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ABSTRACT 

The present structure and intentions of the CEC sponsored cost sharing 
programme for LWR safety research are outlined. Detailed results are reported 
for two projects from this programme. 

The first project concerns experimental data on the thermohydraulic effects 
of flow diversion around ballooned fuel rods. Data are presented on single 
and two phase heat transfer in an electrically heated rod bundle. Detailed 
photographic data on droplet behaviour are also given. 

The second project is an investigation o f t h e e f f e c t s of zircaloy oxidation 
on rewetting during reflood. It is shown that as oxide thickness increases from 
1 pm to 76 um that rewet rates can increase by up to 40%. A systematic effect 
of oxidation on rewet temperatures is also noted. 

1. INTRODUCTION 

1.1 CEC Cost Sharing Programme 

During 1980 the Commission of the European Communities 
(CECI initiated a "Cost Sharing Programme" of research work in the area of 
LWR safety. Through this Programme the CEC pay 20-50% of the costs of 
a number of individual projects carried out in the various national laboratories 
of the member countries of the European Community. The aims of the Programme 
are to improve communications and encourage collaboration between member countries 
and to avoid duplication of effort. One device used by the Commission to further 
these aims is the contractual requirement to present progress reports at regualar 
six monthly meetings of all contractors in related subject areas. Three subject 

81 areas are covered by the present programme viz: 

A. LOCA/ECCS 
B. Fission Product Dispersion (to environment) 
C. Gas Cloud Explosion (external to containment) 

The total CEC contribution is 6.3 H.ECU'S of which ^S0% is devoted to 
LOCA/ECCS the remainder being divided about equally between areas B and C. 
The Programme will be completed during the first half of 1984 when the bulk 
of the results will become available. The detailed results already available 
from two projects in area A, LOCA-ECCS, form the substance of this paper. 

1.2 Programme Area A - LOCA/ECCS 

The various projects in this area are summarized in Table 1. The majority 
are mainly concerned with two phase thermohydraulics. For example the largest 
project, 3A, involves the CEA loop PERICLES which is aimed at studying two 
dimensional flow patterns during reflood and boildown in a single test section 
with three parallel 7x17 electrically heated rod bundles representing a slice 

of a PWR core. Project 4A considers water droplet entrainment and 
de-entrainment in the complex geometry of a fuel element top nozzle and tie 
plate - both air-water and steam water flows are used. Projects 6A and 7A 
are concerned with the reflood process: the former is an attempt to measure 
the effects of differing heater pin compositions; and the latter will consider 
the effects of unheated rods in a 36 rod bundle. 

Project 2A-1 is also concerned with reflood but specifically with the 
effect of zircaloy oxidation on rewet rates. This project is described in 
detail below. 

Zircaloy deformation is being studied in project 5A using 50 cm long 
tubular specimens which can be heated electrically either directly or indirectly. 
The specimens are held vertically in a heated shroud to simulate the presence of 
surrounding hot rods. Experiments will concentrate on the a+g phase and will 
be conducted in the presence of well characterised steam flow. Post burst 
metallographic examinations will be made. Results from this project are due by 
early 1984 and will be used to support the development of models for clad 
bursting. 

The other projects, 1A and 2A-2, are also concerned with dad ballooning 
and both concentrate on its thermohydraulic consequences by attaching sleeves 
of a fixed profile to heater rods in a test bundle and so decoupling the 
strongly interactive process of deformation and heat transfer. Project ZA-Z 
involves a 7x7 full length electrically heated rod bundle mounted in the THETIS 
facility. In the centre grid span a 4x4 array of blockage sleeves will be 
attached to the rods to simulate clad ballooning. Within this array the sub
channels will be reduced in area by 79%. Both reflood and level swell tests 
will be performed at pressures up to 40 bar. Project 1A is described in 
detail in the next section. It is intended to complement work in 2A-2. 



2. PROJECT 1ft, EFFECTS OF ROÜ BALLOONING ON EMERGENCY COOLING HEAT TRANSFER 

2.1 Introduction 
The thermohydraulic effects of rod ballooning are investigated separately 

as far as possible, in a series of tests of increasing complexity viz:-

(a) Air flow tests in which the air flow distribution around the ballooned 
rods is measured using a Pitot tube. 

