Chapter 8 - Technology of Accident Analysis
Introduction

The previous Chapter summarized the safety issues, accident by accident, for a CANDU. This chapter
describes the underlying science of accident behaviour. As with other engineering disciplines, the
objective of nuclear engineering is to operate the plant as economicaly as possible consstent with
public and worker safety and environmentd protection. Since nuclear plants are capita-intensive, and
the fue is chegp, this means that there is a Strong incentive to extract the maximum power from agiven
plant. Thisleadsto the usua tradeoff of large margins and smple andysis, versus smdler (but adequate)
margins and sophidticated andys's; given the cost of anuclear plant, the second route aways wins out
and drives an increasing sophigtication in accident andlyss tools and methodology. The same tradeoff
and resolution is true of course of al other fields of engineering - e.g., aeroplane design.

In the early days of CANDU, for NPD and Douglas Point, the accident andysis was done by hand.
Digitd computers had barely made an impact on engineering, and as aresult both performance and
safety margins were (had to be) large, partly because of lack of experience and partly because of the
amplifications which had to be made in order to do the caculations. The mgor areas of sub-
optimization were in low fud ratings, sub-cooled primary circuit conditions, low primary-side pressure
etc. Nowadays amost no accidents are predicted usng hand calculations - the physica models used in
accidents have become far more detailed and are embedded in complex transient computer codes.

Tolig dl these codes and consider them as black boxesis not very useful. So in this Chapter we shall
describe the basic science underlying each sefety-related discipline, and present in smplified form the
types of models used. We borrow heavily from notesby D. Mendley, J.T. Rogers and W. Garland.

We shdl not derive each modd from first principles, having neither time nor space. The reader is
referred to numerous textbooks for basic derivations. The purpose of the Chapter is therefore to
highlight briefly the key physical models used in safety analysis so thet the reader will recognize themiin
examining atopic in more depth.

Reactor Physics

We have dready covered point kinetics in Chapter 3. Recall the basic kinetics equations:

Chapter 8 - Technology of Accident Analysiswpd Rev. 4
February 19, 2006 20:52:24 vgsiwg



dN;. (t - L
dft():k¥(r| DN wedic
p i=1

ac N |
dt (L)

Unfortunately CANDUS cannot be considered point reactors. Strong spatia effects result from flux tilts
(especidly for large LOCA, if only haf the coreisvoided - asin CANDU 6), insartion of shutoff rods
from the top of the reactor, etc. Thusin practice one must use three dimensiond diffusion equationsin
conjunction with the point kinetics'. The diffusion model tracks the neutrons as a flow through a
medium, subject to scattering, absorption, and leskage. The basic diffusion equation is one of
continuity. Condder avolume V. Thetimerate of change of neutrons within volume V must be equd to
the rate at which they are produced within V minus the rate at which they are absorbed or escape from
V. Thusif n(r, t) isthe neutron dengity a (three-dimengiond) point r and timet, then the continuity
equetion for V is

%(‘)n(r ,1)dV =production- absorption - leakage
\"

Let §(r,t) be the number of neutrons emitted per unit volume per unit time by sources at the point r and
timet. Thisisthe source distribution
function. Thus

production= Qp(r,t)dV
\4

Surface dA
Neutrons
Likewise the absorption rate is the product
of theflux 6(r,t) and the absorption cross
section Q(r) integrated over V:
absorption = (S ,(r )f (r,t)dV n
\
Finally the leskage component can be Neutron Current J
derived by defining the neutron current Density =

density vector J(r,t) which messuresthe

net flow of neutronsin iven direction. i .
avy Figure 8-1 - Neutron Current Density
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Let the vector n be aunit norma vector pointing outward from the surface A bounding V. The leakage

ratefrom V isthen:

leakage = ()J(r,t)- ndA
A

Transforming this last equation from a surface to avolume integrd, the continuity equation becomes.

i(‘)n(r,t)dV = Os(r,t)aVv - S, (Nf (r,Hav - N - I(r,t)av
d.tV \Y \Y \Y

Since these are dl over the same volume, we can remove the integral to get a point form of the

equation of continuity:

in(r,t) _
Mt

= s(r,t)- S_(r)f (r,t)- N - J(r,t)

Fick’s law gatesthat the current density vector is proportional to the negative gradient of the

flux. The proportionality constant is called
the diffusion coefficient, D. Thus

J=-DKNf

The continuity equation, for uniform sysems
with asingle neutron velocity v (so that
0=nv), becomes the neutron diffusion
equation:

DN% - Sf +s= 110

v (it
Trangent neutron diffuson, pluskinetics, is
the bass of many of the physics codes used
in accident analyss. These equations are
solved with spatid finite differences
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methods, with the reactor core broken up into many nodes, in each of which the diffuson equation is
gpplied at each time step.

For aLOCA, for example, time-dependent cross sections representing the coolant voiding transient,
fuel temperature trandent, reactor control system action, and shutoff rod movement are the driving
functionsfor the trangent in the flux. The average power transent for the reactor is extracted from the
cdculation, dong with peaking factors for the hot channd, hot bundle and the hot ement in the loop
being andyzed. The system reectivity as afunction of importance-weighted® void fraction isaso
caculated. These data are used as input to a system thermohydraulics code. This code caculates the
disgtribution of coolant void as afunction of time from the pipe bresak, for each pass of the coolant loop.
The importance-weighted average void fraction calculated by the thermohydraulics code is combined
with the pre-calculated reactivity function, and the cycleis iterated as necessary. Nowadays the
thermohydraulics code and the physics code can be combined into one calculation so that manua
iteration is not necessary.

