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Abstract- -The experimental data obtained under the PELCO program on heat transfer crisis (54 point) 
with vertical upward flow of boiling water in a sixteen rod square bundle are presented. 

The experiments were carried out with the CISE IETI-3 heat transfer facility under the following con- 
ditions : 

geometry : (1) square array of sixteen rods 
(2) rod dia.: 1.51 cm 
(3) overall heated length: 270 cm 

radial power distribution: uniform 
axial power distribution: two steps (&,s,IsB,,, = 2 &,ovns,ream; Lupstrsam = 104 cm) 
specific mass flowrate: 7C-160 g/cm% (seven values) 
subcooled water at inlet: (5-75°C subcooling) 
test section average pressure: 69 kg/cm2 abs. 
A brief description both of the test element design and of the experimental plant is given. 
A short discussion of critical power results and a comparison with the predictions of some of the available 

correlations are also reported. 

NOMENCLATURE 

D, equivalent diameter [cm] ; 

G, specific mass flowrate [g/cm’s] ; 
H, enthalpy [J/g] ; 
H,,, latent heat of vaporization [J/g] ; 
L. heated length [cm] ; 

P, pressure [kg/cm21 ; 
W, power [kW] : 

X, steam quality (by weight). 

Greek letters 
0, temperature [“Cl ; 

A, finite difference ; 
4, heat flux [W&m’] : 

a cross section flow area [cm21 ; 
l-3 mass flow [g/s]. 

Subscripts 
cr, critical ; 

93 iw ; 
i, refers to heated surface or subchannel ; 
in, inlet ; 

1, liquid ; 
0, outlet ; 

s, refers to boiling length or power. 

1. INTRODUCTION 

1.1. ALTHOUGH a large number of heat transfer 
laboratories are concentrating their activities 
on the investigation of critical heat flux in rod 
bundle geometry, because of the considerable 
importance of this parameter in the design of 
boiling water reactors (BWR, SGHWR, 
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CIRENE, HWBR, etc.), the available informa- 
tion is still rather scarce. 

This is particularly the case for the plutonium 
fuel element under development at C.S.N. 
Casaccia of CNEN for plutonium recycling in 
boiling water reactors, consisting of a cluster of 
64 full length rods, 1.5 cm o.d. and 270 cm 
long [l]. At the time when the present study was 
undertaken the only critical heat flux data 
available with a square lattice bundle were those 
obtained : 

at General Electric with four rods [2] (rod 
diameter = 1.11 cm heated length = 91 and 
122 cm uniform axial and radial power 
distribution); 
at General Electric with nine rods [3] (rod 
diameter 1.11 cm heated length 76.2 and 
152.4 cm uniform axial power distribution, 
uniform and non-uniform radial power distri- 
bution. hot rod); 
at ASEA (Sweden) with 9 rods [4] (rod dia- 
meter = 1.17 cm heated length = 160 cm, 
uniform axial power distribution, uniform and 
non-uniform. hot rod, radial power distribu- 
tion). 
From the indicated characteristics it is evident 

that the configuration was quite different from 
that considered for the plutonium fuel element 
(in particular as far as rod length and diameter 
are concerned). 

Now more data are available for 16 rod 
bundles [15, 161 but still on short test sections 
(6 ft long). 

The experimental investigation devised by 
CNEN and whose results are presented here- 
with was aimed at obtaining experimental data 
in a range appropriate to a plutonium fuel ele- 
ment and simulating as closely as possible its 
rod length, diameter and axial power distribu- 
tion. As is well known, the actual reactor axial 
power distribution is of “inlet peak” type [l], 
while all the available critical heat flux data rod 
clusters refer to a uniform axial power distribu- 
tion. Extrapolation of these data to non-uniform 
power distribution is far from being established. 

1.2. The experimental investigation has been 

carried out with the CISE IETI3 heat transfer 
facility located at Piacenza [5]. which can 
provide the water flow and electrical power 
needed to carry out critical heat flux experiments 
under the specified conditions. In particular a 
6 MW d.c. conversion unit is available for test 
element heating which allows experiment to be 
made with a 16 rod bundles of the same dia- 
meter and length as foreseen for the plutonium 
fuel element reference design. 

The extrapolation of the critical heat flux 
data from a 16 to 64 rod bundle needs of course 
some care but, in the authors’ opinion, this 
should not be so difficult as might be inferred 
at first sight, since (1) the present knowledge on 
this effect is reasonably satisfactory; (2) the 16 
rod geometry reproduces significantly the 64 
rod geometry [l]. 

The “inlet peak” axial power distribution has 
been reproduced with a stepped distribution, 
the upstream portion of the test section length 
having a heat flux twice the one relevant to the 
downstream portion. Of course extrapolation 
to the case of the skewed cosine needs some care : 
but in any case the data are of great importance 
since they are the first, available presently, for 
square lattice rod bundle with a non-uniform 
axial power distribution. 

1.3. The work described here was carried out 
from April 1968 to March 1969: the specifica- 
tions regarding the test section configuration 
and the test conditions were decided in April 
1968 [l]. The test section [6, 143 was completed 
and mounted at the end of 1968 and the experi- 
ments carried out in January and February of 
1969. 