(b) Steam flow tests which can be used to assess steady state single phase 
heat transfer in the presence of flow diversion around a blockage as 
quantified in (a) above. 

(c) Steam and droplet tests in which the cooling rates observed upon injecting 
a steady flow of water drops into the steady state steam tests of (b) 
enable investigation of two phase effects with well characterised test 
section inlet conditions. 

(d) Finally reflood tests are performed in which the two phase conditions 
around any blockage are created by the reflood process itself. 

The test section shroud is transparent to enable photography of water 
droplet sizes and velocities. All tests are performed at atmospheric 
pressure. The blockage sleeves used to simulate ballooned clad are shown in 
Figure 3. They are placed in a coplanar 4x4 array in the centre of the bundle 
and cause a 90% reduction in central subchannel flow areas. A localised 
coplanar blockage has been used to maximise flow diversion effects. The short 
sleeves cause 90% blockage over only a 1 mm length at their centres whereas the 
corresponding "throat" length for the long sleeves is 146.5 mm. The inlet and 
outlet tapers liave the same shape for both sleeves. 

2.2 Description of Test Facility 

The test section is shown schematically in Figure 1. The 44 heater rods 
are held in the vertical on a square pitch (pitch to diameter ratio of 1.33) 
inside a transparent cylindrical silica shroud. Each rod has a maximum power 
of 2 kw and a 1 metr? heated length, their construction is shown in Figure 1. 
Some heater rods contain 6 thermocouples whose junctions are spot-welded to 
the inner surface of their Inconel sheaths at certain prescribed positions. 
A spacer grid was found to be essential at an elevation near the centre of the 
heated length of the rods (i.e. about the centre of the silica sleeve) to 
maintain a square array. This extra spacer grid was made by spot-welding 
together lengths of 0.72 mm diameter Ni chrome wire, and causes a 32.4% blockage 
of the subchannels between the rods. In order to preserve the correct value 
of flow area per rod within the circular perimeter of the silica shroud 
8 unheated dummy pins have been included between the top and bottom grids. 
Figure 2 shows a cross section of the bundle. 

Steam or water flows can be introduced into the lower plenum where they pass 
along the unheated section of the rods (̂  400 mm long) prior to passing over the 
bottom grid to flow along the heated section (t. 1000 mm long) of the rods within 
the silica shroud. An air flow can be introduced into the test section using 

the water supply inlet port. It is also possible to inject water droplets 
directly into each subchannel through capillary tubes which are terminated just 
above the bottom grid. 

The silica shroud can be surrounded by a thin walled metal reflector used 
co minimise bundle radial temperature gradients. Vertical slots *>. 3 pin pitches 
wide were left at opposite ends of a diameter of the reflector to enable 
photography of droplets inside the silica shroud under conditions of back
lighting. 

2.3 Single Phase Tests 

Measurements of air flow distribution within the test section are made, at 
atmospheric pressure and temperature, using a Pitot tube. With the lid of the 
upper plenum removed this tube can be passed down between the heater rods. It 
can be centred accurately within a subchannel by viewing it through 2 pin lanes 
at right angles to one another e.g. C-C and 4-4 in Figure 2. The Pitot tube 
takes up Z% of the undistorted subchannel flow area. 

The centre of subchannel velocity has been measured as a function of axial 
position for a number of subchannels in the range of Reynold's numbers from 
2900 to 8600 i.e. concentrating on the transition flows, between laminar and 
fully developed turbulent conditions, which have been found to account for the 
convective component of dispersed flows in the FLECHT experiments [ 1 ] . The 
axial velocity patterns showed no Reynold's number dependence within ± 5%. 
A recording was also made of the differential pressure between the Pitot tube 
static holes and a static tapping in one of the dummy pins. All velocity 
measurements include a correction for static pressure gradient between the 
total and static pressure hole of the Pitot tube. For both blockages static 
pressure profiles for central and peripheral subchannels diverge markedly 
(i.e. significant flow diversion commences) I . 5 subchannel equivalent 
diameters upstream of the lower edge of the sleeves. The pressure profiles 
reconverge I« 5 equivalent diameters downstream of the top edge of the sleeves. 
A model 'or flow diversion [2J has been developed based on the existence of 
planes or equal pressure above and below a blockage. It is important to note 
that the subchannel velocities do not recover as quickly as the pressure 
profiles. The centre subchannel mass flows, inferred from blocked and 
unblocked bundle velocity data, are shown for each blockage in Figure 5. 

