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SUMMARY 

The present paper deals with the results of an experimental Investigation 

of the forced flow critical heat flux during power transients in a vertically 

heated channel. Experiments were carried out with a Refrigerant-12 loop 

employing a circular test section which was electrically and uniformly heated. 

The power transients were performed with the step-wise and ramp-wise increase 

of the power to the test section. The test parameters included several values 

of the initial power (before the transient) and the final power (at the end of 

the transient) in the case of step-wise transients and the slope of the ramp 

in the case of ramp-wise transients. The pressure and specific mass flow rate, 

which were kept constant during the power transient, were varied from 1.2 to 
2 

2.7 MPa and 850 to 1S00 Kg/sm , respectively. Correlations of the experimental 

data for the tlme-to-crlsis in terms of the independent parameters of the 

system are also proposed and verified for different values of pressure, mass 

flow rate, and inlet subcooling.. 

RIASSUNTO 

Viene presentata un'analisi teorico-sperimentaie relativa al comportamento 
della crisi termica a seguito di transitori di portata, pressione e potenza 
realizzati in canali verticali riscaldati con un Impianto a Freon 12. 
Come sezione di prova è stata Impiegato un tubo a sezione circolare (L = 2300 
m; D » 7.5 mm) strumentata con termocoppie per la misura della temperatura 
del fluido (sei) e della parete (dodici). 
I transitori sono stali condotti realizzando diversi valori di decadimento di 
portata (diminuzione esponenziale), frequenze di depressurizzazione 
(diminuzione esponenziale) ed aumenti di potenza (aumento a gradino). 
L'analisi del dati sperimentali ha mostrato una completa inadeguatezza delle 
correlazioni di crisi termica stazionarle, applicate alle condizioni locali, 
nel predire l'Insorgere della crisi stessa. Sono presentate nuove correlazioni 
di progetto per ciascun tipo di transitorio per la predizione del flusso di 
crisi e del tempo di crisi In condizioni transitorie veloci. 
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1. INTRODUCTION 

The termal crisis or Critical Heat Flux (CHF) condition is an important 

limiting operational mode of a nuclear reactor. As such, the CHF phenomenon 

has been extensively investigated in the past for the steady-state reactor 

operating conditions. 

When the CHF occurs in a nuclear reactor, however, it is most likely to 

occur during the transient accident conditions. In this situation of an 

unlikely event of a Loss Of Coolant Accident (LOCA) in a Pressurized Water 

Reactor (PWR), severe transients in pressure, mass flow rate and heat flux may 

occur and cause a complicated behaviour of the coolant. It is therefore not 

only important to determine the range of applicability of steady-state 

correlations in predicting the transient CHF, but also to determine the 

transient CHF distribution as a function of various system parameters. Before 

attempting to examine in detail the combined mechanisms of CHF behavior during 

a LOCA situation, it seems necessary at first to understand the effects of 

individual parameters on the CHF where the pressure, mass flow rate, and input 

power are varied separately /I-6/. 

The aim of the present paper is to present the results of an 

experimental investigation devoted to the study of the critical heat flux 

using Refrigerant-!2 flowing through a vertical tube. The CHF condition is 

induced by a step-wise and a ramp-wise input power increase to the test 

section tube where the parameters such as pressure, mass flow rate, and inlet 

fluid subcooling are kept constant during the power transient tests. The 

previous critical heat flux investigations by the authors had dealt with the 

mass flow rate 111 and pressure /8/ transient experiments. Since the 

steady-state CHF correlations are unable to determine the power transient CHF 

behavior, design correlations are also proposed and verified with the data for 

different values of the system parameters both in step-wise and in ramp-wise 

transients. 
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2. EXPERIMENTAL APPARATUS 

The experimental loop is schematically illustrated in Fig. 1. It 

consists of a piston pump, a pre-heater to control the inlet fluid subcooling 

to the test section, an electric test section heater, a condenser, and a 

Refrigerant-12 tank. The use of Refrigerant-12 as a test fluid allows to 

simulate the water at higher pressures and over a wider range of system 

parameters. The scaling laws used for the simulation of CHF conditions in a 

PUR by means of our Refrigerante2 loop are those of Ahmad /9/. The maximum 

operating pressure of the loop is 3.5 NPa, whereas the specific mass flow rate 
2 

is 1800 Kg/sm . The available electric power is 5 KU for the electric 

pre-heater and 10 KH for the test section heater. 