This report gives a brief description of the test 
facility as well as of the test section and presents, 
together with a short comment, the experimental 
data of critical heat flux. 

2. EXPERIMENTAL 

2.1. The IETI3 plant [5] can operate accord- 
ing to different hydraulic schemes: the two 
adopted for critical power and pressure drop 
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FIG. 1. Hydraulic scheme of the IETI-3 circuit. 

tests with the PELCO test element are briefly 
described here below. 

A diagram of the IETI3 hydraulic circuit is 
given in Fig. 1. 

The plant rating is: 
water flowrate 40 m3/h 
steam flowrate 10 t/h 
pressure, 70 kg/cm2 abs 

at the test assembly 
dc. power 7 MW peak service 

(at the converter bus-bars) 
On the basis of the required flowrate, the 

plant operates according to an “open” circuit 
for flowrate up to 20 t/h), or to a “semi-open” 
circuit, for which water is recirculated for partial 
heat and llowrate recovery (for flowrate higher 
than 20 t/h). 

Superheated steam is drawn from the inter- 
mediate superheaters of the stations two boilers 
at 105 kg/cm2 and 430°C: steam is used for the 
following purposes : 

to deaerate feed water; 
to preheat circulation water. 
As shown in Fig 1, demineralized water‘? 

provided by the station facilities is sent from’a 
reservoir into a deaerator and after having been 
filtered in a resin ion exchanger downstream of 
deaerator, it is taken to high pressure by means 
of two reciprocating pumps in parallel (head 
120 kg/cm2 ; flowrate: 20 m3/h each). Water 
enters the heat exchanger (H.E.) No 1, to which 
heat is supplied from the steam-water mixture 

TWater pH value is daily controlled with hydrazine 
injection. 
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leaving the test section, it enters H.E. No. 2 and Water flowrate is measured at high pressure 
H.E. No. 3 where heat is supplied by superheated upstream of the electrical preheater by means of 
steam coming from the boiler. Water is finally a set of orifices connected to a mercury column 
sent to the flowrate measuring section, passing differential manometer. The accuracy reached 
through an electric preheater (max: 0.5 MW) with these orifices (calibrated from time to 
and enters the test section. time) during the present tests is + l-2.5 per cent. 

The steam-water mixture leaving the test 
section is depressurized through a throttling 
valve, automatically or manually operated to 
keep pressure constant at the test element outlet, 
enters the H.E. No. 1 and then is sent to the low 
pressure separator. 

The d.c. power (voltage and current) supplied 
to the test section is measured directly by the 
data acquisition system; the total accuracy is 
better than 1 per cent f.s. (the main error being 
due to the shunt calibration error). 

Downstream of the low pressure separator, 
water can be discharged either into the river 
water cooled condenser-coolers, if the plant is 
operated as an “open” circuit, or directly into 
the deaerator when the loop is partially closed. 
In this last case valve A is closed and the 
deaerator level is kept constant by discharging 
part of the water into the condensercoolers. 

The change between the open and “semi- 
open” schemes is simply carried out by means of 
valves. 

Inlet and outlet pressures are measured by 
means of steel blade precision manometers of the 
Blondelle type (100 kg/cm2 f.s.) + 1 per cent f.s. 
accuracy. 

The average chemical conditions of the circu- 
lating water are: 

electrical conductivity 12 l.unhos/cm 
pH (at room temperature) 8.8 
SiO, 120 y/litre 

NH, 22&250 yilitre 
Fe3 400 yllitre 

0, none 
2.2. The measured quantities for each experi- 

ment are: flowrate, water inlet temperature 
(inlet enthalpy), pressure, pressure drop across 
the whole test element or a portion of it, electric 
power, rod wall temperature. 

The whole plant instrumentation is as far as 
possible centralized to allow fast and automatic 
acquisition of all the interesting readings during 
experiments. With this purpose the main instru- 
mentation is connected with a Hewlett & 
Packard data acquisition system, provided with 
a high precision digital voltmeter together with 
a twenty-live channel scanning system: the 
above mentioned readings are then directly 
printed on a paper strip. 

2.3. Thermopiles, which are placed inside the 
rods at the downstream ends of the two heated 
portions, have been used for heat transfer crisis 
detection. In fact due to the stepped axial heat 
flux distribution, the crisis might appear either 
at the downstream end of the upstream section 
(i.e. of the higher heat flux portion) or more 
probably (as preliminary calculations seem to 
indicate) at the outlet heated end. So in these 
two sections each rod is equipped with thermo- 
piles. They are made of four Ni-Ni Cr thermo- 
couples, 90” spaced from one another inside the 
rod itself (in a plane), connected in series: thus 
the crisis which, as observed in other 
laboratories, spreads more easily in the flow 
direction than circumferentially over the rods 
[7], can be quickly detected. Each hot junction 
of these four thermocouples is located inside a 
groove worked in a ceramic support contacting 
the rod wall (see Fig. 2). 