Our modd is gtill missng some information. We indicated in Chapter 5 that shutting down a reactor was
not sufficient to remove dl safety concerns. the decay heat must be removed. This heet comes from the
radioactive decay of fisson fragments, and obvioudly cannot be controlled. In principle it can be
cdculated from the power history: the composition of fisson products can be predicted at any time,
their haf-lives and decay chains are known, so that:

P,(t) =2 n(VE

where:
P4(t) isthe power produced by al decaying fisson products at timet
n;(t) isthe number of atoms decaying per unit time of fisson product i a timet
E; isthe average energy produced by the decay of each atom of fisson product i.

Thisis more complex than it sesems, because n;(t) will depend on theirradiation history, each fisson
product may have more than one decay chain (with different energies), and there are many fisson
products. In practice such afundamenta calculation is done as a reference assuming arapid shutdown
after equilibrium operation. In most cases, the evolution of the accident (snceit is short) does not
materidly change the decay power, so that the fundamenta calculation isfitted with a series of

2Voiding in a high-flux region has more effect on neutron kinetics than voiding in alow-flux
region, since the former case changes the speed and absorption of more neutrons. Hence local void is
weighted by the loca flux in order to get the core-wide effect..
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exponentias, and thefit is added to the fisson power predicted by the physics codes. In exceptiona
cases, such as an accident occurring during power manoeuvring, thiswill not be very accurate - but as
with any andyds, an upper bound can be assumed (e.g., assuming the decay power gppropriate to
prolonged steady-state operation at the maximum operating power leve prior to the accident). Such a
tradeoff between smplified assumptions which give a conservative bound to an answer, and more
redlistic assumptions which require more sophigticated andysis tools, is very common in safety andysis.
Since safety andyssresources, like dl other resources, are finite, part of the art of safety anadlyssisin
judging when to use bounding assumptions, and when to use redistic complex models. The difficulty is,
of course, that bounding models may lead to unnecessary restrictions on operation.

Fuel

Reactor fue varies widely among different reactor types - for example many research reactors till use
uranium metal fuel plates. Most water-cooled power reactors have solid UO, fue pins (UO, is chosen
because of its corroson resstance at high temperature in water) surrounded by metal shesths (clad)
which contain any gaseous fisson products released from the UO,. We shdll thus restrict the discusson
to uranium oxide fud.

The key safety parameters reated to fud are:

. fud sheath integrity

. fisson product inventory in (and release from) the fue, and
. fud temperature

Prediction of fud temperature in CANDU isimportant because it drives sheath temperature, and hence
sheath integrity; because limited fue mdting can lead directly to fuel shegth fallure; and extensve
melting can lead to pressure-tube fallure. Also release of fisson products from the fuel increases with
fud temperature. Findly thereis areactivity feedback from fuel temperature, which is not very large nor
important in CANDU (but much more important (and much larger) in LWRS).

During norma operating conditions, al fisson products are formed within the fud grains, they are
trapped there (with the exception of afew which recail directly into inter-grain and gas gaps) until they
are rdleased from the grains by diffusion. The volatile fisson products which are released form agas
mixture indde the fuel sheeth. It is useful to categorize fisson productsinto three groups: (a) bound
inventory, (b) grain boundary inventory, and (c) gap inventory (recal Chapter 1).

The gap inventory includes the fisson product gases in the pellet dishes, in the pdlet/clad ggp and in the
sheeth end cap. If the fud shegth falls, the gap inventory escapes quickly, the grain boundary inventory
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much more dowly, and the bound inventory even more dowly. At reatively low fud temperaturesthe
diffuson processes are very dow, S0 that dmost dl isotopes remain in the grains. (An exception to this
occurs when uranium dioxide is exposed to air & moderate temperatures, in this case oxidation to
higher Sates takes place and the grain structure is destroyed.. Much of the fisson products are then
released. Such a circumstance could occur after failure of an end-fitting and gection of the channe
contents into the reactor vault). As temperature and fuel burnup increase the amount of fisson gasin the
gap increases, to amaximum of about 10% for typicad CANDU operating conditions.

At any given burnup, alarger fraction of the fisson product gases is released near the center of the
pellet, where the temperature is highest. All volatile fission products tend to migrate down the
temperature gradient toward the outsde of the pellet. Their diffuson is asssted by the fact that the
pellet cracks under the influence of temperature gradient; this cracking increases with fuel burnup and
center temperature. At high burnup (and relaively low initid sntered fud dendty) a hole develops at the
center of the fudl pellet.

In summary:

(& at low burnup or temperature, nearly dl fisson products are trgpped in fuel grains,
(b) fission products trapped at grain boundaries increases with temperature and burnup,
(¢) the gas gap inventory increases steadily with fuel temperature and burn-up.

Fud Element Temperatures
Heat conduction in one dimension is given by the equatior?

dT
Q=- kA&

where Q isthe rate of heat transfer; A isthe areathrough which hest is transferred; dT/dx isthe
temperature gradient; k isthe thermd conductivity. In terms of heet flux, g=Q/A,

dT
--k&

Generdizing to three dimensons, and assuming energy is being produced in the medium at avolumetric
rate H,

(Rate of change of interna energy) = (rate of energy release into medium) - (rate of energy loss from
6
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conduction)
or

rcEz H+ kN 2T
qt

where fi isthe dengity and c is the specific heat.