Steam generated in an electrode boiler can be passed up the rods at a 
rate of up to -v 6 kgm nr^s'l. Heat transfer tests are performed at a steady 
state at rod powers adjusted to give a steady temperature across the whole rod 
bundle at an axial elevation (the control elevation) of "v. 18 equivalent 
diameters from the start of the heated length. Axial rod temperature profiles 
for the central rods in both blockages are shown in Figure 4, the rod powers 
were >>. 0.45 kw m"l. The corresponding axial heat transfer patterns are shown 
in Figure 5 together with a mean trena line taken from unblocked bundle data. 

The Nusselt numbers in Figure 5 have been calculated using the local sub
channel hydraulic diameter and the local calculated steam temperature and 
include convective heat transfer only. Rod thermal radiation losses are 
calculated by considering each rod to be surrounded by a cylindrical surface 
of R«>an temperature and area determined as a function of elevation from the 



temperatures and perimeters of surrounding rods. Radiative absorption by the 
steam is described in terms of a mean bee* length (taken to be 0.9 of a sub
channel hydraulic diameter) and an attentuation coefficient which treats the 
steam as an optically thin medium. Axial radiative heat transfer is ignored. 
Overall uncertainty in the Nusselt number is mostly <v, 15%. 

The Nusselt numbers for blockage I include a \5% correction for axial 
•conduction for the thermocouples at the blockage centre. Elsewhere axial 
conduction is usually -v. 1% and has been ignored. Blockage I heat transfer 
shows a local maximum at the blockage centre with Nusselt numbers higher than 
for the undistorted bundle. This is because of high steam velocities 
through the blockage in spite of large mass flow diversion. The heat transfer 
coefficient at the blockage centre (1 MM axial extent only) is T- x 4.0 that 
for an undistorted bundle. 

In the case of blockage II there is a large reduction in heat transfer in 
the blockage throat. The heat transfer coefficient is ^ x 0.5 that for an 
undistorted bundle. Because of the large temperature difference between 
central a peripheral subchannel steam temperatures the relative throat mass flow 
has been reduced from 0.105, as measured in the air flow tests to 0.096 in 
keeping with the model in [2'J. This modification changes the Nusselt number 
from 4.64 to the valus of 6.08 shown in Figure 5, at the 47.6 equivalent 
diameters elevcMon. 

2.4 Steam and Droplet Tests 

Two types of test are performed: (a) Multi-jet Injection heat transfer 
tests, where all but a few peripheral spray tubes carry a droplet flow 
(b) Single-jet Injection where only a central tube is used to enable droplet 
photography. 

(a) Multi-jet Injection: Drops are created by breakup of water jets 
issuing from the capillary tubes at the sub-channel centres. Typical 
diameters are ^ 1.5 mm with flow rates up to that equivalent to a 
reflood rate of 20 mm s"!. The droplets are injected at a temperature 
of -v. 100°C into a steady steam flow like those in 2.3 above so that the 
single phase cooling pattern is known. The rod axial temperature profiles 
are therefore like those in Figure 4 but with varying cooling rates which 
are estimated by a least squares straight line fit to the individual 
thermocouple temperature histories. For example for blockage I, with 
inlet steam (125°C) and water (100°C) flow rates of 5.61 kg nT z s _ 1 and 
1.29 gm s _ 1/jet, cooling rates of ^ 0.4°C s -' (equivalent to -v. 3555 of rod 
power) are observed below the blockage i- 0.5°Cs-T above It and up to 

'•v. 1.5°C s"l at the blockage itself. Cooling rates are calculated over 
*v 5 sec. period prior to any significant quenching which occurs first at 
the bottom of the bundle and on the blockage sleeves. Outlet steam flow 
increases to 7.22 kgm - 2 s"' due to drop evaporation and outlet steam 
temperatures drop from -v. 490°C to % 442°C. Under similar conditions 
(1.26 gm s _ V j e t water, 5.59 kgm~2s-l steam) similar cooling rates are 
observed for blockage II below the blockage °* 0.6°C s~' above the blockage 
and ^ 2°C s"1 at the blockage inlet and outlet with ^ 1°C s~' at the 
blockage centre. For both blockages there is enhanced cooling at the 
blockage. The blockage II exit steam flow is similar to I viz. 