The test section is made of a stainless steel tube which is uniformly 

and electrically heated over a length of 2.30 or 1.18 m. 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 in all 12 wall and 6 fluid 

temperature measuring stations available on the test section. The 

determination of the onset of the CHF condition is accomplished by the 

thermocouple at the test section end, where the fluid exits from the tube. The 

flow of Refrigerant-12 is upwards and 1t enters into the tube subcooled. The 

data acquisition is accomplished by a Solarton data logger, coupled with an 

eight channels graphic Nultirecorder Watanabe System. 
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3. EXPERIMENTALS RESULTS 

3.1 Steady-State Critical Heat Flux Experiments 

In order to establish the reference conditions for transients, we first 

performed the steady-state critical heat flux tests. In this investigation the 

pressure ranged from 1.25 MPa (corresponding to 8 MPa for water) to 2.75 MPa 

(corresponding to 16.2 NPa for water), whereas the mass flow rate ranged from 
2 

400 to 1600 Kg/sm . The inlet subcooling varied from 23 to 0 °C. 

As far as the prediction of the CHF conditions for the Refrigerant-!2 is 

concerned, very few correlations are available in the literature /10/. The 

Ahmad's /9/ criterion for the prediction of refrigerant CHF conditions is not 

immediately applicable. A correlation proposed by Silvestri for Refrigerant-12 

/11/ and modified by Cumo, Ferrari and Urbani /12/ has been adopted for the 

present situation by modifying it to Include the effect of the system 

pressure. This correlation is of the following form (SI units): 

MCHF " FXf(*)(a " xin)/(l+b/L) (1) 

where 

a » 10(1 -Tt)G~1/3 b = 0.3786 (1/JC -1),4GD1,4 

f{1t) - 1 - (1/3 -*)/(2.1 -ft) 2 

The comparison between the steady-state CHF experimental data and the 

prediction utilizing the above equation Is illustrated 1n F1g. 2 for mass flow 
2 

rates ranging from 350 to 1500 Kg/sm . As shown 1n the figure, this agreement 

1s good and within 2 + 1 0 * band for 96% of the experimental data points. 
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3.2 Transient Critical Heat Flux Characterization 

Both the step-wise and ramp-wise power transients have been performed 

varying, in the same experimental ranges, the following three parameters: the 

pressure, p, the specific mass flowrate, G, and tr.a thermal power given to the 

fluid before the transient, W . From the viewpoint of the power transient 

quickness, two different parameters characterize the step-wise and the 

ramp-wise heat input: respectively we have the thermal power given to the 

fluid at the end of the transient, hi»» a nd the time at which the ramp reaches 

the 50X in excess to the initial value. The distribution of the pressure and 

mass fluxes is as follows 

p /MPa/ 1.2; 1.5; 2.0; 2.75 

G /Kg/sm2/ 1000; 1250; 1470 

Concerning the initial values of the thermal powers W and K* are linked 

to Wj. p, p, and G that are given in Table 1. 

Table 1 

Experimental Critical Heat Flux Data 

/MPa/ 

1.2 

1.2 

1.5 

1.5 

2.0 

2.0 

2.0 

2.75 

2.75 

G /Kgs'V2/ 

1000 

1470 

1000 

1470 

1000 

1250 

1470 

1000 

1470 

WCHF / M / 

4170 

5020 

3740 

4570 

3320 

3770 

4160 

2800 

3680 
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The values of W were fixed such that the difference between Wriir and U 
0 l»Hr 0 

(margin to crisis, M) was always equal to 0.5, . 1.0 and 1.7 KW. In a similar 

manner, the values of W^were choosen such that the difference between W wand 

W (excess to the crisis, E) was always equal to 0.1, 0.2, 0.5, and 2.0 KW. 
LHr 

For the ramp-wise heat input increase, the transient quickness is 

characterized by the time required to reach a thermal power equal to 1.5 times 

the initial value, W : we indicate it with t*, having investigated the range 
o 

t* |s| 1.3; 1.8; 2.2; 2.6; 3.6 

The inlet subcooling, AT , was kept constant at 23 °C. However, to 

determine the effect of the inlet subcooling on the CHF condition, several 

runs were performed at a pressure of 2.0 MPa, and the steady-state W. p as 

determined at this pressure with G = 1000 Kg/sm . These results produced G = 

745 Kg/sm2 with A T s u b = 40 °C and G = 1425 Kg/sm
2 with ATsub = 10 °C. 

The input thermal power to the test section during a transient is not, 

howev.r, of a step-wise nature, owing to the finite time constants of the 

electrical power system as shown in F1g. 3. The time-dependent expression of 

the Input power to the test section wall, W(t), 1s approximated by. the 

following expression 

W( t) = W->+>2?22(Vi,-Wo)r(a1na2)exp(A1t)H 

(b^tb^expUgt)] (2) 