In order to make possible, with the available 
plant instrumentation, the continuous observa- 
tion of the wall temperature rise in all the rods 
with increasing power, both the outlet thermo- 
piles of two rods (with the exception of the four 
corner rods) and the upstream thermopiles of 
four rods have to be operated in series. These, in 
their turn, operate differentially’i’ with a Ni-Ni Cr 

tThis is done in order to avoid too large voltage outputs 
when many thermopiles operate “in series”. 
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i Thin mica sheet 
Butt s&r soldering 

’ \ 
Argon arc welding 

1506/l-080 cm AISI 304 
tube (heoted rod) 

Thick copper tube 
Outlet thermopile (rod electrical connechon) 

x Cold junction 

l Hot junction 

FIG. 2. Thermopile electrical scheme and drawing of rod 
electrical connection. 

~e~ocouple which, being located on the un- 
heated portion of the outlet line, effectively 
measures the mixture saturation temperature 
(Fig. 3). 

The differential thermopile outputs (A@ equal, 
in a first approximation, to the sum of the metal 
and film temperature drops, are continuously 
recorded with the power increase to the test 
element, in order to observe the start of A8 
fluctuations at crisis onset. 

The A0 values both of the thermocouple out- 
puts of the four corner rods and of twelve other 

rods, connected two by two, are continuously 
recorded. Similarly the A@ values of the upstream 
thermopile outputs of the sixteen rods, con- 
nected four by four, are continuously recorded 
by two twin-channel potentiometric recorders in 
order to detect upstream crisis. Since such a 
crisis (due to the high heat flux and low quality 
in this section) would be a fast crisis, the thermo- 
pile output acts directly on the high voltage 
circuit breaker to shut off power when rod 
wall temperature exceeds 600°C. Moreover for 
upstream and outlet thermopil~ a manual 
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‘Pressure top 

-----Heated rod 

F~ti. 3. Differential thermocouple scheme. 

scanning device allow additional monitoring of 
each thermocouple of the series. 

All upstream thermopiles have revealed a 
poor electrical insulation towards the heated 
wall, consequently A0 recordings present very 
strong electrical noise which does not permit any 
quantitative information about the rod wall 
temperature in the upstream section (this diffi- 
culty did not prevent the use of these thermopiles 
for crisis detection). On the contrary the be- 
haviour of all outlet the~opil~ have proved to 
be satisfactory, although sometimes they too, 
present a little electrical noise. 

2.4. The sixteen rod bundle called PELCO- 
IT 33 has the following characteristics: 

rod dia. 1.506 cm 
rod-rod spacing 0424 cm 
rod-pressure tube spacing 0.364 cm 
pressure tube width 8.025 cm 
overall heated length 270 cm 

(upstream + downstream sections) 

upstream section heated length 10-l cm 
downstream section heated 166 cm 

length 
overall pressure tap distance 242 cm 
cross flow area 35.02 cm2 
equivalent diameter I.343 cm 
axial power distribution rectangular 

(4”e, 40 = 2) 
radial power distribution 

between the rods 
uniform 

spacers grid every 
48.5 cm 

For a detailed description of the test element 
design as well as of its construction and assembly, 
reference is made to [14]. 

The test element has been designed according 
to the concept already adopted and proved 
satisfactory for CISE nineteen rod bundle [9]; 
with this concept the following purposes can be 
attained : 



H.M. 

FIG. 4. Picture of the whole pressure tube assembly. 



0 - ring plugs 
k Head assembly , 

FIG. 5. Grid spacers for the PELCO test element. 
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(1) the possibility of dismantling the whole test 
element and in particular the rods (each one 
independently of the others). This allows 
substitution of the rods which might fail 
during the tests; 

(2) the possibility of using metallic spacers 
(grids representing the spacers envisaged for 
the fuel bundle design) without a short 
circuit occurring between the spacers and the 
pressure tube itself For this purpose a 
pressure tube has been adopted consisting of 
different sections, each one electrically insu- 
lated from the others. 

A picture of the whole pressure tube assembly 
is presented in Fig 4. The pressure tube is made 
of eleven end-flanged AISI 304 stainless steel 
sections. The sections are electrically insulated 
one from the other by means of Klingerit gaskets, 
and are assembled so as to form a continuous 
straight tube; particular care is given during the 
assembly to make all sections perfectly coaxial. 

The pressure tube assembly is equipped at 
both ends with two identical heads (Fig. 4). Each 
head assembly consists of three AISI 304 plates 
i.e. two O-ring plates and and an intermediate 
plate which is shaped as to form two water 
cooled chambers for O-ring cooling. A low 
pressure water circulation is provided for this 
purpose. 

Each heated rod is made by argon-arc 
welding together two sections of AISI 304 
stainless steel cold drawn seamless tube: 

upstream section (towards the inlet): o.d. 1.506 
cm i.d. 1.310 cm, 104 cm long; 

the downstream section: o.d. 1.506 cm. i.d.. 
1.080 cm 166 cm long. 

In this a way a stepped axial power distribu- 
tion can be achieved the heat flux ratio being 
equal to 2. 

At both ends of the heated rod length two 
portions of a thick copper tube (1.4/0.6 cm dia- 
meters) are inserted into the tube and silver 
soldered to it as shown in Fig 2 in order to have 
good electrical connections and to fix accurately 
the limits of the heated portion. The power 
dissipated in the unheated bundle end sections 

is about 1.7 per cent of total power. 
At both ends of the element the rods pass 

through the O-ring plugs, and are fixed at the 
top, while at the bottom they can slide to allow 
thermal elongation. 