Consider one-dimensiond steady-state heat conduction in acylindrica fue pin (Figure 8-3). In
cylindrical co-ordinates,

d*T 1dT_ H

+ = = -
dr® rdr Ke

where kr isthe fud therma conductivity. Integrating, -z -
F ty. Integrating if _T_ _D'\—)

Hr?
T(r)=T0)- ——
Ak
giving the typical parabolic radid distribution of .
temperatures within an oxide fud dement as shownin _ T
Figure 8-3. We can apply the same method to the
temperature drop AT across the sheath (for which the . . R
internally generated hest H=0): “-—+-—;*i:|ﬁ —
Figure 8-3 Fuel Temperature Didtribution

T‘ DiresLlion of
aoalanl
Tloaw

Ha’log[(a + b)/a]

DTe=Ty- Te = o
S

wheretheindicesi and o refer to the inner and outer surfaces of the sheath respectively. It would be
tempting to conclude that the temperature drop from fuel centreline to the outer part of the sheath isjust
AT: +AT . Not so - the gap between fuel and sheath (not shown in Figure 8-3) provides a further
therma resistance, so we can write:

q = hg(TF ) TS)

where h, isthe gap heet transfer coefficient, determined from experiment.
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The relationship between sheath and coolant temperature can be again derived from:
q-= h(T33 ) Tc)

where q isthe heet flux per unit areato the coolant; T is the coolant temperature; h isthe convective
heat transfer coefficient. At steady State, al the heat produced in the fud istransferred to the coolant,
0 that for alength of dement R,

_ Hpa*
9% 20 (a+ )
so that

Ha?

To- Ty=
¢ ™7 oh(a+h)

Typicd vduesin CANDU fud are:

ke = 0.004 kW/m.°C
ks=0.017 kW/m.°C
h,=7-60 kW/m?.cC
a=6.07mm

b =0.42 mm.

Heat capacity does not enter the Steady-state equations, but isimportant in trangents. The values for
uranium dioxide and Zircaloy-4 are, respectively, 0.5 and 0.4 Jg-°C. The corresponding heats of
fuson are 27 and 42 Jg. Therdatively large value of ¢ and the high meting point (2840C) for UO,
represent important safety characteristics: typicaly one can dmost double the stored energy, relaive to
the norma operating point, insde UO, before it melts. Meta fuel, on the other hand, hasllittle heat
capacity and melts a alower temperature; but has much higher therma conductivity, typically ten times
larger than UO,,.

Gas Pressure I nside Sheath

CANDU fud hasa*“collgpsble’ fud sheath, which cregps down plagticaly onto the pellet during
irradiation due to the excess externd coolant pressure. The small enclosed gas soace in the element
results in ahigh sengtivity of gas pressure to fuel sheath geometry. A smdl amount of fill gasis added to

8
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this space on assembly, so asto achieve the proper sheath stress distribution during operation. As
burnup increases, the gas pressure causes the sheath once again to lift off the fud; the gap hest transfer
coefficient decreases because the sheath creeps away from the fuel pellet. This decrease leads to higher
peek fuel temperature, greater fisson gas release from the fud, and findly higher gas pressure. A new
equilibrium point is reached.

In accident andysis, fuel codes must have good models of the trangent behaviour of the gas gap, snce
it isthe driving force for sheeth drain.

Fud Behaviour in Accidents

During norma operation a CANDU 6 core contains 4560 fud bundles, each with its unique conditions
of location, burnup, and power level. On initiation of accident conditions each will behave differently
depending on these parameters and the specific circumstances of the accident sequence. The end
objective of in-core accident andyssisto estimate the quantity, characterigtics, and timing of fisson
products released to the containment space. Obvioudy, a number of gpproximations will be required to
obtain an estimate of thisrelease. To introduce this topic, consider the effects on fue of three abnormal
conditions which might be encountered during an accident; (a) overpower, (b) low coolant flow, and
(¢) loss of coolant.

Over power

Sheaths might fall dueto interna gas pressure or impingement of molten fud, if the overpower is severe.
The equation for the Steady-dtate power level a which centerline mdting begins can be derived from
the radia heat conduction equation above, setting

T(0)=T,4=2840C.

If a sudden power increase isimposed, S0 that thereis no time for additiond heet removd, the melting
point is reached when an amount of energy is added given by C(T - T) for alocd fud volume, where
Cr isthe heat capacity.

Experiments in pulsed test reactors have been conducted to determine the fuel stored energy levels
(when suddenly inserted) which lead to eement rupture; in genera, these are somewhat lower than
those required to produce gross mdting, especidly for highly irradiated fuel.