with 
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a2 « l/tX^-A,)2) 

b i s -[2/<WV3) + 1/tf2U2-V
2)] 

b 2 « l / O ^ - A j )
2 ) 

where X = -6 and A - * -14 were determined through the best fit procedure of 

the experimental data points. Figjjre 3 shows a compari son between the data and 

prediction of equation (2). 

In the case of ramp-wise transients the time-dependent expression of the 

thermal power given to the test section during the transient, W(t), is 

approximate by 

yet)- Wo + *K l [(. f i "P»*)* + (& •r»0J (3) 

where 
3 n . W K

l 

a 

By means of a best-fit procedure through the experimental data we got K 

- -1.98. 
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As far as the parameter c(1s concerned, it is defined as the slope of 

H(t) for t>3|K|; after which the curve is a straight line. In mathematical 

terms: 

4 t t — * o o 

The actual power input to the fluid, Wf, depends not only on the 

response of the electrical power system as discussed above, but also on the 

thermal capacity of the test section material wall. Assuming that the test 

section tube can be characterized by an average temperature T , we may write 

VUt) » W(t) - (Pc V) (dT /dt) (4) 
f * p m w 

where f is the density, c is the specific heat at constant pressure, and V is 

the volume of the test section tube. Since the heat flux to the fluid may be 

also expressed in teras of the heat transfer coefficient from the wall to the 

fluid, h, heat transfer area, S, and the bulk fluid temperature, T., i.e. 

Wf(t) = h s [ y t ) - Tbl (5) 

the heat balance equation (4) becomes 

W(t) - h S i y t ) - Tb] + (fcpV)m(dTw/dt) (6) 

This equation may now be solved for the wall temperature distribution, T , by 

using the stainless steel test section material properties and equation (2) 

for the test section input power distribution. 

In order to get a simpler and quicker solution of equation (6), T. and h 

are assumed to be constant and equal to the space and time average values 

computed by ANATRA code /13/. Concerning the bulk fluid temperature, T., the 

justification Is Immediate because, before the trinslent, the mean value of T. 
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is very close to the saturation temperature, T , whilst after a short time, 
SdX 

it is practically coincident with T (the pressure is kept constant during 

the test). 

Referring instead to the assumption of a constant (average) value of h, 

the justification may be derived from Fig. 4 in which is showri a comparison of 

the approximate calculation of W (t) with the exact solution of equation (6) 

(in this latter case the CPU time is about forty times higher than in the 

approximate solution). 

The two typical distributions of W(t) and Wf(t) obtained with the 

simplified procedure are shown in Fig. 5 for a step-wise transient. The 

procedure is valid for each kind of performed transient. 

3.3 Transient Critical Heat Flux Experiments and Data Reduction: Step-Wise 

Transients 

A typical representation of the recorded and predicted values of the 

critical heat fluxes is illustrated in Fig. 6. The theoretical steady-state 

CHF power, W , shown in this figure 1s computed using equation (1). It 

depends on p, G, and AT,. .. The Input thermal power to the fluid, Wf, is 

computed using the above analysis, whereas the theoretical time-to-crisis is 

the time at which Wf(t) crosses WCH_. The critical heat flux condition is 

experimentally detected by a first indication of a temperature increase of the 

ttst section wall at the exit of the tube Depending on the thermal capacity 

of the test section, this temperature rise may not be rapid as we observed In 

our experiments at the beginning of the transient runs. 

The simplest approach of predicting the time-to-crisis, true* by 

equaling the time-dependent expression of the Input thermal power to the 

fluid, W.(t), and a reliable steady-state CHF correlation as discussed above, 

tends to underestimate the experimental data as shown in Fig. 7, even though 

the error 1s conservative 1n term of the safety considerations. As shown 1n 
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this figure, the experimental time-to-crisis, UC H F) t » is longer than the 

vaV e predicted from the steady-state approach at inlet conditions, (t ru_) , 
Onr SS 

with the error tending to decrease for small values of the time-to-crisis. The 

small times-to-crisis occur when the initial power, W , is close to the 

steady-state critical value, kL-.p (I.e. for small values of the margin to the 

crisis, M). The time-to-crisis is then also independent from the final value 

of the power w^ or excess to the thermal crisis E. A threshold point above 

which the steady-state approach can be utilized is given by E/M = 3 as further 

discussed below. 

