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Abstract-The results of an experimental investigation arc 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 [l-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 

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 mm i.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 
31.4 mm id. x 13.7 mm o.d. with the inner tube 

heated. Smirnov et al. [ lo,1 l] 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 [ 121 carried out flow transient tests by 
linearly decreasing the inlet velocity of water flowing 
in a 0.8 m long, 10 mm i.d. tube at a pressure of 0.5-3.9 
MPa. A similar experiment was conducted [l3] with 
a higher rate of decrease, using Freon 12 flowing at a 
pressure of 1.1-1.8 MPa in a 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 
[16-181 with exponential flow decrease, exponential 
pressure decrease and step or ramp power increase 
using Freon 12 flowing at pressures of l&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 
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NOMENCLATURE 

a,, u2 constants in equation (2) [s4, s3] 

u parameter in equation (1) [dimensionless] 
h ,, b, constants in equation (2) [s4, s3] 
11 parameter in equation (1) [m] 
B constant in equation (3) [s- ‘1 
c,, c? constants in equation (4) [s4, s3] 
c liquid specific heat [J kg- ’ K ‘1 
ii, dz constants in equation (4) [s4, s’] 
D diameter of test section [m] 
E excess to the crisis power [W] 

G mass flux [kg m- ’ s- ‘1 
h heat transfer coefficient [W m- ’ K ‘1 
h 

II” 
latent heat [J kg ‘1 

length of heated test section [m] 
M margin to the crisis power [W] 

P pressure [Pa] 

4” heat flux [W m- ‘1 

S wall/fluid heat transfer surface [m ‘1 
t time [s] 

T temperature [ C] 

V volume of the test section wall [m3] 
.X steam quality [dimensionless] 
W thermal power [WI. 

Greek symbols 
a ramp slope [W s- ‘1 

/ii,, j/I2 parameters in equation (2) [s- ‘1 

y ,, yz parameters in equation (5) [s3, s3] 
I- mass flow rate [kg s- ‘1 

El, E2 parameters in equation (5) [s3, s2] 
/1 parameter in equation (5) [s- ‘1 
I,, E., parameters in equation (4) [s ‘1 

P density [kg m “1. 

Subscripts 
b bulk fluid 
CHF critical heat flux, thermal crisis 

crit critical condition 

exp experimental 
f liquid 

h half-I?ow 
in inlet 
m metal 

0 situation before the transient 
r reduced 
ss steady-state 

sub subcooling 
tr transient 
W test section wall 

co 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-state method applied with 
acceptable results. 

THE EXPERIMENTAL APPARATUS 

The experimental R-12 loop is schematically illus- 

trated in Fig. I _ 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 
fluxis 18OOkgm ‘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 
4.1 x IO 6 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. 
I. 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 1 I, coupled with an eight channel 
graphic Multirecorder Watanabe System. 

EXPERIMENTAL RESULTS 

Steady-state critical heat$ux exprriments 

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 rn- ’ s- ‘. The 
inlet subcooling varied from 23 to 0°C. 

Very few correlations are available in the literature 



CHF behaviour during pressure, power and/or flow rate simultaneous variations 125 

e 
Y 

IfSI 
SECIION 

EIEClRlC NUIER 

- 
10 xw 

+ 

RtGULAIIN6 VALVES 
PRE-HfAlfR 

WATER 

INLET 

WATER 

Olmfl 

E PUMP 

L 

IF : FLUID INERWOCOUPLE 

IW: WALL INERWOCOUPLE 

t 
FIG. 1. Schematic of the experimental loop and the test section. 

for CHF predictions with R-12 [20]. A correlation, 
proposed by Bertoletti et 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 
(SI units) : 

I, 
qcw = 

rhg (a-4,) 
rcDL 

10(1.18-2.07P,+1.55P,!) 
a= GO.“” 

D’.4G (1) 

where P, is the reduced pressure, i.e. the ratio of 
the operating pressure, p, to the critical value, 

P~~,~ (P,,,, = 4.2 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 mm2 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 
independent parameters: the initial pressure, p,,, the 
mass flux before the transient, G,,, and the thermal 

1 

q” CHF exp I w/ Ill’1 .lO' 

FIG. 2. Steady-state refererrce CHF tests : prectictions obtained using correlation (1). 
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power input before the transient, IV,. 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, tl [kW s- ‘I. The pressure decrease 
is characterized by the average pressure gradient over 
the first 0.5 s from the beginning of the transient, dp/dt 
(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 : 

PO [MPal 1.25,2.02 

G, [kgm -zs~‘] 1470 
dp/dt [MPass’] 0.02, 0.05, 0.1,0.2, 0.3 

; t;w] 
0.5 
0.5, 1.7. 