7.13 kgrrf2 s"1 but at a higher temperature of ^ 500°C (-v 54b'-.. initially) 
i.e. the longer blockage gives rise to a greater steam exit superheat. 

Under lower inlet steam flows í 3.1 kgm - 2 s"1 only the smallest drops 
reach the top of the bundle and for blockage I drop injection then results 
in a temperature rise at and above the blockage. We can infer that water 
accumulated below the blockage causes increased steam flow diversion, and 
indeed a small rise i . 10 C is observed in the blockage centre exit steam 
temperature despite a 12% increase in total steam mass flow in the bundle. 

Single-jet Injection: Water droplets injected into the central subchannel 
are fi Imed by a video camera with its framing rate locked to the frequency 
of a stroboscope. This technique is used to produce flash photographs of 
the droplet flow at 50 frames per second. 

Figure 6 shows some drop size histograms compiled by an image analysing 
computer from drop outlines traced from the video images. The limit of 
resolution on drop sizes is i . 0.07 mm i.e. the cut off in the drop 
distributions below 0.15mm seems to be a real effect. The upper limit 
of drop sizes is difficult to assess because drops larger than the apparent 
interpin gap (reduced to T. 3.5 mm from nominal by camera angle and rod 
positions differing from nominal). Only those drops with more than half 
their shape visible are recorded. Most drops are ellipsoidal. The 
largest drops cannot be sized accurately but they are typically 3->4 mm in 
diameter with other larger water slugs up to T. 10 mm long axially which 
fill the apparent interpin gap. Note that many video images contain no 
drops and most drops are small. To assess the relative frequency of 
large drops and slugs their combined rate of appearance over many frames 
was recorded. A mean number to be anticipated over the time periods 
used to collect the data in Figure 6 is shown on that Figure. 

High speed movies show that typical drop velocities are l->2 ms -^ 
just below the blockage i.e. less than the initial water jet velocity. 
Some drops are observed to descend at t 0.5 ms _l. Large slugs are 
seen to be formed by drop impact and agglomeration and are continuously 
deforming, they tend to remain within one subchannel. Sections of the 
slugs are drawn upwards into long filaments by the steam flow and break 
up into smaller drops. Other slugs descend flattening against the 
steam flow when they can spread into adjacent sub-channels prior to 
disruption. Some typical slug shapes are shown in Figure 9. 
Except that some of the smallest drops have the highest velocities 
there is no obvious trend of velocity with position in the bundle or drop 
size. Most of the drops travel parallel to the length of the heater 
rods. Some small drops below the blockage have been observed with 
significant transverse velocities. The droplet flow field is clearly 
never "fully developed." 

Figure 6.1 shows that a wide spectrum of drop sizes is formed from 
the initial flux of ^ 1.5 mm diameter drops. In Figure 6.2 it can be 
seen that the proportion of small drops has increased due to breakup at 
the grid. However "large drops" persist and some slow moving ores have 
been observed to flow through the grid albeit with considerable distortion. 



Fewer "large drops" are observed above the blockage, Figure 6.3 . High 
speed movies show that a water slug tends to persist at the down-stream 
end of the blockage. Although drops are injected into only one sub-channel 
they are observed in all subchannels at the top of the rig. 