As a first approach for establishing the.influence of the independent 

parameters on the CHF condition, one nay ignore the thermal capacity of the 

test section wall and define an efficiency parameter F, i.e. 

F - ( V WCHF)/{WCHF-Wo) ' E/M = ̂ M (7) 

which represents a ratio of the excess to the thermal crisis to the margin to 

the crisis, with other parameters remaining fixed. Figure 8 illustrates the 

behaviour of the time-to-crisis, tc„F, with F for different values of mass 

flow rate, several values of the system pressure and for a fixed value of 

subcoollng at ATsub = 23 °C. As may be seen in this figure, the effect of the 

system pressure is small, even though the range of the pressure is quite 

large, i.e. from 0.25 to 0.75 if expressed in terms of the reduced pressure 

(pressure/critical thermodynamic pressure). Figure 9 shows that the effect of 

the mass flow rate on the distribution of time-to-crisis with the parameter F 

at ATsub = 23 °C and for the whole investigated range of pressure 1s not 

apparent. 

The effect of the variation of the Inlet subcooling on the distribution 

of ^rup^r w1th F 1s illustrated in F1g. 10 for three different subcoollngs. 

Here, larger subcoollngs have the effect of producing larger times-to-cr1s1s 

for the same values of F as 1s physically reasonable to expect. 
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The above data analysis procedure using the parameter F neglects the 

thermal capacity of the test section wall and electrical characteristics of 

the power Input system. As a result, the reduced data depend on these 

characteristics and do not make the determined CHF behaviour independent of 

the particular experimental set-up. As an attempt to make the experimental 

results free from this set-up we will proceed as follows. 

As already seen the time-to-crisis obtained from the steady-state 

approach, ( t r u c ) , 1s a direct function of the Input thermal power to the 
LHr SS 

fluid, W (t). On the other hand W is a function of both the thermal capacity 

of the test section wall and electrical characteristics of the power input 

system, which can be taken Into account with the calculation of (tr _) . 
Lnr SS 

Defining time transit parameter, tt, i.e. 

tt = Lffo/G . (8) 

as the time necessary for a fluid particle to pass through the test section 

channel with no power input to the system / 7 / , we may try to correlate the 

dimensioniess time t formed from 

T • [(tCHF»tr - «'CHF'SSK • M W L P f o (9> 

with the Independent system parameters which may be expressed in terms of the 

following dimensionless groups /14/ 

(qJ^/GX); (q^/6A); (AH1r)/A); (*fo/G
2l-) (10) 

where A 1s the latent heat of vaporization, and c 1s the surface tension. The 

parameters q"/GA and <&/<& may be viewed as particular expressions of the 

boiling number. The correlating expression has, therefore, the form 



15 

t'^i^Ù^ ^\/Ù^ iàHin/XÌ^{9ffo/Q
Zl)dt (11) 

Using all our experimental data points, the best-fit produced the following 

values of the exponents in equation (11): 

«j * 2.69, °^ = 0.52, o^ « -0.47, K » 0.24 and <*5 = 0.14. 

Figure 11 illustrates a comparison between the predicted and experimental 

values of the dimensioniess time parameter t in the investigated range. 

Most of the data in this figure lie within the + 30% band, except at low 

values of t where this correlation does not seem to be satisfactory. In fact 

correlation (11) does not tend to zero for values different from zero of the 

dimensionless groups (10). Experimentally t tends to zero, in some tests with 

values different from zero of the above mentioned dimensionless groups. In 

these case (tCHp tp = tCH(r ) the transient may be well described by the 

steady-state approach, and the correlation (11) by-passed by the inlet 

conditions steady-state calculation. 

The transient time-to-crisis can be determined from 

(tCHF>tr * (tCHF>ss + T t t (12) 

which is shown in Fig. 12. The agreement between the correlation and data in 

this figure is within + 20». 
m 

3.4 Transient Critical Heat Flux Experiments and Data Reduction: Ramp-Wise 

Transients 

As in the case of step-wise transients the steady-state approach at 

Inlet conditions 1s not good in predicting the transient t1me-to-cr1s1s. In 

fig- 13 a representation of the comparison between experimental values of 

t1me-to crisis and predictions by the steady-state approach 1s drawn. 
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Similarly to step-wise experiments, and in order to avoid long 

calculations tò get the local, outlet values, a representation of exper.mental 

data may be proposed by means of simple design correlations which enable a 

rougher but simpler prediction of them with respect to the local condition 

analysis. Such an analysis will be accomplished separately. 