In severe overpower transents, the fue rod can be destroyed due to the formation of UO, vapour in
the centre of the fuel; the vapour pressure blows the eement gpart. This was origindly a concern for

9
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control rod gjection accidents T

in light-weter reactors, the Sinyle—ivs:
threshold for such breskup "

was established by the power
burgt tests mentioned above.
It islikely thet in Chernobyl 1ot —
the power pulse was sufficient
to vaporize part of the fud. It
is not relevant for design basis w -
accidentsin CANDU.
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Thisterm is used loosdly to
identify asudden dropin
sheeth to coolant heat transfer
coefficient which occurs when
a“critica heat flux” is exceeded. Figure 8-4 shows?® the characteristic shape of the convective heat
transfer curve for water as afunction of surface heet flux; this curve is drawn for saturated liquid
conditionsin the fluid. On dryout, the sheath surface temperature jumps suddenly to the value a which
the temperature change from sheeth to coolant is sufficient to transfer the heet under the new film bailing
flow regime. In water under the conditions of pressure, enthapy, and flow typicad of amodern PWR,
this temperature change can be very large - dryout is roughly equivaent, under these conditions, to
“shutting off” the heat transfer from fue to coolant, and is often called “burnout”. Recdling Figure 8-3,
with zero hesat transfer the temperature distribution adjusts rapidly to a constant vaue approximeately
equa to the average fud temperature before dryout. This average is about 1000C.

Baal fhux versms letperabure dHference e pool-bodllag heat Iegnedaer

Figure 8-4 - Bailing Curve

The effect of dryout is strongly dependent on the heeat transfer regime of the coolant. Figure 8-5 shows
the various regimes as functions of surface heet flux and thermodynamic qudity. This Figure represents
atube heated from the outside with flow on the inside. Occurrence of the Film Boiling regime indicates
adry sheath (wal) surface. The heat flux is assumed congtant along the tube.

Vigorous saturated nucleate boiling occurs as the average quality increases, thereby producing high
turbulence. As aresult the flow regime switches to annular, with aliquid film on the surface from which
evaporation takes place to the vapour core. On trangtion to film boiling the liquid is driven off the
surface, leaving alayer of vapour. The liquid droplets then travel in the vapour flow until they eventualy
evaporate due to heat transfer directly from the vapour. When the qudity reaches unity, heat transfer
continues to superheated vapour in single-phase flow. From our point of view, the most interesting
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Figure 8-5 - Flow Patterns in a Heated Channel

trangtion isthe oneto film boiling, because it is here that the fud sheeth temperature may increase
aboruptly.

Dryout in a CANDU channd is not the same asin a PWR. PWRs run highly subcooled, so that dryout®
occurs a low quaity (mass fraction of steam) and a low steam velocities - thus the clad temperature
rises rgpidly. Most CANDUS, however, are designed so that in norma operation thereisasmall
amount of bailing (typicaly <4% quality - note that the void fraction, obvioudy, is higher than the mass
fraction). Dryout in a CANDU channel therefore tends to occur when the void fraction is high, so that
thereis ahigh steam flow-rate which provides reasonable post-dryout hest transfer. Thisfact isvery
important to the setting of safety system trip margins - it meansthat it is rdaively unimportant if limited
dryout occurs somewhere in the core. Trip setpoints therefore can be set somewhat higher.

The progressive effects of sheath dryout via overpower are listed below: the timing, endpoint, and
eventua consequences of this sequence are strongly dependent on the details of the accident sequence
being anayzed.

Overpower:
. Dryout
. Shesth temperature rise

. Zircdoy anneding

®One can digtinguish Critical Heat Flux (CHF), which isthe onset of adry spot on the sheath,
from classica dryout, where the temperature takes a sharp jump

11

Chapter 8 - Technology of Accident Analysiswpd Rev. 4
February 19, 2006 20:52:24 vgsiwg



Oxidation embrittlement of sheath
Beryllium braze mdting and attack
on Zircdoy

Zirconium-water reaction
(exothermic)

Bundle collapse

Sheath mdlting

Fud mdting (extremdy unlikdy)
Pressure tube balloon or burst
Heat transfer to moderator

Low Coolant Flow

This type of accident is expected to occur
once or more in the plant lifetime. The
most common causeisa loss of forced
circulation, either dueto aloss of Class 1V
electrica power or dueto asingle pump
trip or seizure. In asingle channd, flow reduction could be due to debris in the channd, or to abreak in
the inlet feeder. Asin the overpower case, thereis a flow/power mismatch; that is, more power is being
produced in the fuel than can be removed by the coolant. The physica phenomenain the two cases are
quite smilar. Progressive effects of loss of flow are listed below.

Low Coolant Flow:

Largeincrease in exit qudity

Heat fimx
(averpower)
CHF
Heat flux
(narmal)
Quality

Distance alogis channel

Iet Ontlet
Figure 8-6 - CHF in CANDU Channdl

Heat Transport System overpressure (if the loss of flow is system-wide)

Dryout

Similar remaining sequence as for overpower

L oss of Coolant

This case has characterigtics smilar to both overpower and low coolant flow. Depending on the
location and Sze of the pipe break, low flow occurs in some subset of the coolant channelsin the core.
Loss of coolant resultsin a system low pressure, with resultant flashing of weter in the channels. The
increase in quality leads to dryout and fudl overhegting. The reactor power dso risesinitialy dueto the
positive coolant void reactivity.

