of the
wall thickness thermal capacity, a pressurc transient
in a two-phase mixture under saturated conditions
produces a very steep power transient, much faster
than the step power variation carried out in the
experiments.

Under very fast

transient conditions several
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FiG. 13(a). Predictions of the time-to-crisis using the ANATRA code (pressure/flow rate transients).
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CHF behaviour during pressure. power and/or flow rate simultaneous variations

735

T T pe
. a
Ve
s
L +25% - .
e
’
. -
-
/ - -
4, — L g
- Phe
- P -
“ a /,/
4 + e .7 —-25% .
W° - -
P —
/,El ///
2. ,’g P -
” P
o g e
ool -4 a
+ B'/ B
sageloy
2 e
0. L L n | )
0. 2 4. 6

t
ep

[s]

FiG. 14(a). Predictions of the time-to-crisis using the ANATRA code (pressure/power transients).
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F1G. 14(b). Influence of the depressurization rate on ANATRA predictions (pressure/power transients).

hypotheses are no longer adequate :

@ the homogeneous equilibrium model (slip and
thermal disequilibrium during vaporization);
@ the assumptions made in the numerical solution.

In addition the quasi-steady-state approach may be
valid only if the heat capacity of the solid is much
greater than the heat capacity of the fluid ; this means
that the response time of the fluid (convective time
constant) is much smaller than the response time of
the wall [24, 25].

On the other hand, taking into account such aspects
would make the ANATRA code similar to existing
and more sophisticated system codes (e.g. TRAC).

The biggest advantage in making use of the
ANATRA code is its simplicity (in comparison with
TRAC or RELAP codes) and capability of predicting

with a good accuracy almost the whole range of vari-
ations investigated. It is worthwhile stressing here that
very fast pressure transients are of little practical sig-
nificance. However, they allowed us to establish the
limits of the quasi-steady-state approach and homo-
geneous equilibrium model.

SUMMARY AND CONCLUSIONS

An experimental investigation of CHF behaviour
during transients caused by the simultaneous occur-
rence of pressure, flow rate and/or power variations
using R-12in a vertical heated channel was performed.

The experimental data revealed the general inad-
equacy of using the steady-state CHF correlations at
inlet conditions in predicting transient situations.

An analysis of the local conditions together with
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the adoption of the quasi-steady-state approach is
shown to estimate the experimental data reasonably
well, with an uncertainty of +20% for most tests.
The verdict on the method must be favourable. The
disagreement with very fast pressure variations exper-
imental data is of little practical significance. Never-
theless it is useful to establish the limits of the HEM
and the quasi-steady-state method in the prediction
of the CHF under transient conditions.
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COMPORTEMENT CHF PENDANT DES VARIATIONS SIMULTANEES DE PRESSION,
PUISSANCE ET/OU DEBIT-MASSE

Résumé—On rapporte les résultats d'une étude expérimentale sur le flux thermique critique dans I’ébullition
en convection forcée pendant des régimes transitoires causés par des variations simultanées de soit deux,
soit trois paramétres parmi pression, débit-masse et puissance thermique. Les trois parameétres varient
suivant une loi exponentielle pour le débit et la dépressurisation et suivant une rampe ou un échelon pour
'accroissement de puissance. Les expériences concernent une section tubulaire d’essai qui est électriquement
et uniformément chauffée. Les paramétres incluent le débit a mi-variation de débit dans le temps, plusieurs
valeurs de la puissance initiale (avant la variation) et la puissance finale (apres la variation) dans le cas de
I’échelon, et la pente de la rampe dans le cas correspondant, et le taux de dépressurisation. Une analyse
des données expérimentales est conduite par une approche des conditions locales et en appliquant la
méthode de I'état quasi-statique. L'effet de la variation simultanée de deux ou trois paramétres principaux
sur le temps d’apparition de la crise est analysé pou des transitoires dans lesquels un seul paramétre varie.

