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TIME STF.P AND MESH SIZE DEPENDENCIES IN THE HEAT CONDUCTION
SOLUTICN OF A SEMI-IMPLICIT, FINITE DIFFERENCE SCHEME FOR

TRANSIENT TWO-PHASE FLOW

R O'Mahoney

Summary

This report examines, and establishes the causes of, previously
identified time step and mesh size dependencies. These
dependencies were observed in the solution of a coupled system of
heat conduction and fluid flow equations as used in the
TRAC-PF1/ MODI computer code.

The TRAC-PF1/ MODI computer code employs a semi-implicit, finite ;

difference solution scheme to solve the differential equations :
'

describing heat transfer and two-phase fluid flows it is commonly
used to analyse loss-of-coolant accidents in Pressurised Water
Reactors.

The report shows that a significant time step size dependency can
arise in calculations'of the quenching of a previously unwetted
surface. The csuse of this dependency in shown to be the
explicit evalut un, and subsequent smoothing, of the term which
couples the heat .ransfer and fluid flow equations. An axial

-mesh size dependency--is also identified, but thic is very much
smaller than the time step size dependency.

The report concludes that the time step aize dependency
represents a potential limitation on the use of large time step
sizes for the types of calculation discussed. This' limitation
af f ects the -present TPAC-PF1/ MODI computer code and may similarly j

affect other semi-implicit finite difference codes that employ |

. It is likely to be.of greatest significance ;similar techniques. '

in codes where. multi-step techniques are used to allow the use of
'

large-time steps.

:

l

Safety and Engineering Science Division
Winfrith Technology Centre

July 1989
\
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1 , INTRODUCTION |

A previous study, (1), examined certain axial effects in the heat
conduction solution of the transient, two-phase flow computer
code TRAC-PF1/ MOD 1 [2]. Calculations which simulated the
quenching of the surface of a nuclear fuel rod were seen to have
time step size and, to a lesser extent, axial mesh size
dependencies. The purpose of the present paper is to examine and
explain these dependencies. Similar dependencies may well arise
in other computer codes which employ semi-implicit, finite
difference solution schemes,

l
section 2 of this paper gives a brief description of the

1TRAC-PF1/ MODI computer code. This section concentrates on the l

particular aspects of the code that are relevant to this study. I

Section_3 presents some results f rom the TRAC-PFl/ MODI
calculations which demonstrate the time step size and axial mesh ;

size dependencies.

In Section 4 a more detailed examination is made of the
individual terms that contribute to the heat conduction equation.
Various graphical surfaces are generated by over-plotting the
results from several successive time steps.

Finally, Section 5 presents the overall conclusions of this
study.

2 DESCRIPTION _OF TRAC-PFl/ MOD 1 ;

TRAC-PFl/ MOD 1 is used to perform analyses of Loss-of-Coolant
accidents and other transients in Pressurised Water Reactors
(PWE's). It is also used to analyse a wide range of related
thermal-hydraulic experiments.

The basic operation of the code is to solve the time-dependent
partial differential equations describing two-phase flow (water
and steam) and heat transfer, by finite difference methods. The
heat transfer. equations are treated by using a semi-implicit
differencing technique. The fluid dynamics equations are solved
for one-dimensional components, such as pipes, using a multistep
procedure that allows the material Courant condition to be
violated. For a three-dimensional component, cuch as the reactor
vessel,_a semi-implicit differencing scheme is used. The
combined finite-difference equations form a system of coupled,
non-linear equations. They are solved by a Newton iteration
procedure for.each time step.

One-aspect of;the-numerical scheme'that is relevant ti- the
subsequent discussion in this paper-relates to the coupling
betwen the heat transfer equations and the hydrodynamic
equations. Ene heat transfer equations might, for example,-be
used to model the two-dimensional heat conduction within a heated
cylindrical rod. The coupling with the hydrodynamics equations

AEEW - M 2590 1

. .-- -- . . - . -.. -. - - .-- - - - . . --



r.

'akes place via the surface heat transfer between the rod and thet

surrounding fluid. This surface heat transfer will be dependent
on t.he rod surface temperature and several of the fluid *s
prc4perties; it provides a surface boundary condition for the heat
conduction equation and contributes to the energy and mass
conservation equations for the fluid. The surface boundary
condition for the heat conduction equation, at time step (n+1),
is of the formt-

1

K = - h" (Tsu face - Tfluid) (1 )

the surface to fluid heat transfer contribution to the energy
equation, for time step (n+1), is of the forms-

= h" A (T 0rf ace - Tyluid) O I2 )Osurface s t
to fluid

The point of particular significance in this heat transfer
coupli g is that the surface heat transfer coefficient is
evaluated explicitly; it is calculated using rod and fluid
conditions from the previous time step. In later sections of
this paper it is shown that this explicit evaluation, taken
together with the smoothing that is applied to the heat transfer
coefficient, can significantly affect the calculated surface heat
transfer.