The parameter M, which is defined as ‘margin to the 
CHF’, is linked to the initial value of the input power, 
IV,. It is the difference between the steady-state ther- 

mal crisis power, WcHF,ss and W, (with the same values 
of G and p). 

(b) Transients with simultaneous variation of pressure 
and heat flux (step and ramp variations) 

The test matrix can be represented as follows : 

P Wal 202 

G, [kgm -2s-‘] 1470 
dp/dt [MPa s- ‘1 0.02, 0.05,0.1, 0.2,0.3. 

The values of thermal powers I+‘, and W, are linked 

to IV,,,, pO, and G, IV,,, 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 Wc,, 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 WC,, (excess 
to the crisis, E) was always equal to 1 .O kW. 

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

a[kWs’] 0.7, 1.9. 

Table 1. Experimental steady-state CHF data 

P N’al G [kg mm’ SK’] WC.“, WI 

1.20 1470 5020 
2.02 1470 4160 

(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 : 

P” PW 1.25,2.02, 2.77 

G, [kgm -‘s-‘1 1470 

dp/dt [MPa s- ‘1 0.06, 0.09,0.14, 0.29, 0.32 

z t:w] 
0.4 
0.5, 1.7. 

For what concerns M, E and c(, 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, th. 

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

G(t) 

with 

+ (hi + tb) ev (B2t)l (2) 

i- 

2 1 

a’ = - [8,(/Y, -B*)‘] + [/r:u;,--p2)21 I 

b1 = - L 2 1 _____ 
[B2U2-B,)31f um2-PI)‘l I 

1 

bz = 82(82-b,)* 

where /I, and fi2 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,[l-exp(-Bt)+(OSB’t’+l)]. (3) 

Parameters B and Ap = pO-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(t), is approximated by the 
following expression : 

W(t) = W,+k:>.:(W, - W,)[(c, +tc,)exp (i,t) 

+ (d, + td,) exp (&t)l (4) 
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with 

[ 

2 1 

c’ = - [1,(/l, -&)‘I + [L:(n, -&)‘I 1 
1 

c2 = i,(l,-i,)T 

d1 = - L 2 1 

[/t2(A2-i,)3] + [A;(A2-&)2] I 

4 = ” 
1 

&i,-i,Y 

where 1, and i, 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(t), is approximated by 
the following expression : 

W(l) = Wo+cd2[(&, +E& e”‘+(y, +y2?)] (5) 

where 
2 1 2 

El=--; 
13 

c2=7> 
A 

yi=Iz’; y2=;. 

The value of 1 was obtained by a best-fit procedure 
on the experimental data points 1221. The parameter 
t(, is defined as the slope of W(t) for t > 3/i]; after 
this time the curve can be considered a straight line. 
In mathematical terms 

dW 

’ = dt L-1 !_’ 

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(t) 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 T,,,, we may 
write 

Wr(t) = W(t)-(PcpY),~ (6) 

where p is the density, c,, 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, h, 
heat transfer area, S, and the bulk fluid temperature, 
Thr i.e. 

WC(t) = hS]T,(t)- Tbl (7) 

the heat balance equation (5) becomes 

W(t) = hS[T,(t)-T,]+(pc,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 /I, 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 
2”. 

The time-dependent expression of mass flux, G(t), 

was derived by analogy from power time-dependent 
laws. 

In this case parameters /?, and p2 in equation (2) 

and B in equation (3) have no direct physical meaning 
in the present analysis. 

The numerical values of b,, fi2, B, pm, A,, A,, and 

I, were obtained first by equating equations (2)-(5) 
to the measured values of G(t), p(t) and W(t), 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 f 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 heatjux 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+quation (1 tand 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 : 

l the ratio between the transient and the steady- 
state critical mass flux vs the depressurization rate 
(Fig. 3) ; 
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FIG. 3. Transient to steady-statecritical mass flux YS thedepressurization rate (pressure/flow rate transients). 

l 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 GCHk,tr/GC.Hb,sa 
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 pO, for which the maximum is obtained at 
lower values of dpldt. 

A similar behaviour, with the presence of a 
minimum, is shown by the ratio tCHF,tr/tCHk,Ts vs dp/dt. 

As the ratio GCHF,,r/GCHP,ss is always less than 1 (and 
the ratio tCHk,tr/tCHP,,r is always greater than l), 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/dt. 

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

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/dt, the CHF is delayed because 
of the energy storage in the wall thickness (then 

. 