Large Loss of Coolant:
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. Rapid decrease in loca saturation temperature

. Flashing (rapid boiling) proceeds upstream from channe exit

. Neutron overpower due to coolant voiding (terminated by shutdown)
. Same fuel sequence as for overpower plus effect of sheath dtrain

. Heat Transport
ystem pumps
avitate when
ressure is about
qua to saturation
ressure at the pump
let - flow drops

apidly

In some accidents channd
ehaviour under low flow
onditions becomes
mportant - eg. smal
OCA judt prior to trip; dl
OCAs under low flow
onditions once ECC has
itiated; and the intact HTS
op post-LOCA, after the

an HTS pumps are tripped.

ecause CANDU channels
re horizonta, under low
ow conditions, particularly
two-phase flow, it is
ossblefor the flow to
eparate into seam and
ater under the influence of
ravity, so that steam flows
ong the top of the channe

HORIZONTAL WERTICAL FIG I

W (-\'-'..'- ot o dIST, :nssrs REEDOR FOO
gj— -- i £ Low
K o LY -.:HJ'_-CK.

HWIST,QISPERSED OR FOE FLOW

HORIZONTAL & VERTICAL FLOW PATTERN SKETCHES

Figure 8-7 - Flow Regimes - from J.T. Rogers
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PRPQ@sSVTIS=2OEWIzgSOrm oo

nd water dong the bottom. This obvioudy affects cooling of the upper pinsin the fud bundle. The onset

of such flow stratification is determined ether from the fundamenta two-fluid codes or more usudly
using empirica corrdations. Figure 8-7 (from JT. Rogers) shows examples of dratification dong with
more complex flow regimesin horizontad and vertica pipes. A smilar Stuation obtains in the horizontd

headers, dthough the flow regime is much more complex.
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Fud behaviour is more complex for aLOCA since the coolant pressure is decreasing. Since the fud is
generdly heating up, this increases the gas pressure insde the sheeth relaive to the coolant pressure,
and can force the shegth to strain. A uniform dtrain of at least 5% will not lead to sheeth failure;
however greater strains can lead to locd ingability, ballooning, and fallure (these phenomena are less
likely in CANDU because it takes very little sheath strain to relieve the gas pressure). The drain-rate
equations are complex functions of materia composition, materid Sate, temperature, irradiaion, and
transverse dress, and are determined from experiments. Typicdly their formisasfollows:

Define the transver se stress across the shegth as;

where: P isthe pressure differentia across the tube
r isthe tube radius
w isthe tube thickness

The drain rate is then expressed in terms Smilar to the following:

. _de _

6= - Ag e KT 4 Bg Ma /T
dt

where A, B, k, I, m, n are determined from experiment; and T is temperature.

Indl of these Stuations, the pressure tube can be overheated via conductive, convective, and radiative
heet trandfer from the hot fud. If the channd pressure is high, the pressure tube might burgt; in most
casssit will elther balloon or sag to contact the calandria tube and transfer heat to the moderator weter.
The equations for pressure-tube strain are, not surprisingly, smilar to those for sheath gtrain.

Heat Transport System

In brief, the behaviour of the heat transport system is predicted by solving the equations of mass, energy
and momentum conservation for non-equilibrium transent two-phase flow in a network in one-
dimengon. “Two-phass’ means that we consder sleam and water. “Non-equilibrium” means that the
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steam and water phases, even in the same location, can have different pressures, temperatures, and
flowrates. “Trangent” means obvioudy that we want the behaviour as afunction of time. Current
CANDU codes are one-dimensiond, athough sometimes phenomenologica two- or three-
dimensional modes are used for components such as headers. Thislimitation to one dimension isless of
aproblem for CANDUSs than it isfor LWRs, with their large pressure vessdl; thus 2D and 3D codes
have been developed for LWRs. “Network” means we modd pardld paths (e.g., fud channels, ECC)
and severa components connected together at the same point (e.g., a the headers).

Much effort in developing codes to modd the heat transport system lies in the following aress:

. equations of gtate for the various phases

. component models for steam generators, fuel channels, fuel, headers, secondary Sde, vaves,
pumps €tc.

. correations for pressure-drop, hesat transfer (including CHF), flow regimes

. efficent numerica solution schemes

. plant controllers

Mogt thermohydraulic Smulation codes for reactors breek the circuit up into nodes containing mass and
therefore energy, and links joining the nodes, characterized by flow, length, roughness, diameter etc.
Mass and energy conservation equations are written for the nodes, and the momentum equation is

Wk! Lk! Ak
~ fi, Dy, € EtC. ~
Mi!ni) Pi!eilQi) M]) nj!F)L e]yQJy
etc Link etc
Nade Nade

Figure 8-8 - Link/node structure of thermohydraulics codes

written for the links. We shdl show smplified examples here (one dimensiond flow in aleve pipe).

Thus the mass conservation equation for nodei is
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where W, are dl the mass flowsinto and out of nodei from linksk.

The conservation of momentum equation is gpplied to link k and is (ignoring gravity):

dw e ef, L o} 2
K ié(Pl_ PJ)' g K k+ - V\{< 20
dt ~ Lg D, 8295 A’}

wherefor thelink:

Wisthemassflow in link k (in the picture, between nodesi and j)
Aistheflow area

P isthe pressure in the nodes connected to the link

L isthelength

D isthe hydraulic diameter

(fL/D + k) isthefriction factor

Thefirgt termis just Newton's law gpplied to afluid to which a pressure difference is gpplied; the
second term isthe loss due to friction. Terms for pumps and gravity can be added.