At both ends electrical connections are made 
by individual detachable clamps (low pressure 
water cooled) secured to the rods. 

The rod-rod and rod-pressure tube spacings 
are maintained by metallic spacers (Fig. 5) 
simulating on a small scale, the grids for the 
plutonium fuel element reference design [l]. 
Since such a grid is smaller in width than the 
pressure tube, 0.01 cm thin pads (two for each 
side of the square grid) are spot welded onto 
grids so as to avoid or minimize vibration in the 
bundle and to center the whole bundle in the 
pressure tube. 

2.5. Once the required pressure, flowrate and 
water subcooling are set, the heat transfer 
crisis is reached by gradually increasing the test 
element power in a series of steps? until the total 
rod wall-to-bulk temperature difference A8 
shows the crisis onset. At these conditions all 
instruments readings are automatically taken 
through the data acquisition system; power 
is then decreased by 50 per cent below the crisis 
value, inlet subcooling is changed and a new test 
carried out. 

Reference [lo] describes in detail the qualita- 
tive aspects of the type of heat transfer crisis 
which normally takes place in forced convection 
with steam water mixture. Critical power is 
defined as the power input for which a fluctuation 
affecting the rod wall-to-bulk temperature differ- 
ence sets in (the fluctuation threshold should be 
related to the value of the power input at which 
the disruption of the liquid film cooling the 
heated wall begins). 

According to this definition, the crisis is in 
general detected by the sudden onset of random 

‘The size of steps varies but at conditions close to the 
crisis the steps are such as to give l&30 kW power increase. 
Moreover a time interval of IO-20 s is allowed from one 
step to the other. 
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temperature oscillations at a point on the heated 
rod internal wall when electric power is slightly 
increased. 

In our case the ~uctuation does not appear 
and the crisis is defined by a sharp change in the 
slope of the wall temperature increase. 

Regardless of specific mass flowrate, the heat 
transfer crisis cannot be considered as a fast 
phenomenon (it needs about 30 s to reach the 
rod wall temperature equilibrium) and it gener- 
ally makes excursions of 7@-170°C in rod wall 
temperature. 

Some heat transfer crisis measurements were 
repeated both during the crisis tests and pressure 
drop measurement to check relatability of 
results, which were always in agreement within 
2-4 per cent. 

3. RESULTS 

3.1. The critical power data are presented in 
the Tables l-3. The results given in the tables 
are : 

index number of the experiment performed; 
‘Ithis sign at the side of the number indicates 

that power has been slightly increased above 
the first onset of crisis (detected by any single 
thermocouple); 
specific mass flowrate in the test element 
(G, g/cm2s); 
inlet temperature (ei, “C); 
steam quality (by weight) at inlet (XJ and 
outlet (X,); 
absolute pressure at inlet (Pin) and outlet 

(p,) (I’, kg/cm2); 
critical power (W,, kW); 
critical heat flux in the downstream section 

M2, W/cm2); 
indication of the rod where crisis has been 
detected ; 
inner rod wall temperature (0,, “C). 
Critical power and inlet quality have been 

selected among the possible variables for the 
graphic presentation of results in Fig. 6. 

7 Negative qualities correspond to subcooled water as 
from X = H - H,JH,,. 

3.2. In all the experiments, the crisis always 
occurs at the outlet end of the heated length 
notwithstanding the heat flux in the upstream 
portion is twice that of the downstre~ portion. 

% 
a 

t 1 I l il.0 
-0.20 -0.15 -040 -0.05 0 

&xi, 

Fh. 6. Heat transfer crisis data. 

No experiment has been carried out in order to 
determine the additional power needed to make 
crisis to set in at the downstream end of the 
upstream portion. 

This result is in agreement with the conclusion 
that could be inferred from the appli~tion of 
CISE-3 correlation [ 111. As far as the influence 
of axial heat flux distribution is concerned this 
correlation is based on the so-called “global 
or hydrodynamic condition” hypothesis which 
states that the heat transfer crisis can be des- 
cribed by an equation between the critical 
quality and the critical boiling length which is 
independent from the axial flux shape at con- 
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Table 1. Critical power PELCO sixteen rod bundle 

Run 
G 

(g/cm’s) 
Xill X0 P, P0 

by weight (kg/cm’ abs) (& 
02 Crisis 0, 

(W/cmzi on rod (“C) 

105 69.99 221.8 -0,209 0.554 71.2 71.2 
107 70.93 211.5 -0.231 0540 69.1 69.1 
108 7@43 211.2 - 0.235 0.541 70.0 70.0 
109 7058 230.8 -0.173 9.555 69.4 69.4 
110 69.46 257.4 - 0.090 0.578 69.8 69.8 
111 69.61 256.2 -0.095 0.592 70.0 70.0 
112 7@32 278.5 -0.021 0,610 70.2 70.1 
134 71.50 261.7 -0.076 0.583 69.8 69.8 
135 71.78 279.2 -0.017 0608 69.8 69.8 
113 84.92 278.0 - @024 0.546 70.4 70.4 
114 85.40 278-2 -0.021 0.546 69.8 69.8 
115 84.80 259.7 - 0.084 0.515 70.1 70.1 
116 85.90 259.9 -0.080 0.517 69.2 69.1 
117 84.12 239.9 -0,146 0.500 69.7 69.6 
118 84.17 225.6 -0.193 0.483 70-2 70.1 
148 86.57 220.0 -0.209 0.480 69.9 69.9 