2.~ 
lb.0 0.1 0.2 0.3 0.4 

dp/ctt [WWSI 

FIG. 4. Transient to steady-state time-to-crisis vs the depressurization rate (pressure/flow rate transients). 
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tCHF,tr > fCHF,ss). As dp/dt increases the actual thermal (c) Transients caused by the simultaneous variation 
power delivered to the fluid increases because of the of thermal power, flow rate and pressure 
higher wall-fluid temperature difference due to the Experimental results are reported in Figs. 9(a)-(c) 
sudden depressurization [17]. Such a power increase for step power variations and in Figs. IO(a)-(c) for 
tends to balance the delay of the CHF (sometimes it ramp power variations. The following ratios are 
is predominant). Increasing the depressurization rate respectively plotted vs the depressurization rate, 
more and more we have an increase of outlet mass dp/dt : 

_ flow rate due to the sudden flow boiling. This aspect 
gives rise to a delay in the CHF because of the better 

l the ratio between the transient and the steady- 

cooling of the test section wall. For lower values of 
state critical mass flux; 

M, as the time-to-crisis is shorter, the influence of this 
l the ratio between the transient and the steady- 

latter phenomenon is less relevant. 
state critical rhermal power ; 

Similar conclusions can be drawn from the tests 
l the ratio between the transient and the steady- 

carried out with ramp variations of the power, as 
state time-to-crisis. 

shown in Figs. 7 and 8, where the ratio between the From a macroscopic analysis of Figs. 9 and 10 it can 

transient and the steady-state critical thermal power be seen that the CHF occurs at longer values of the 

and the ratio between the transient and the steady- time-to-crisis than predicted by the steady-state 

state time-to-crisis are respectively plotted vs the approach at inlet conditions. That means lower values 

depressurization rate, dp/dt. of the critical mass flux and higher values of the critical 
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FIG. 7. Transient to steady-state critical thermal power vs the depressurization rate (pressure/ramp power 
transients). 

FIG. 8. Transient to steady-state time-to-crisis vs the depressurization rate (pressure/ramppower 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 tCNF,ir/tCHF.ss 
trend vs dp/dt 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 [l&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 inte~ediate 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 1171, the local heat flux is responsible for the 
occurrence of the CHF only. 
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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 

tending to induce boiling is obviously bound to give a 

synergic effect that brings forward the CHF condition. 
As already stated in refs. [6, 191, 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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FIG. 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-l 5, 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, 

dpjdt. 

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 MPa s- ‘. 
In ref. [17] it was clearly shown how, because of the 

wall thickness thermal capacity, a pressure 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 

, 
,’ 

/’ -25% 

D 

FIG. 13(a). Predictions of the time-to-crisis using the ANATRA code (pressure&w rate transient?) 
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FIG. 13(b). Influence of the depressurization rate on ANATRA predictions (pressure/flow rate transients). 
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FIG. 14(a). Predictions of the time-to-crisis using the ANATRA code (pressure/power transients). 

3- 
0.8 

1 
0.0 

m 

l 

n 

I3 

0 Cb* 0 
0.4 

0.1 0.2 

dpldt DPa/sl 

0.3 0.1 4 

FIG. 14(b). Influence of the depressurization rate on ANATRA predictions (pressure/power transients). 

hypotheses are no longer adequate : 

l the homogeneous equilibrium model (slip and 
thermal disequilibrium during vaporization) ; 

l 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-12 in a vertical heated channel was performed. 

The experimental data revealed the genera1 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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FIG. 15(a). Predictions of the time-to-crisis using the ANATRA code (pressure/power/flow rate transients). 
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the adoption of the quasi-steady-state approach is 
shown to estimate the experimental data reasanably 
well, with an uncertainty of i_20% for most tests. 
The verdict on the method must be kvourable. The 
djsa~reement with very fast pressure variations exper- 
imental data is of Me practical significance. Never- 
theless it is useful to establish the iimits 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 ETjOU DEBIT-MASSE 

Resume-On rapporte les rtsultats d’une etude experimentale sur le flux thermique critique dans I’ebullition 
en convection for&e pendant des regimes transitoires causes par des variations simultantes de soit deux, 
soit trois parametres parmi pression, debit-masse et puissance thermique. Les trois parametres varient 
suivant une loi exponentielle pour le debit et la depressurisation et suivant une rampe ou un echelon pour 
I’accroissement de puissance. Les experiences concernent une section tubulaire d’essai qui est electriquement 
et uniformement chauffee. Les parametres incluent le debit a mi-variation de debit dans le temps, plusieurs 
valeurs de la puissance initiale (avant la variation) et la puissance finale (apres la variation) dans le cas de 
I’tchelon, et la pente de la rampe dans le cas correspondant, et le taux de dtpressurisation. Une analyse 
des donnees experimentales est conduite par une approche des conditions locales et en appliquant la 
methode de l’etat quasi-statique. L’effet de la variation simultanee de deux ou trois parametres principaux 
sur le temps d’apparition de la crise est analyse pou des transitoires dans lesquels un seul paramttre varie. 