2.5 Reflood Tests 

Quench times for 20 mm s _ 1 reflood rates 100°C water at inlet) are 
shown in Figure 7 for an initial steady rod temperature of 800°C at the control 
elevation with rod power -\-0.22kw nT 1. For blockage I quench times are the 
same as for an undistorted bundle up to the blockage elevation. Whilst "prior" 
quenching, restricted to the blockage centre elevation, occurs quench times 
above the blockage are delayed. This is consistent with degraded cooling due 
to the increased superheat (by i. 100 C) observed at the top of the central 
subchannels. There is also prior quenching at the top of the blockage II. 
Quenching is delayed at the blockage centre where lower cooling rates were 
observed in steam and droplet tests. Temperature transients above the 
blockage II elevation have smaller cooling rates than in undistorted bundle 
tests, although final quench times are similar due probably to the effect of 
falling film quench fronts from the top of the bundle. Ooth blockage sleeves 
have a greater thermal capacity than actual ballooned cladding for which even 
earlier prior quenching is anticipated. Future tests with a thin walled 
blockage sleeve are planned. 

High speed movies show that drop interactions like those described in the 
steam and droplet tests occur during reflood. Figure 8 shows drop velocities 
measured above and below blockage I during a 20 mm s-1 reflood with central rod 
powers at 1.05 kw . The exit steam flow at the time of the movie was 
"v 4.55 kgm-2 s"1 at temperatures between 500 and 527°C (which implies a bundle 
mean superficial velocity of-v*16.Bm s~l). The sleeve centre elevation 
temperature was -v. 620 C with rod temperatures above and below the blockage at 
640 C. The drop velocities recorded are for those drops which appear in 

focus, blurred images are rejected as being due to drops in peripheral sub
channels. Also only drops which did not interact over a flight path of ^ 8 mm 
have been recorded. The appearance and velocities of some typical slugs are 
shown in Figure 9. As in the steam and drop tests ellipsoidal drops are 
much more frequently observed than slugs. The quench front was 630 mm 
(42.1 equivalent diameters) from the blockage centre elevation at the time of 
the movie. Fewer falling drops are observed than in the steam and droplet 
tests as steam velocities are higher in the higher temperature reflood tests. 
For reactor conditions it may be inferred that choking of the blockage with 
water slugs with degraded heat transfer above the blockage may occur only as 
the quench front nears the blockage when steam velocities will be lower (with 
greater maximum stable drop sizes and longer drop breakup times). 

2.6 Conclusions 

Single phase heat transfer in a 90% blockage is a strong function of 
blockage axial extent. Large increases in heat transfer coefficient 
are observed for short blockages with reductions for long blockages. 

Under two phase conditions strong droplet interactions are observed 
especially in the vicinity of a blockage where large water slugs can 
promote good cooling. 

Droplet injection into a steady steam flow improves cooling around a 
blockage except when steam flows are low so that water can accumulate 
below the blockage. No atomisation of drops by a blockage has been 
observed. 

Degraded cooling compared to undistorted bundle reflood conditions 
has been observed above a blockage and is probably due to increased steam 
superheat. 

Both blockage sleeves tested were coolable under reflood conditions at 
decay heat power levels. 

3. PROJECT 2A-1, REWETTING PROPAGATION OVER ZIRCALOY UNDER BOTTOM FLOODING 
CONDITIONS 

3.1 Introduction 

A study of the reflooding of a hot Zircaloy tube has been carried out at 
the Winfrith Establishment of the UKAEA. The study forms part of the Winfrith 
programme of experiments aimed at a better understanding of the thermal hydraulics 
of a PWR loss of coolant accident. This programme includes the reflooding of 
ciusters of electrically heated fuel rod simulators in the THETIS rig and 
internal reflooding of single tubes in the REFLEX rig. 

The Zircaloy cladding of reactor fuel is susceptible to oxidation at the 
temperatures which may be reached during a LOCA. To avoid this problem, 
experimental fuel rod simulators are usually clad in stainless steel or a 
nickel-chromium alloy. However, this does mean that, in order to relate such 
experiments to a reactor, it is necessary to understand the influence of the 
Zircaloy cladding. In a general review of rewetting published in 1978 [3] 
the need for more information on the rewetting behaviour of Zircaloy was 
pointed out, and it is still the case that little information ¡J available in 
the open literature. Recent work by Andreoni et al [4] has shown that 
Zircaloy rewets more quickly than Inconel, in inverse proportion to its thermal 
capacity. Dhir et al [5] showed that this increase was tempered by the 
influence o' the fuel pellets. Both workers found that oxidation of the 
Zircaloy tended to decrease the time required to quench their test sections. 