2819 
2914 
2901 
2733 
2463 
2537 
2351 
2501 
2384 
2564 
2568 
2693 
2727 
2886 
3016 
3162 

99.27 9 
1028 9 
102.2 9 
96.25 Y 
86.57 Y 
89.26 Y 
82.67 9 
87.42 9 
83.27 9 
90.10 9 
90.41 Y 
94.65 9 
95.80 Y 

101.6 9 
106.3 Y 
113.5 Y 

400 
429 
408 
365 
415 

494 
491 
399 

377 
398 
411 
443 
421 

Table 2. Critical power PELCO sixteen rod bundle 

Run 
G 

(g/cm’s) 
X, X0 P, P0 

by weight (kg/cm’abs) 
42 Crisis 8, 

(W/cm*) on rod (“C) 

119 102.1 247-l -0.122 0.429 69.5 69.4 2994 105.6 9 415 
120 100.0 221.0 -0.205 0.417 69.7 69.7 3304 116.5 Y 437 
121 101.4 262.7 -0.072 @458 69.5 69.4 2857 100.3 9 491 
122 100.7 279.2 -0.018 0.474 70.1 69.9 2627 91.97 Y 397 
,123 101.0 279.2 -0.016 0.476 69.6 69.5 2641 92.67 9 413 
124 101.4 2805 -0QO9 0.486 68.6 68.5 2676 94.00 Y-18 480 
147 100.8 223.3 -0.199 0.426 69.9 69.9 3344 120.3 9 526 
125 117.9 257.9 -0.086 0,394 69.3 69.2 3016 106.1 9 429 
126 116.5 276.2 - 0,028 0.425 70.1 69.9 2805 98.55 9-18 457 
127 115.9 236.1 -0.157 0.367 69.6 69.6 3232 113.7 9 367 
128 116.5 216.5 -0.221 0.350 70.3 70 2 3524 1242 Y 440 
130 129.9 246.6 -0,126 @342 70.1 69.9 3224 113.4 9 423 
131 131.2 220.0 -@200 0,317 69.3 69.2 3607 126.7 Y 425 
132 129.6 259.9 -0,083 0.364 70.1 69.9 3074 107.8 Y 516 
133 133.4 275.5 - CO27 0.381 69.1 68.9 2904 101.6 9-18 404 

Table 3. Critical power PELCO sixteen rod bundle 

Run 
G 

(g/cm’s) 
X, 00 

by weight 
P, 

(kg/cm* ab: (k% 
42 Crisis 0, 

(W/cm’) on rod (“CT) 

129 1443 247.1 -0.124 0.309 70.1 69.9 3323 116.8 9 447 
136 145.1 263.4 -0,071 @342 70.0 69.7 3177 111.4 9-18 410 
137 146.4 277.2 -0,024 0.361 69.7 69.3 2992 104.6 9-18 392 
138 144.6 223.5 - 0.200 @2Y7 70.3 70.2 3807 133.5 Y-18 466 
139 146.4 238.6 -0.152 0,307 70.1 69.9 3563 1247 Y 452 
145 145.0 250.6 -0.111 O-336 69.5 69.2 3444 123.7 Y 436 
146 144.4 249.9 -0.114 0.339 69.7 69.5 3479 125.1 Y-18 442 
140 161.7 257.9 -@090 0,311 70.3 69.9 3437 123.2 Y-18 459 
141 162.6 276.0 - 0.029 0,339 70.1 69.6 3176 113.8 9-18 490 
142 161.7 242.9 -@139 0.299 70.3 69.9 3751 123.4 Y-18 529 
143 161.7 222.8 - 0,202 0.271 70.3 69.9 4055 145.5 Y 545 
144 162.1 251.9 -0.109 0.304 70.0 69.6 3549 127.5 Y-18 459 
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Sixteen rod square bundle 

P = 69 kg/cm’ abs 
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FIG. 7. Total critical power prediction (USE-3 correlation) 
for crisis occurring at outlet and outlet of upstream section. 

stant pressure, mass flowrate, geometry. The 
following equation can therefore be written : 

J-w,,7 &,A = 0. 
[l l] gives the function f as well as its de- 

pendence from the other involved parameters. 
Figure 7 shows the power increase which should 
be necessary to bring crisis to the end of the 
upstream portion of the test section length: 
as shown an increase of 25540 per cent is neces- 
sary to achieve this. 

Unfortunately the above experiments are not 
able to confirm this estimate neither can they 
give any information on the comparative validity 
of the global vs. local hypothesis-i. For example 
the Hench-Levy [16] design curve (Fig. 8) 

-IAccording to the “local condition” hypothesis heat 
transfer crisis can be described by an equation which is 
independent from the axial flux shape and which relates the 
local quality to the local heat flux, i.e. : f(X,,. d,,) = 0 

PELCO IT-33 

Sixteen rod square krndk 

P =69 kg/cm20bs. 