DAS VERHALTEN DER KRITISCHEN WARMESTROMDICHTE (CHF) BEI
GLEICHZEITIGEN VERANDERUNGEN VON DRUCK, WARMESTROMDICHTE
UND/ODER MASSENSTROMDICHTE

Zusammenfassung—In der vorliegenden Arbeit werden die Ergebnisse einer experimentellen Untersuchung
der kritischen Warmestromdichte beim Stromungssieden unter instationdren Bedingungen vorgestellt.
Hierbei werden zwei der folgenden Parameter gleichzeitig variiert: Druck, Massenstromdichte und Wirme-
stromdichte. Die Verdnderungen der Massenstromdichte und des Drucks erfolgen exponentiell,
diejenigen der Warmestromdichte rampenférmig oder sprungférmig. Die Experimente werden in einer
gleichmaBig elektrisch beheizten, rohrférmigen MeBstrecke ausgefiihrt. Die Versuchsparameter umfassen
folgende Werte: die Halbwertszeit der Massenstromdichte, einige Werte der Warmestromdichte (vor
Einsetzen der transienten Anderungen) sowie die Wirmestromdichte am Ende der Transienten fiir den
Fall von stufenweisen Verdnderungen, die Form der Rampe im Fall rampenformiger Verdnderungen, die
Geschwindigkeit der Druckabsenkung. Das experimentelle Datenmaterial wird analysiert, wobei eine
Niherung fiir die 6rtlichen Bedingungen und ein quasi-stationéres Verfahren angewandt wird. Der Einflul
der gleichzeitigen Variation von zwei oder drei Hauptparametern auf die Zeit bis zum Einsetzen der
Siedekrise wird auch fiir solche Transienten untersucht, bei denen nur ein Parameter verdandert wird.
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TMOBEJEHUE KPUTUYECKOI'O TEIIJIOBOI'O IIOTOKA INTPU OJHOBPEMEHHBIX
U3MEHEHUAX JABJIEHUA, MOIMTHOCTH U/UJIN CKOPOCTU TEYEHUS

Amnorauns—IIpuBoasaTCcs pe3yabTaThl SKCHEPHMEHTAILHOTO HMCCAEAOBAHHS KPHTHYECKOTO TEIIOBOIO
NOTOKA B NEPEXOJHOM PEXHME KHIEHHMS NPH BBIHYXICHHOH KOHBEKIHH, KOTODBIC BBI3BAHEI OAHOBpE-
MEHHBIMH H3MEHEHHSMH 1BYX HJIH TpeX MapaMeTpPoB, BKIIOYAIOIHX AABJICHHE, CKOPOCTh TEYCHHS H Ten-
JIOBYIO MOILHOCTh. TpH yKa3aHHBIX NapaMeTpa BapbHPYIOTCS B COOTBETCTBHH C IKCIOHEHUHMAIbHBIM
3aKOHOM NP YMEHBIUCHHH CKOPOCTH T€YeHHS H IABJICHHA, a TaKXKe B COOTBETCTBHH C 3aKOHOM CKay-
x006pasHOro WK IUIABHOTO NMEPEX0/a TIPH YBEJIMYEHHH IMOABOAMMOMN MOILHOCTH. DKCOEPUMEHTHI 11po-
BOJMJIHCh HAa IMUIMHAPHYECKOM ONBITHOM YYACTKE, OJHOPOOHO HAarpeBa€MOM 3JIEKTPHYECKHM TOKOM.
OKCIepHMEHTAJILHEIC MAPaMETPhl BKIIOYAJIH BPEMs 3aTyXaHHS CKOPOCTH TEYEHMs HAa NOJIOBHHE €TO
TyTH, HECKOJILKO 3HAYECHHAH Ha4asbHOM (Ilepeft NepeXxoaoM) H KOHEHYHOH (B KOHIIE Nepexoaa) MOIHOCTH B
Cllyya€ CKa4koOOpas3sHBIX NMEPEXOAOB, YTOJI HAaKJIOHA B CllyYae IUIABHBIX TMEPEXOIOB, a TAKXKE MHTCHCHB-
HOCTh cObpoca naBiieHHs. DKCIEPHMEHTANbHbIE JaHHbIE aHAJIM3HPYIOTCA C HCIOJB30BAaHHEM METOHOB
JIOKaNBHBIX YCJIOBHA M KBa3HCTALMOHApHOro. BimusHWe ONHOBpEMEHHBIX H3MEHEHMH NBYX HJIM Tpex
OCHOBHBIX IIapaMETPOB Ha BPEMsi IO HACTYIIEHHS KPH3HCA aHAJIM3HPYETCA Takke [UIA NEpEXOLoB, IPH
KOTOPbIX BapbHPYETCH JHIUb OJHH NIapaMeTp.