The present work was carried out with the aim of carefully characterising 
the oxide layer and its influence on rewetting. 

3.H Description of the Experiments 

The reflooding experiments were performed in the REFLEX rig [6], Which is 
illustrated in Figure 10. The test section was a 4.2 m long Zircaloy-2 tube, 
12.7 mm inside diameter and 1.48 mm wall thickness. It was instrumented along 
its length with 21 0.5 mm thermocouples inserted into the wall. The assembly 
was mounted in a vacuum vessel so that heat losses would be small and calculable. 

A reflooding experiment was carried out by first heating the test section 
by passing electrical current through it. When the temperature reached 600 C, 
water was made to flood the tube from the bottom. A quench front progressed 
upwards and eventually the whole tube quenched. The test section temperatures 
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were recorded at 0.5 s intervals. Measurements of quench front speed and rates 
of heat transfer to the coolant were deduced from the temperature records. 

The experimental programme started with the test section in a clean, 
unoxidised condition and a series of 15 refloods was performed. This covered 
a range of pressure (1-4 bar) flooding rate (1-16 cm s )and inlet subcooling 
(0-80K) appropriate to a large break LOCA. Then, after examining the tube 
using an intrascope and a specially developed oxide thickness probe, the test 
section was oxidised in steam at 650 C until a layer of suitable thickness had 
grown. The series of 15 refloods was then repeated. In this way, layers of 
I, 15, 25, 58 and 75 ym average thickness were studied in turn. Finally, the 
test section was cut up for detailed examination. 

As an important precursor to the reflooding experiments, samples of the 
same Zircaloy tubing were oxidised in steam in a rig designed to reproduce the 
REFLEX rig conditions (Figure 11). The samples were held at 700 ± 2°C. 
Subsequently they were carefully examined to establish the physical structure 
of oxide layers of various thicknesses. Information on the oxidation rate of 
Zircaloy at 700°C, where previous data were sparse, was also obtained and used 
to select the oxidation times for the REFLEX rig. 

3.3 Results of Oxidation Experiments 

Figure 12 shows the characteristics of oxide layers from the sample 
oxidation rig. On the left are microphotographs of the oxide surface. The 
clean, unoxidised tube had a dull, metallic appearance, with a few longitudinal 
marks probably made during its manufacture. The 20 ym oxide layer was black 
with light coloured flecks; it had a smooth appearance. The 34 pm layer was 
a cream colour, again with some lighter patches. It also appeared smooth. 
The 56 pm layer was a more uniform, paler colour, it had evident cracks running 
circumferentially, and in a few places (perhaps one per cm 2) a piece had spalled 
off. The 94 um oxide layer looked similar to the 56 \im layer. 

Traces of the surface profile of each sample are also shown in Figure 12. 
The oxidised surfaces have roughness averages [7] of about 1.2 pm, twice that 
of the clean tube. The microsections on the right of the figure show that the 
layers were quite uniform in thickness over distances comparable to their 
thickness. However the thickness varied considerably over distances of 1 mm 
or more. Cracks running parallel to the surface can be clearly seen. 

Most of the features described above are consistent with the Zircaloy 
oxidation literature. Surprisingly, it was found that the samples could be 
repeatedly quenched in water from 450°C without damaging the oxide layor. 

The measured oxidation time far each oxide thickness is shown in Figure 
II. The bands on the data represent the local variation in oxide thickness on 
each sample, mentioned above. The results indicate a linear growth of oxide 
thickness with time, as had been expected from the more comprehensive results 
of Urbanic [8]. He found that the transition from parabolic kinetics occurred 
at about 7 um at 700 C. His results were reported as weight gains, but if 
they are Converted to oxide thickness simply by multiplying by 0.7 vim/gnr2 

then they lie 602 higher than our results. This degree of discrepancy appears 
65 to be typical of the oxidation rate literature. 