G = 101.7 g/cm% 

Crisis ot the outlet 

of upstream section 

FIG. 8. Critical heat flux prediction (Hench-Levy design 
curve) for crisis occurring at outlet and outlet of upstream 

section. 

which is based on the local condition hypo- 
thesis, foresees that crisis occurs first (i.e. with 
power increasing) at the outlet and a power 
increase of 45 per cent is necessary to make 
crisis occur also at the end of the upstream 
portion (the corresponding increase at this 
flowrate would be 33 per cent according to the 
CISE correlation, Fig. 7). 

3.3. The heat transfer crisis always occurs on 
the corner rod 9 and sometimes simultaneously 
also on the corner rod 18 (Fig. 9): namely, at the 
lowest G’s, 70 and 85 g/cm%, the crisis sets in 
only on corner rod 9. By increasing the flow- 
rate, the crisis spreads also to corner rod 18. 

The tendency for crisis to occur on corner rod 
in a square-lattice rod bundle, even in the case 
of a uniform radial heat flux distribution, as for 
the present tests, has been found also elsewhere. 
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In the tests carried out some years ago at General 
Electric [3] with a 9 rod bundle and with a uni- 
form radial power distribution, the crisis always 
occurred on the comer rod. The same tendency 
occurs for the tests carried out more recently on 
a 16 rod bundle at Columbia University [15]. 

Sixteen rod square bundle PELCO IT-33 

,yA Rod N.9 / 

L---J 19.3 _ 19.3 ” 
80.25 ’ 

FIG. 9. Subchannels in the PELCO sixteen rod bundle. 

This tendency can be found also for other 
bundle geometries, always with uniform radial 
heat flux distribution, such as for example for a 
19 rod bundle [17] although the experimental 
evidence is less clear than with the square lattice 
bundles. 

The tendency for crisis to set in on some 
particular rod in the case of a uniform radial 
heat flux distribution further confirms that 
the so-called “uniform thermohydrauli~ con- 
ditions hypothesis”? underlying most of the 
presently available critical heat flux correlations 
for rod bundles [ 12, 13, 181, is inadequate. 

According to this hypothesis [19], with a uni- 
form radial power distribution (i.e. among the 
rods) crisis occurs simult~eously (for example 
by increasing power, all other conditions being 
kept constant) on all rods? which, as stated, is in 
contrast with the above results. 

The above experimental results are instead in 
agreement with the approach proposed by CISE 
for critical heat flux prediction in complex 
geometries [ll, 193. It is based on the assump- 
tion that heat transfer crisis is described by the 
same equation in round tubes, annuli and rod 
bundles provided a suitable subchannel division 
is taken into account in the case of complex 
geometries. Analogously to some treatments 
made in single phase flow theory, the subchannel 
considered surrounds any solid surface and is 
ideally divided from the other subchannels by 
the shear stress surface (Fig. 9). The equivalent 
diameter is given by: 

Di=-.G 

Pi 

where Qi is the area and pi the solid surface 
perimeter of subchannel i. 

In the case of rod bundles it seemed reasonable 
to assume that zero shear stress surface be 
coincident with the surface equidistant from the 
various solid surfaces even though this sounds 
rather approximate: the limited number of 
available data-for square lattice rod bundle- 
seem to co&m the validity of the assumption, if 
the zero shear stress surface coincides with the 
maximum velocity surface. 

By applying the CISE correlation for round 
tubes and following the above approach, the 
critical power of the whole bundle is given in 
Fig. 10 which shows that crisis should occur- 
as it actually does--on the corner rod (the 
relevant critical power values is minimum) and 
that a power increase of approximately 10-12 

TWith non-uniform radial power distribution crisis, 
according to this hypothesis, should occur first on the most 
rated rods. Thus the overall bundle critical power with 
non-uniform power distribution is always lower than with 
uniform power distribution. 
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PELCO IT-33 

Sixieen rod squae bundk 

P = 69 kg/on2abs. 

X in=0 

--. Comer subchannel 
--- Side subchannel 
- Central subchannel 

Z” 
t _ I 

*,- & 
2- 

./' 

I.51 I I I I I ) 

60 loo 150 200 

G. g/cm2s 

FI’G. 10. Total critical power prediction for crisis on various 
subchannels. 

Fki. 11 Comparison between square lattice rod bundle data coming from diNerent sources. 

per cent should be necessary to transfer the crisis 
on the other rods. 

It would be quite an interesting exercise to 
check this conclusion by increasing the power 
of the corner rods, keeping constant the power 
of the other rods. 

3.4. In order to test the consistency of the 
present critical heat flux data, the experimental 
results presented in [3] and in [15] and relevant 
to square lattice 9 and 16 rod bundles (axial and 
radial uniform heat flux distribution) have been 
compared to those obtained in the present 
investigation. The comparison is carried out by 
plotting the critical quality (i.e. the outlet quality 
of the subchannel+zlefined as in [ 1 l]-affected 
by the crisis) as a function of (average) boiling 
length for a given mass flowrate: the comparison 
is quite significant since all the considered rod 
bundles have the same equivalent diameter 
(= 1.26-1.30 cm) for the critical subchannel 
(corner rod). 

As shown in Fig. 11 all the experimental data 
seem to be quite consistent although those ob- 
tained during the present investigation lie in a 

ME-3 conelotion,~ 

02- 6’136 ; P= 69 g/c& kg/cm20bs. 