As far as the transient critical heat flux is concerned, q!Lp . , we 

have tried to represent experimental data according to a correlation proposed 

by Kataoka, Serizawa and Sakurai /14/, at the inlet conditions: 

lCHF,t* ^CttF, H-*(TO(OT (13) 

Because of the different heating method and the different fluids 

employed, it has been necessary to calculate tho new values of 5-, ò_, cL, d. 

Ò . by means of a best-fit procedure through our experimental data. We and 

got: 

$ 1 = 1897 

5 2 * -2.17 
5 3 - 0.95 

$ 4 = -0.81 

$s = -0.36 

The comparison between experimental and computed values of q'̂ ,. . 1s 
Lnr,tr 

reported 1n fig. 14. It shows a sufficient agreement. 
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Regarding to the prediction of transient time-to-crisis, by means of 

dimensional analysis approach, i t is possible to get a representation of 

experimental data with a simple correlation at inlet conditions: 

- y H r ) I T ) UJ v—sr-; !14> 
with: 

6 ] = 9.47 

lz = -0.19 

t 3 - - 0 . 2 3 

fc, = 0.56 
4 

£_ = .0.6 t> 

In fig. 15 is plotted the comparison between experimental values of 

time-to-crisis and predictions by correlation (13). Most of experimental data 

lie withii a +_ 10% band from correlation (13) line. 

4. SUMMARY AND CONCLUSIONS 

An experimental investigation of the critical heat flux with step-wise 

and ramp-wise input thermal power transients using Refrigerant-12 in a 

vertical channel was performed for different values of the system pressure, 

mass flow rate and inlet subcooling to determine the effect of the independent 

parameters on the time-to-crisis. The experimental data revealed the general 

inadequacy of using the steady-state critical heat flux correlation at inlet 

conditions in transient situations. The steady-state approach in determining 

the time-to-crisis may, however, be used, in the case of step-wise transients. 
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when the ratio of the excess to the margin powers, expressed by the parameter 

F, is greater than about three. No threshold can be individuated in the case 

of ramp-wise transients. 

Design correlations which account for the independent parameters of the 

system during the power transient is also presented and verified with the 

experimental datu. These correlations are shown to reproduce the test data 

reasonably well. 
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NOMENCLATURE 

a parameter in eq. (1) 

a., a» constants in eq. (2) 

b parameter in eq. (1) 

b., b. constants in eq. (2) 

e specific heat at constant pressure 

D inner diameter of the test section 

E excess to the crisis 

F dimensioni ess group defined in eq. (7) 

G specific mass flowrate 

h heat transfer coefficient 

H,AH specific enthalpy, specific enthalpy difference 

L test section length 

M margin to the crisis 

p pressure 

q" heat flux 

S heat transfer area 

t, At time, time difference 

t* time constant for ramp-wise transients 

T,AT temperature, temperature difference 

V volume of the test section wall 

x quality 

W thermal power 
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GREEK LETTERS 

parameter in eq. (3) 

*rVS-
?vh 
Irli 
O 1 > Op > fr) i 

£ r £ 2 , f 3 ' r 
A 
>rA2 

it 

? 
v 

X 

% 

4 

£4 

•"s 

.X5 
•S 

constants in eq. (11) 

constants in eq. (3) 

constants in eq. (3) 

constants in eq. (11) 

constants in eq. (12) 

Mass flowrate 

latent heat 

constants in eq. (2) 

reduced pressure, p/p 

density 

surface tension 

dimension!ess term defined by eq. (9) 

SUBSCRIPTS 

b bulk fluid 

CHF thermal crisis 

cr critical 

E excess to the crisis 

exp experimental 

f given to the liquid, liquid phase 

g gas phase 

in Inlet 

M margin to the crisis 

m metal 

o referred to the situation before the transient 

ss steady-state 

sub subcooling 
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t transit 

tr transient 

* wall 

<*> referred to the situation at the end of the transient 

s 
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Fig. 2 - Comparison between experimental data of steady-state 
cri t ical heat flux and predictions by correlation (1 ) . 
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Fig. 3 - Typical trends of the thermal power given to the test section: 

experimental data and analytic approximation in the case of 

step-wise transients. 
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