3.4 Results of Reflooding Experiments 

3.4.1 Typical Results 

Figure 13 shows results from one of the reflooding experiments. In the 
upper graph, temperatures at several heights on the test section are shown 
varying with time. The lower graph shows the position of the quench front 
which advanced up the test section, and also the collapsed liquid level in 
the test section, deduced from pressure measurements. It is noticeable that 
the collapsed liquid level stopped rising after about 115 s. Until shortly 
before this time, the water arriving at the quench front had been subcooled. 
Once the water became saturated, sufficient steam was generated below the quench 
front to entrain nearly all the water, and little further water accumulated in 
the test section. A corresponding change in the flow regime above the quench 
front, from inverted annular to dispersed flow, is believed to have accompanied 
this change. One effect of this was to slow down the quench front, as clearly 
shown in Figure 13. In the following paragraphs we distinguish between the 
initial 'liquid level rising' phase of the transient, and the subsequent 'liquid 
level constant' phase. 

3.4.2 Quench Front Speed 

Figure 14 shows how increasing the oxide thickness affected the quench 
front speed. In this Figure, the quench front speeds measured at particular 
conditions (flow rate, pressure, subcooling and axial position) and various 
oxide thicknesses, have been normalised by the corresponding speed measured at 
1 vim thickness. It can be seen that while the liquid level was rising the 
speed increased by 10% (on average) as the oxide thickness increased from 1 to 
25 urn and then fell back as the thickness increased further to 75 »im. 
Oxidation had a greater effect once the liquid level became constant, 
increasing the quench front speed by an average of 40% as the thickness rose 
to 75 urn. The quench front speed did not rise uniformly with oxide thickness 
in either case, probably because of significant spalling which occurred during 
and after the 25 urn test series. As a result of the spalling, some areas of 
the test section were covered in a thinner than average layer of oxide. 

The effect of oxide was relatively small compared with the effect of 
variations in the other experimental parameters (flow rate, for example) and 
this is the'reason for the scatter in the experimental results. 

The Zircaloy tube results were compared with previous REFLEX results 
from an Inconel tube of similar dimensions [61. Figure 15 confirms previous 
findings, that the speeds were approximately in inverse proportion to the 
thermal capacities of the two tubes, 2.18 in this case. This was true of 
both phases of the transient. 

3.4.3 Apparent Rewetting Temperature 

Finally we look briefly at the measured rewetting temperatures. 
These were determined conventionally by noting the temperature at the knee of 
each temperature-time curve just before quenching occurred. This temperature 
is generally higher than the true rewetting temperature because of axial and 
radial temperature gradients in the tube wall and oxide layer. Figure 16 
shows the effect of oxide thickness on the apparent rewetting temperature. 



When the liquid level was rising, the rewetting temperature increased with 
oxide thickness by as much as 90 K at 75 vim. A similar increase was 
reported by Dhir et al [5] who attributed it to an increase in the wettability 
of the surface. However as Figure 16 shows, the increase is also consistent 
with the difference in thermal effusivity between Zircaloy and Zircaloy 
oxide [9J. In other words the surface of the oxide layer may have been able 
to cool to the rewetting temperature while the bulk, measured", wall temperature 
remained higher. 

It is noted that the experimental apparent rewetting temperatures increased 
with pressure and flow rate. This was responsible for the range of temperature 
at each oxide thickness. The homogeneous nucleation temperature theory [9] 
does not account for this, but an instability model, though not strictly applicable 
to the vertical tube geometry, does show an appropriate sensitivity to pressure. 

The lower graph in Figure 16 shows that once the liquid level became 
constant, the apparent rewetting temperature became insensitive to the oxide 
thickness. 

3.4.4. Connection between Quench Front Speed and Apparent Rewetting Temperature 

It is interesting that while the liquid level was rising, oxidation 
increased the apparent rewetting temperature without very much change in 
the quench front speed. In contrast, when the liquid level was constant the 
quench front speed increased but the apparent rewetting temperature remained 
constant. This can be explained by considering the way in which the wall 
temperature is brought down to the true rewetting temperature. 