Ref D(cm) Ucm) 

x 9 rod cluster 2 1.28 76 
A 9 rod cluster 2 I.26 76 
. 9 md cluster 2 I.28 152 
916 rod cIuste( 15 130 I92 
016 md ck&er presenl I.26 270 
*I6 md cclster I6 1.12 162 

a1 
x) 100 200 

L;. cm 
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higher length region and therefore cannot be 
compared directly with the other ones: however 
the trend suggests that the data should be also 
consistent with the other oned 

The 16 rod bundle data reported in [16] for 
which the critical subchannel has a smaller 
equivalent diameter (1.12 cm) are also presented. 
They lie a little above the other data, as expected. 

3.5. The whole set of data (54 points) is com- 
pared with CISE3 correlation [ 11 J taking into 
account the axial power distribution; i.e. by 
using this correlation under the general form: 

X,, i = fWs, cll etc.1 

where L,,, is the average boiling length X,,i is 
the critical quality of the critical subchannel. 
As stated the crisis is predicted at the outlet and 
in correspondence of the corner rod, in agree- 
ment with experimental data. 

Quantitatively, as it can be seen in Fig. 12, 
the predicted values are lower than the experi- 
mental ones from zero to 30 per cent (+ 13 per 
cent as mean error, 14.6 as root mean square 
error). Moreover the influence of specific mass 
flowrate, at least for the lower G’s, is not well 
taken into account since there appears an evi- 
dent error dependence on G. 

Such a discrepancy is difficult to be explained, 
keeping in mind that with shorter test elements 
the agreement was much better [l l] and with 
a trend for the correlation, to overestimate 
experimental data. A reason for the above dis- 
agreement could be due to the fact that in this 
range of length at the lowest flowrates, the 
contribution due to enthalpy exchange between 
subchannel which is disregarded in the CISE-3 
correlation, might be significant. 

The experiments data have also been com- 
pared with Macbeth’s [18], Becker’s [13] and 
Barnett’s [12] correlation. The first two authors 
state that their correlation should be valid also 

“It is worthwhile mentioning that the bundle spacers 
for the different sets of data are not the same and the 
scatter of the pointswhich in any case is within the normal 
reproducibility margin of critical heat flux data-should 
be due mainly to this reason (see also [15]). 

I / I , II/II 
03 o-4 

I 
(w/rffgl) %c 

O-6 0.7 

/ 

04 4 70-46 g/c~$ s 
x 85.12 g/cd s 
A 101.2 g/c&s 
0 116.7 g/cm*s 
V 130.9 g/cm2 s 
o 145.2 g/cm2 s 

03 l 161.9 g/cm* s 

o-3 o-4 0.5 O-6 o-7 

( w/ mgc ) ca Ic 

FIG. 12. PELCO IT-33 data compared with CISEJ and 
Becker’s correlations. 

with non-uniform axial flux distribution, al- 
though they emphasize that the statement is 
based only on information coming from round 
tube data and that experiments with rod bundles 
should be carried out to confirm it. Barnett, 
instead, does not make any mention about the 
effect of non-uniform axial flux distribution. 

As shown in Fig. 13, Macbeth’s and Barnett’s 
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0.6 - 

A 70~46 gicm2s 
x 85, I2 g/cm2s 
A 101.2 glcm2s 
o 116,7 g/cm*s 
v 130.9 g/cm2s 
o 145.2 g/cm’s 
l 161.9 g/cm2s 

I / I t Illll 
0.3 04 0.5 0.6 0.7 

(W/nfgo COIC. 

FIG. 13. PELCO IT-33 data compared with Macbeth’s and 
Barnett’s correlations. 

correlations give a slightly worse prediction 
with respect to CISE-3 correlation (18.3 RMS 
error for both correlations) and again a stratifica- 
tion with G is evident. 

Becker’s correlation accurately predicts the 
present data (@6 per cent as average error and 
4.7 per cent an RMS error). Moreover the inllu- 
ence of the specific mass flowrate on critical 
power seems to be taken correctly into account. 

4. CONCLUSIONS 

The following conclusions can be drawn from 
the present investigation : 
-with the selected stepped axial heat flux 

distribution heat transfer crisis occurs at the 
test section outlet; this in agreement with what 
could be inferred from available correlations; 

-heat transfer crisis occurs always on a corner 
rod in agreement with data relevant to similar 
but shorter square-lattice. rod bundles tested 
previously; this result is in contrast with the 
so-called “uniform thermohydraulic condi- 
tions” hypothesis on which are based most of 
the available critical heat flux correlations. 
The result is instead in agreement with the rod 
centered subchannel hypothesis, 

--the experimental data appear to be consistent 
with the above mentioned data for square- 
lattice rod bundles; since these data were 
obtained with uniform axial flux distribution, 
the present results indicate also that the effect 
of non-uniform heat flux in the present tests 
should be negligible; 

-the experimental data are satisfactorily pre- 
dicted by Becker’s correlation. The predictions 
by other correlations (Macbeth, Barnett and 
CISE-3) are worse and the reasons for the 
discrepancy are difficult to find. 
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RESULTATS SUR LE TRANSFERT THERMIQUE CRITIQUE POUR UN MELANCE 
EAU-VAPEUR DANS UN FAISCEAU A SEIZE BARRES 