3 TRAC-PF1/ MOD 1 QUENCHING RESULTS

The calculations originally reported in [1] were hypothetical
simulations of a 1 m, vertical, length of nuclear fuel rod inside
a cylindrical pipe. The calculations were initialised with the
rod temperatures sufficiently high that the surface, for
elevations above the very bottom, could not be wetted. A
constant flow of water was introduced at th.e bottom of the pipe;
the resulting cooling and ultimate quenching of the rod surface
by tha fluid, was then calculated.

Some typical results from the TRAC-PF1/ MODI calculation are
presented in Figure 1. This Figure shows rod surface
temperatures, at five elevations, plotted against time, for four
separate calculations. The differences between the four
O'iculo415ns lie in the size of the smallest axial mesh used in
(Ps finite difference representation of the fuel rod. This mesh

separate from the mesh used to colve the_ fluid flow equations,-

ich _was _ unchanged._ It can been seen from Figuru 1 that there
,

s a wide variation in the times at which -he rod surface
temperature, for any particular elevation, quenches (ie falls
rapidly to the fluid saturation temperature). It is not
immediately apparent why changing the axial mesh s!ze should have
this effect.

A2EW . 2590 2
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'

The reason for wanti.'.g to change the axial mesh can best be
explained _by reference to Figure 2. This Figure shows axial
profiles of the rod surface temperature at successive times, for
une of the calculations represented in Figure 1. It can be seen
from Figure 2 that shortly after the start of the calculated i

transient a-sharp, or steep, temperatute gradient develops this
gradient, or quench _ front, effectively separates the hot
unquenched region from the cooler quenched region. As the
transient continues this quench front progress along the ad.
The reasor *or changing the axial mesh size in the original
TRAC-PF1/h;si calculation was to identify and examine the ef fects

"

it might have on the quench front progression.
,

The quench front region itself is typically only a few
millimstres wide. The TRAC-PFl/ MODI solution scheme attempts to
resolve this very - steep temperature gradient by inserting an
extra row of heat conduction mesh points, wherever the
temperature difference between adjacent surface nodes exceeds a

,

user-input value. This.value is typically 3*K for mesh points in
the vicinity of the quench front. In order to prevent an
excessively large number of mesh points being used the user also
specifies a lower bound on the axial mesh spacing that can have
an extra row of mesh points inserted. 1he four calculations
represented in Figure 1_used dif fering values of this lower
boundt the ef f ective minimum mesh sizes were 2. 5 mm, 0. 2 5 mm ,
0.1 mm _ and 0. 05 mm. Figure 1 shows that reducing the lower bound
causes the quench front to progress more quickly; it also causes
:the quenchiog to occur at slighly highez surface temperatures.

The semi-implicit nature of the heat conduction solution in
TRAC-PF1/ MOD 1 leads to additional complications in trying to e

understand'the apparent mesh size dependency.

TRAC-PFl/ MOD 1 uses a two-dimensional (r,z) cylindrical heat
conduction equation. Azimuthal symmetry is assumed. The
differential equation can be written as

BT . . . . 1 0 ST B BT
pc =q + - - ( rk -) + - ( k -) (3 )yBt- r Br Br Bz Bz ,

The finite difference form of equation (3), _ implemented in
TRAC-PF1/MODl, has implicit dif f erencing in the radial -(r)
direction and explicit dif f erencing in' the axial (z) direction.
The explicit differencing used for the axial term-in Equation (3 )
leads to a stability restriction on the maximum time step size-

,

-(atmax) for a particular minimum axial mesh size (azmin) . This
restriction is of the form--

at * AZ minmax

AEEW - M 2590 3
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Thus.-fer the four culculations represented in Fi gure 1, changing
the icwer bound on the mesh size has also changed the time step
size in the calculations. The effect of reducing the time step-

alone can be judged from Figure 3. This Fiqure shows results '

from three calculations; a large mesh size case, a small mesh
size case, and a case with o large mesh size but a time step
restricted to 0.3 millisecs. (0. 3 millisecs was the average time
step size of the small mesh size calculation). Figure 3 shows ,

that most of the effect seen in reducing the mesh size is in fact
due to the resultant reduction in time step. This time step ,

size, and to a-lesser extent mesh size, dependency is further
examined and explained in Section 4.

4 DETAILED EKAMINATION OF CONDUCTION TERMS
,

The previous section highlighted the fact that reducing the time
step size us'ed in the quenching calculations-had changed the
results. In particular, it had caused the rod surface to quench
at a faster rate and from a higher temperature. To a lesser
extent, reducing the axial mesh size had a similar ef fect. This
behaviour is now examined in more detail by considering the i

individual terms-of the heat conduction solution.
'

4.1 Finite Difference Equation

TRAC-PFl/ MODI solves a finite difference form of equation (3);
-

this is obtained by applying an integral method to an appropriate
differential volume. If the resulting finite difference equation
for each node is divided by pCp and by the node volume, then an
equation of the form:

TOTAL = GENERATION + RADIAL + AXIAL (3a)
_

'

(where each term is in *K/sec)
can be written for each node in turn. The heat generation occurs
internally within the rod so that for the surface nodes the
GENERATION term-in Equation (3a) will be zero. For the nodes af
interest in this section, io close to the quench front, the
automatic mesh refinement will cause all the node sizes to be
close to the minimum allowed.