The conservation of energy is gpplied to each nodei asfollows:

av; _

dt é- Wn in - é- Wcuecu + Qi

where: U, istheinternd energy of nodei
Q; isthe heat generated in node i

The summations are the rates of energies coming into and out of nodei due to mass transfer.
These three equations are gpplied to each phase. There are four unknowns, e.g., mass, momentum,

temperature and pressure. The fourth equation needed is the equation of statefor each fluid, typicaly
in the form of
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r=1(P,T)
In safety analysis codes, the equation of Sateis used in the form of massve detailed tables of water and
steam properties, or fitted by correlations.

Fuel Channedls

When we look at behaviour of fue channds in accidents, we emphasize three basic disciplines. heet
transfer, stress-strain behaviour, and hydrogen chemistry.

Heat transfer

Heet can be transferred from the fluid to the pressure tube by conduction and convection; and from the
fud to the pressure tube by conduction (if it sags into contact with the pressure tube). At high
temperatures, the fuel can transfer heet to the pressure tube by radiation, characterized by the Stefan-
Boltzmann law,

£ es (1 1)
where g isthe emissvity
T istemperature in degrees Kelvin
6 isthe Stefan-Boltzman constant (1.36 x10* kilo-calories per metre?-second-K )*
the subscript f refersto fue and PT to pressure-tube

A smilar equation would gpply to radiation from the pressure-tube and from the steam itsdf, athough
these tend to be small.

In practice radiation becomes important at sheath temperatures around 800C or more and is about
equd to the decay power in the fuel around 1200-1400C. Also in practice the hard part is working out
the geometry: computer codes break the complex fuel bundle and pressure-tube into smaller pieces,
cdculate the “view factor” (how much of the pressure tube or neighbouring fuel e ement each piece can
“sed”) for each piece; and calculate the radiation heat transfer piece by piece.

Heat can d 0 be transferred from the calandria tube to the moderator, which is significant after
pressure-tube contact (see below). The heat transfer characteristics follow a pool boiling curve, smilar
in concept to Figure 8-4. Limited patches of film boiling can be tolerated for short periods after contact;
lengthy or extensive dryout will lead to calandriatube falure.
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Strain

If the pressure tube heats up in excess of 800C or 0, it will start to plasticaly deform and/or sag until it
ether bursts or contacts the calandria tube. This has been discussed aready. Generdly at interna
pressures less than about 6 MPa the pressure tube will strain uniformly to contact the calandria tube; at
high pressures; it is more likely to rupture localy before contact.

Hydrogen
At high temperatures, Zircaoy oxidizes in steam to produce hesat and hydrogen:

Zr+2H,0p ZrO,+ 2H, + heat

Thisisaquadruple threst:

. the hydrogen collects in containment (Significant amounts of hydrogen can only be produced by
aLOCA with ECC falure®) and can, in the right circumstances, become flammable;

. the heat generated by the chemica reaction increases fud and pressure tube temperatures,

. the presence of a non-condensible gas in large quantities can impede ECC water, if the
operator triesto recover from an impairment of ECC by injecting water, late”; and

. the formation of oxide embrittles the sheaths and pressure tubes so that they may shatter if ECC
is eventualy restored.

Correlations of the reaction rate of steam and Zircaloy therefore form an essentia part of fuel channd
codes.

The reaction rate becomes autocatalytic around 1400-1500C - that is, the hesat it generates keeps the
chemica reaction going with no further heet input, much like afire. In US reactors, thisisamaor
concern: the fud dements are close together, so there is no place for the hest to radiate to. Thus US
regulatory practice sets a grict limit on sheeth temperature in a design basis accident - namely 1200C -
chosen s0 that thereis little possibility of an autocataytic reaction. In CANDU, the presence of the cold

“(Footnotes are for caveats): Hydrogen can aso be produced dowly in the long term by
radiolysis (radiolytic decomposition) of ECC water asit circulates through the core.

4This was the fear behind the ‘ gas bubble’ within the reactor vessdl during the Three Mile
Idand accident. The hydrogen which escaped to containment formed a flammable mixture of 9%
hydrogen and did indeed burn without serious consequences.
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pressure tube less than a few centimetres from each fuel € ement moderates the reaction; embrittlement
is gtill aconcern but the regulatory practice permits caculation of actua oxidation rates and thicknesses,
rather than setting a criterion based on temperature done,

M oder ator

The safety issue with the moderator isto predict the trangent loca water temperature a each point.
The objective is to show that the loca moderator subcooling at any location where the pressure-tube
contacts the cdandria tube in an accident is sufficient to prevent prolonged film bailing on the outside of
the cdandria tube. The physica problem is therefore solution of three-dimensiond fluid flow with heat
addition in a porous medium - the medium is not continuous because of the presence of fud channds,
reactivity devices, etc. The mass, momentum and energy equations described above are therefore
generdized to three dimensons. Experimentd validation is of course amust, because of the complex
geometry.

Moderator chemistry is another area of interest. In norma operation, the moderator contains dissolved
deuterium gas and oxygen gas from the radiolyss of heavy water®. Gases which come out of solution
are normally recombined in the gas steam taken from the cover gas space above the moderator leve;
however chemistry upsets can cause the gases to come out of solution quickly with the potentia for
burning or exploding (if thereis an ignition source, which normaly thereis not). Thisis of particular
interest when the cover gasis open for maintenance since then there can be ignition sources.

In addition the gadolinium nitrate used in Shutdown System #2 can precipitate if the chemistry becomes
unfavourable.