R&urn&---On presente les resultats experimentaux obtenus dans le programme PELCO sur le transfert 
thermique critique (54 points) aver Ccoulement vertical ascendant d’eau bouillante dans un faisceau 
carri: B seize barres. Les experiences de transfer% ~ermique sont men&s dans Pop&ration CISE IETI-3 
sous les conditions suivantes : 

GeomCtrie : (1) disposition car&e des seize barres 
(2) diametre des barres : I,51 cm 
(3) Longueur globale chauffie : 270 cm 

distribution radiale de puissance: uniforme 
distribution axiale de puissance: 2 echelons (& en amont = 2 Q, en aval) 

(J&, .mOnt = 104 cm) 

dbbit massique: de 70 a 160 g/cm% (sept valeurs) 
eau sous-refroidie a l’entrt% (sous refroidissement de 5” a 75°C) pression moyenne dans la section 
experimentale: 69 kg/cm2 abs. 
On donne une description breve concernant ZI la fois l’tlement experimental et le plan d’experiences. 

On conduit aussi une courte discussion sur ies resultata de puissance critiques et une comparaison avec 
les predictions de quelques formules utilisablea 
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KRITISCHE WjiRMEtiBERGANGSDATEN BEI EINEM DAMPF-WASSER-GEMISCH 
IN EINEM BUNDEL AUS 16 ST.&BEN 

Zusammenfassung-Die Daten iiber die Warmeiibergangskrisis (54 Punkte) aus Experimenten unter dem 
PELCO-Programm an vertikaler Aufwlrtsstriimung von siedendem Wasser in einem Biindel von 16 
Stiiben im Viereck werden vorgelegt. 

Die Experimente wurden mit der CISE-IETI-3-Warmetlbertragungsanlage durchgeftihrt unter den 
folgenden Bedingungen: 
Geometrie: (1) 16 Stlbe im Viereck 

(2) Stabdurchmesser: 1.51 cm 
(3) Gesamte beheizte Lange: 270 cm 

Radiale Energieverteilung: gleichfoitmig 
Axiale Energieverteilung: zweistulig (dAufwarts = 2 q%AbwarLs; LAufwarts = 104 cm) 
spezifischer Massenstrom: 70-160 g/cm% (sieben Werte) 
Unterktihlung am Eintritt : (5” bis 75°C) 
Durchschnittlicher Druck in der Teststrecke. 69 kg/cm’ abs. 
Es wird eine kurze Beschreibung des Testelementes und des experimentellen AuIbaues gegeben. 

Eine kurze Diskussion der Ergebnisse bei der kritischen Warmestromdichte und win Vergleich mit den 
Voraussagen nach einigen verftigbaren Beziehungen schliessen sich an. 

KPM3MC TEIIJIOOEMEHA 1’~ Il~POBO~HHO1I CMECH 13 IlY’iHI’: I?3 
IIIECTHAJJIIATII CTEPXHEH 

A~ao~aq~~i-Ilp~~no~n~c~ 3tICneEtIIMettTajlLt~Lie .qamLIe, I3xo;lwu~Lle 13 II[~0rpaslnly IICcJIe- 

~ODaHHii PELCO, II0 K[~~I”~l”y TeII.lIOOriMelI~ (54 TOW) &WI BepTIlK~JJLHO~O IlOcXO:~tIII~CrO 

noroua RannmeB Bo~br B unanpartro~ nyque 113 mecTaanuaTri crepltinei’r. 
aKCIIeplIMeHTL1 IIpOBOflIlJIHcp Ha TelInOOT,MeHHOii ycTaHOI3Ke c:Ish: 1 ETI-3 I,l-“I 

cne;lyioqnx yc~~omi~x : 

reoMeTpm : I. Hna~parrmtii nyperi II;) 16 r:repXiteii : 
2. &IaMeTI-’ CTepFKHt%-1,51 CM ; 

3. O6marr nnuna uarpesa : 270 CM 
pa~uanbuoe pacnpeneneane molrlHocTII--paslroMKpHoc 
ocenoe pacnpeneneume Mo~I1ocTIf-~ByxcTyneHgaTOe 

(&XXXt. = 2~m4CXOII. ; ~,30,,,,. = lo4 CM) 
yReJIbHLIfi MaCCOBLIti IIOTOK : 70~160 I’/& (CeMb :~tIPIeHIIii) 

Tereneparypa neaorpcna non61 na nxoae : (tle:[oqten OT 5 no 75”) 
cpenuee nannerflze B pa6oseM yqacrtte : 69 KI-/CM~ (afir.) 

flaercn tcparuoe onucafrne ycrponcrna pa6oqero .\“lacTIia II :lIic~lre~“l”“tIT”“Ltloii 

yCTaHOBKE1. 

~PMBOZRTCFI TaKHCe IreItTopLIe pe3y;ILTaTbI 110 Icpt~TIlsecItoil MOII[tI0CTCl, IWT”[“,,e cpar3r111- 

BaIOTCR C piWIeTaM&I, IlOJIy~eI1IiLIMtl C IIOMOWLIO HeKOTO~LIX tI:3DeCTHbIx KOJ)pC”“~If,?. 