At a station about to be quenched while the liquid level was still 
rising, the rate of heat transfer to the coolant comfortably exceeded the rate 
of heat generation in the wall. The wall cooled as a result and the quench 
occurred when the surface temperature reached the true rewetting temperature. 
The corresponding apparent rewetting temperature was higher, and increases with 
oxide thickness because of the thermal behaviour of the oxide film described 
above. However this had no effect on the quench front speed because the quench 
time of each station was altered in the same way. 

The situation later in the transient, at a station quenched after the 
liquid level had stopped rising, was different. Now the heat transfer to the 
coolant was only just sufficient to remove the heat generated in the wall. 
This determined the wall temperature ahead of the quench front and thus the 
apparent rewetting tempetarure, which was therefore insensitive to the oxide 
thickness. Eventually the quench front approached and, with the aid of 
axial conduction, the surface temperature fell to the true rewetting temperature. 
The thermal resistance of the oxide layer made it easier for the surface 
temperature to fall, and reduced the quantity of heat which had to be transported 
by axial conduction. This allowed the quench front speed to increase. 

3.5 Conclusions on Zircaloy Rewetting 

The effect of an oxide layer on the propagation of a quench front up a 
hot Zircaloy tube has been investigated systematically. The range of conditions 
covered was appropriate to a PWR large LOCA. 

Two phases of the reflood transient were distinguished: an early phase 
while the collapsed liquid level rose in the test section, and a later phase 
occurring after the coolant reached saturation, during which the collapsed level 
remained constant. 

Oxidation had a small effect on the quench front speed, compared with the 
effect of other variables such as flooding rate and pressure. It increased 
the quench front speed by up to 4055 at the highest oxide thickness (75um) while 
the liquid level was constant but had a lesser effect when the level was 
rising. 

Comparison with earlier Inconel tube experiments confirmed previous findings that 
Zircaloy rewets approximately twice as fast as Inconel does under the same 
conditions. 

The apparent rewetting temperature increased with oxide thickness while 
the liquid level was rising, but not once the level became constant. This is 
believed to be consistent with the change in flow regime which accompanies the 
change to constant liquid level. 

It is anticipated that the full results will be published by the UKAEA 
[10] and by the European Community in due course. 
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TABLE 1 CEC - COST SHARING RESEARCH PROGRAMME ON THE SAFETY OF LWR (Area A - LOCA/ECCS) 
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Number Contractor Project Title Start Completion 

1A Central Electricity 
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Berkeley Nuclear Laboratories. 

Studies on the effects of blockages upon LWR 
Emerency Core Cooling Systems. 

01/10/80 30/04/83 

2A-1 United Kingdom Atomic 
Energy Authority, 
AEE, Winfrith Heath. 

A study of rewetting propagation over zircaloy 
under bottom flooding conditions. 

01/06/81 28/02/83 

2 A-2 United Kingdom Atomic 
Energy Authority, 
AEE, Winfrith Heath. 

An experimental investigation of the effect of 
clad ballooning on the effectiveness of PWR 
emergency core cooling. 

01/07/82 31/12/83 

3A Commissariat a L'Energie 
Atomique, 
CEN - Grenoble. 

Study of two-dimensional effects in the core of 
a light water reactor during the ECC phase 
following a loss of coolant. 

01/04/80 01/04/84 

4A Universität Hannover, 
Institut für 
Verfahrenstechnik. 

Fluid dynamic effects in the fuel element top 
nozzle area during refilling and reflooding. 

01/03/80 31/12/83 

5A Comitato Nazionale per 
L'Energia Nucleare 
Societa Progettazione 
Reattori Nucleari. 

Out-of-pile ballooning and bursting tests on 
zircaloy cladding rods with direct and indirect 
heating. 

01/01/81 31/12/83 

6A Ri s0 National Laboratories « 
Department of Reactor 
Technology. 

Study of rewetting and quench phenomena by 
single pin out-of-pile experiments, with 
special emphasis on the effect of pin 
composition. 

01/01/81 31/12/83 

7A Netherlands Energy 
Research Foundation ECN, 
Department of Technology. 

Heat transfer to a dispersed two-phase flow 
and detailed quench front velocity research. 

01/01/80 31/12/83 
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