Both such events have actudly occurred, without any plant damage.
Containment

Asfar asfundamental equations are concerned, containment behaviour is governed by the same physics
as the hesat trangport system, with afew complications:

¢ 2D, O+ radiation« 2D, + O,
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1 the containment volume is usualy compartmentaized and the flow within the larger
compartmentsis three-dimensond;

2. there are anumber of different fluids coexigting: ar (norma contents of containment), seam and
water from a pipe bresk, and hydrogen if the sheaths are heavily oxidized;

3. hest is added by the steam and hot water, and aso by the radioactive decay of any fission
products carried into the containment atmosphere by the discharging fluid; heet is removed by
dousing (water sprays), condensation on containment and equipment surfaces, and by
containment air coolers

4, the pressure can dso be influenced by: use of the vacuum building (in multi-unit plants), leskage
from containment through cracks, and by ddliberate venting through filters.

Containment codes usualy have sub-modes for each of these phenomena

Many containment codes a0 track the movement of fisson products along with the other fluids.

Fisson products can exist as

1. noble gases, which interact very little with water or surfaces;

2. tritium oxide (specificaly the mixed oxide DTO), from the coolant or moderator. Obvioudy
tritium oxide behaves smilarly to ssleam and/or water, from the break or legk. It will leak
through cracks but is far more likely to remain in the building in pools or on wet surfaces,

3. iodine, caesum, strontium, etc. which interact strongly with water (dissolve) and tend to plate
out on surfaces,

4, actinides such as plutonium. These are rleased from the fud in quantity only if the coreis
massively destroyed.

Generdly iodine-131 is the Sgnificant radioisotope of concern because of its short haf-life (8.1 days),
high-energy gamma emission, and &bility to get into the food chain through the following route:

- released from containment

- deposits on grass

- eaten by cows

- excreted in milk

- drunk by people.
The externd (direct) dose from aimospheric release of iodine-131 can aso be significant.

Fortunately, aslong asthe pH of water ingde containment is high, iodine will stay dissolved init. Thisis
easy to design for: for example on concept developed by AECL proposed that bags of tri-sodium-
phosphate were to be stored in the reactor building basement; in an accident, they get flooded, the TSP
dissolves, and keeps the pH high.
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Figure 8-9 from D. Mendey summarizesthis discussion..

FIGURE 1.1 - Fission Product Behaviour under Accident Conditions
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Figure 8-9
Fission Products, Atmospheric Dispersion and Dose
Fisson Product Source Term

The fission product inventory in an operating reactor can be estimated as follows®. Suppose that the
reactor has been operating at apower of P MW. [f the recoverable energy per fisson istaken to be
200 Mev, the tota number of fissons occurring per second is

10%joule o fisions Mev

MWé&sec  200Mev 1 .60x10%'%joule 1)
" 3.13 x 10" P fissons/sec.

If the cumulative yidd of the i fission product (the yidd of the fission product itsdf plus the yidds of all
its short lived precursors) is & atoms per fisson, then the rate of production of this nuclideis
rate of production* 3.13x10'° P § atoms/sec. )

Fissonrate * P MW Xx

The activity at timet of that fisson product while in the core of the reactor is
4 " 3.13x101°P a(1&e&e't) disintegrations/sec. ©)

Expressed in Curies, thisis
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1Ci
3.7x10 1%dis./sec. )

&4 " 3.13x10'°P a(l&e&é't) disintegrations/sec. x

" 846 X10° P a{l&e&é't) Ci

(If you fed more at home in Becquerels, remember that 1 Bg = 2.7 x 10 Ci, and 1 TBq = 10'? Bq or
27 Ci. Soto get thisin TBq, divide by 27).

If the activity saturatesinthetime, t, that is, if & >>1, equation 5 reduces to
4 " 8.46x10° P4 Ci (5)

Figure 8-10 gives the inventories of the most important noble gases and iodine fisson products
computed for atypica 1000 MWe (PWR) plant at the end of afue cycle.

The amount of afission product available for release to the atmosphere can be estimated by
. N 2o
C, " 846 X10° F F,P al1ae®) i, (6)

where F, isthe fraction of the radio nuclide released from the fuel into the reactor containment and F, is
the fraction of thisthat remains airborne and capable of escaping from the building.
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Typicel core inventory of selected volatile figsion products in a
10060 MWe PWR at the and of a fuel cycle

Nuclide* Half-Tifet Figgion vieldt  Curies (X 1G%)

BEmy 44 h 0.0133 0.24
:Kr 10.76 ¥ 0.00285 £.0056
Kr 76 m (.0237 0.47
¥Kr 2.79 h 0.0364 0.68
5e 5.27 d 0.0671 1.7
€ 92 h 0.0673 34
| 304 d 0.0277 B85
b | 298 h 0.0413 1.2
133 20.B h 0.0676 1.7
| 523 m 0.0718 1.9
o | 674 0.063%9 1.6

*Superscript m refers to a nuclide in an isomeric state (see Section 2.8).
fm = minutes, h = hours, d = daya, y = years.

tCumulative yields in atoms par fission; equeal to yield of nuclide plua cumulative
vield of precurscr. Fram M. E. Meek and B. F. Rider, “Compilation of Fission Prod-
uct Yielde," General Electric Company report NEDO-12154, 1672

§From “Reactor Safety Study” WAEH 1400, 1976.