DAS VERHALTEN DER KRITISCHEN WARMESTROMDICHTE (CHF) BE1 
GLEICHZEITIGEN VER.&NDERUNGEN VON DRUCK, WARMESTROMDICHTE 

UNDjODER MASSENSTROMDICHTE 

Zusammenfassung-In der vorliegenden Arbeit werden die Ergebnisse einer experimentellen Untersuchung 
der kritischen Wlrmestromdichte beim Stromungssieden unter instationlren Bedingungen vorgestelh. 
Hierbei werden zwei der folgenden Parameter gleichzeitig variiert: Druck, Massenstromdichte und Wlrme- 
stromdichte. Die Verlnderungen der Massenstromdichte und des Drucks erfolgen exponentiell, 
diejenigen der Warmestromdichte rampenformig oder sprungfiirmig. Die Experimente werden in einer 
gleichmaBig elektrisch beheizten, rohrfiirmigen MeDstrecke ausgefiihrt. Die Versuchsparameter umfassen 
folgende Werte: die Halbwertszeit der Massenstromdichte, einige Werte der Warmestromdichte (vor 
Einsetzen der transienten Anderungen) sowie die Warmestromdichte am Ende der Transienten fiir den 
Fall von stufenweisen Veranderungen, die Form der Rampe im Fall rampenfijrmiger Veranderungen, die 
Geschwindigkeit der Druckabsenkung. Das experimentelle Datenmaterial wird analysiert, wobei eine 
Nlherung fiir die iirtlichen Bedingungen und ein quasi-station&es Verfahren angewandt wird. Der EinfluB 
der gleichzeitigen Variation von zwei oder drei Hauptparametern auf die Zeit bis zum Einsetzen der 

Siedekrise wird such fiir solche Transienten untersucht, bei denen nur ein Parameter verandert wird. 
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l-IOBEfiEHHE KPkiTFIECKOTO TEllJIOBOrO IIOTOKA l-IPki OAHOBPEMEHHbIX 
B3MEHEHklRX AABJIEHHR, MO~HOCTM H/MJIki CKOPOCTH TEYEHHR 

A~~~TK~~P~-I~HB~AKTCK pe.synbTaTu 3xcnepHhfeHTanbHoro HccneAonawiff K~HTWY~CKO~O Tennonoro 

OOTOKa B IIepeXOAHOM pGiUiMC KHlIeHHff IIpH BbIH)‘WCHHOii KOHBeKllHH, KOTOpbIe BbI3BaHbI OAHOBpe- 
MCIiHbIhGi H3hfeHeHHIIMH AByX WI&i T~XIIapaMeTpOB,BKJIWIaIOIIJHX AaBJICHWC, CKOpOCTbTeYeHB,," Ten- 

nOByI0 MOII&HOCTb. Tpw yKZ3aHHbIX IIapaMeTpa BapbHpyIoTCK B COOTBeTCTBHH C 3KCIIOHeHAEUIbHbIM 

3aKOHOM ITpH yMeHbIIIeHHH CKOpOCTH TeWHtiR Si AaBJIeHHff, a TilloKe B COOTBeTCTBHW C 3aKOHOM CKBS- 
KOO6pa3HOrO WH MaBHOrO IIepXOAa lIpH yBenWieHAIl IIOABOAHMOii MOIIJHOCTH. 3KCnCpHMCHTb, IIPO- 

BOAEiJ'IHCb Iia IViJIHHApHYeCKOM 0nbITH0~ yqacTKe, OAHO~OAHO HarpeBaeMoM 3neKTpHWCKHM TOKOM. 

3KCIIepHMeHTUIbHbIe IIapaMeTpbI BKJIIOWJIB BpeMP 3aTyXaHHK CKOPOCTH TeqeHWR Ha IIOnOBHHe er0 

tIyTH,H~KOnbKO3Ha~eHHiiHa'iaJlbHOfi(IIe~AlTe~XOAOM)H KOHeVHOii(B KOHAe IIepeXOAa)MOIUIiOCTH B 

CnyYae CKa'iK006pa3HbIX IIepeXOAOB, yrOn HaKnOHa B Cny'iae IlJlaBHbIX I,epeXOAOB,a TaKre WHTeHCHB- 

HOCTb c6poca AaBneHHX. 3KClIepHMeHTiWIbHbIe AaHHbIe aHaJUi3HpyIOTCK C HCIIOnb30BaHUeM MeTOAOB 

nOKaJIbHbIX yCnOBHfi H KBa3HCTaASiOHapHOrO. BnenHHe OAHOBpeMeHHbIX H3MeHeHHii AByX IinH TFX 

OCHOBHbIX IIapaMeTpOB Ha BpeMR A0 HaCTyIIJIeHHK Kpll3HCa aHFiJIH3HpyCTCK TaKmC JUIK IICPCXOAOB, npli 

KOTOPbIX BapbMpyCTCR JIHIlIb OAliH IIapaMeTp. 