Figure 8-10

Atmospheric Dispersion

Condder areactor containment after an accident, in which the concentration of aparticular nuclideisC
Bg/m?. Assume alesk rate of V ¥/ sinto the aamosphere at a height h metres as shown in Figure 8-11
. Therdeaserate Q isgiven by:

Q " C(Bgm3 xV (m3s) " CV (Bys) 7

Thisrelease is dispersed into the surrounding area via the release plume. For a given westher condition
with wind velocity u and other data, a concentration of radioactivity at some distance and direction
from the source can be caculated from:

e[ 2)YY2Q f _ahuz?

| (3) 30 & ®)
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where:
+is the sector-averaged long-term concentration in Bg/m?® a distance x metres from the source,
and will be uniform through the sector
Qistherdeaserate in Bg/s from a source h metresin height
0, isthe verticd diffuson coefficient in metres
e isthe angle subtended by the sector [radians]
f isthe fraction of time the wind blows into the sector
U isthe mean wind velocity in m/s.

Thisisthe so-caled Gaussian digperson model.
Dose

The locd radiation leads to an externa dose (often called *cloud’ dose) due to the ambient radiation
level and an internd dose due to inhded species. By way of example, iodine production at McMaster
for usein medica applications generates Ar*!, which is a source of externa dose, and 1'%, whichisa
source of internal dose. In contrast to 1%, the &-ray from 1'% istoo soft to be much of an externd risk
since clothing and the outer dead layer of skin provides shielding. Inhaation, however, leads to direct
exposure to tissue. Thisis aggravated sinceiodine is readily absorbed by the body and concentratesin
the thyroid gland. Externd dose, then, isafunction of the time exposed to an ambient radition leve.
Internal doseisafunction of the radiation uptake and the resdence time in the body.

For the externa case using Ar*! as an example, 1 Bg/m?® gives adose of 2.3x10°° Sv/hr. Thus:

- Bq - S &10 Sv/hr hr
DOSe, g [SV/YT] [Q T) { HQ ﬁ'} { 2.3x10 .m.) (24x365 Tar') 9
A typicd dilution factor (/Q) is
4.5x10° /¥ at 200 metres :>
from ardease a aheight of 20 plume
metres, which gives a dose of

9.1x10*2 Q Sv/yr. A dose limit
of, say, 5 mSv/yr gives arelease
limit of .005/ 9.1x10"2 =
5.5x10° Boy/s. Equation 8 can < distance, x
then be used to infer alimit on

the permitted concentrationin ~ Figure 8-11 - Atmospheric Dispersion Parameters
the building.

reactor height, h

d:\teach\ep7xx\plume.flo
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For internal uptake of 1'%, 1 Bq leads to 2x10°® Sv. Thisis due to the integrated dose received, which
isafunction of the dose level (Bg/time) and the resdence time. The uptake rate is just the inhalation
(volume) rate which is roughly 3.8 m?/day for an infant. The doseisthus:

3
Dose ., [SV] (Q ﬁ] {+/Q .;.} [3.8 LA 365%.) {2)(10&6 ﬂ.)
S m3 day year Bq
" releaserate x dilution factor x volume rate x dose/uptake (10)
" local concentration  x volume rate x dose/uptake
" uptake x dose/uptake

Using the same diilution factor of (+/Q) = 4.5x10° gn?, theinternd doseis 1.248x108 Q Sv. Thusa
dose limit of 10uSv isrecaived for arelease of

10x1046Sy
By * " 801 B
Q [Bad 1.248x10%8Sv/(Bg/'s) ¥ (11)

Details can be found in Canadian Standards Association Standard CSA-N288.1.
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Exercises

1 Cdculate the average volumetric heat generation of the fud in a600MW CANDU at 100%
power. At what percentage power (assuming the same heat remova from the fue asin norma
operation) would the centre of the average pin melt?

2. Calculate the dose due to the release of 1000 Ci of Xenon-133 from a CANDU. Assumethe
releaseis a 20m.high, and the receptor is 1 km. distant. Consult CSA-N288.1 for any modds
you need; assume a ‘reasonable’ dispersion factor as above.

3. Calculate the dose due to the release of 1000 Ci of lodine-131 from a CANDU. Assume the
releaseis a 20m.high, and the receptor is 1 km. distant. Consult CSA-N288.1 for any modds
you need; assume a ‘reasonable’ dispersion factor as above.

4, How many grams does 1000 Ci of iodine-131 represent? (Hint: remember the half-life).

5. Cdculate: (a) the amount of hydrogen produced by oxidation of 25% of the Zircaoy in the
sheathsin a CANDU (thisisnot untypical of a severe accident such asaLOCA + LOECC);
(b) the amount of energy released (you will need to look up the heet of reaction). (C)Assume
this energy is released starting from 30 minutes after the accident and ending two hours
afterwards. Compare the energy to the decay heat produced in the same time. (d) Now assume
the hydrogen is trangported into containment and burns. Cd culate the energy produced by the
burn. (€) Assuming the containment is a cylinder 40m. high and 40m. in diameter, and that a
the time of the hydrogen burn it is filled with air and steam a a pressure of 15 pgg and a
temperature of 120C, caculate the increase in containment pressure (you will need to estimate
the mass of air and water in containment). (This exercise would make a good project)
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