,

4.2 Sur f ace-to-Fluid E f f ects

Plots presentad later in this section show the individual terms
of Equation (3a), for the surface nodes, drawn as a function of
the wall temperature. First, however, it is useful to examine

|
E one component of the RADI AL term, namely the surface heat

transfer between the rod and the coolant.
1

Figure 4 shows a plot of surface heat-transfer coefficient versus H

surface temperature. Results from the TRAC-PFl/ MODI calculation
with- a 0.25 mm minimum axial mesh are displayed as a sequence of
points, drawn as numbers. The results are taken from each
surface node for 11 consecutive time steps at approximately
20 seconds into the calculation. The fluid conditions will

L AEEW - M 2590 4 )
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normally onc_y change slightly during 11 tire steps so it is
1

reasonable to expect that the points representing heat transfer '

coefficient versus wall temperature will lie on a curve. In
Figure 4 the points labelled "1" are from time step 1 of the
sequence and so on. Points labelled "*" and "A" are for time
steps 10 and 11 respectively. The curve traced out by the points
labelled "1" to "A" is the effective heat transfer curve for this
particular calculation, at 20 seconds. Figure 4 also shows the
thecTetical heat transfer curve derived for the particular fluid
cor tions present in the TRAC-PFl/ MODI calculation. This curve
was alculated by evaluating the TRAC-PFl/ MOD 1 heat transfer
correlation separately, in a stand-alone manner, for the range of
surface temperatures of interest.

|

Figure 4 shows that once a surface node is cooled below
approximately 600*K its surface heat transfer coefficient

,

increases sharply. A theoretical maximum is shown to be reached I
at appoximately 470*K; this corresponds to the point of critical i
heat flux. However, the most striking feature of Figure 4 is the ;
fact that the achieved, or effective, heat transfer curve is |
significantly below the theoretical curve. Many values are ;

40-50% below the theoretical values and the critical heat flux F

temperature appears to be 20*K lower. These differences are
further highlighted in Figure 5 which shows the surface heat flux
values corresponding to the coefficients given in Ftgure 4.

4.2.1 Explicit Evaluation and Smoothing Effects

The differences observed between the effective and theoretical
heat transfer curves arise from two separate aspects of the
TRAC-PFl/ MODI solution scheme. Firstly the explicit evaluation
of the surface heat transfer coefficients; this means, for
example, at the surface temperature from the previous time step
is used to evaluate the new coefficient. Secondly. the smoothing
and limiting techniques applied to the calculated heat transfer
coefficient; 55% under-relaxation is used (55% old-time value + '

45% new-time value),- followed by the restriction that,
essentially, the resulting new value is no more than twice the

,

old-time value. These techniques are applied on a per-time stop
basis and not on a per-unit time basis; thus, for example, during
the rapid 1 crease in coefficient shown-in Figure 4 some time
step size d ,andency will occur.

t

The TRAC-PF1/ MOD 1 results shown in Figure 6 will allow these two
aspects of the colution scheme to be considered separately. The
results shown in Figure 6 are from a calculation in which the t

surface heat transfer smoothing and limiting have been removed.
|The theoretical heat transfer curve has been derived for the i

fluid conditions present at the end of the time step sequence. R

The-effect of the explicit ova.luation of the surface heat
transfer = coefficient can be clearly seen in Figure 6 for time

| ' steps 3 onwards (ie points numbered 3-9, * and A). For example,
| the point mark ed "4 " , at approximately 485'K, has a heat transfer
| _value _ corresponds to the theoretical curve evaluated at thethat

temperature of the point marked "3", close to 500*K. Similarly '

the point "5" value corresponds to the point "4" temperatures and

AEEW - M 2590 5-
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co on. (This correspendence does not work in Figuro 6 for the
pointe marked "3*, "2" and "1" because the f4uid conditions at
those time steps were slightly dif fe ant to those used to derive.

the theoretical curve). In other Wo.Js the surface terperature
T, is at time step (n+1), but the heat transfer coefficient h, is
at time step (n). This point is confirmed in the formulation of
equation (1) .

Figure 6 demonstrates that, in a region where the heat transfer
coefficient is changing rapidly, the explicit evaluation of the
coefficient can lead to a significant deviation of the effective,

heat transfer curve from the theoretical one. In Figure 4 the
deviation also includes the under-relaxation and limiting |

'effects; the difference between the effective and theoretical
heat transfer is greater, particularly with regard to the peak
value.

.

1

4.2.2 Time Step Site Ef f gj ts
I

The calculation for which results were presented in Figure 4 used )
time steps that were in the range of 5-10 milliseconds. Figur 7
shows results from an equivalent calculation in which the time
step was constrained to be no greater than 0.3 milliseconds. The
TRAC-PFl/ MODI calculated va)ues have been drawn every 24 time
steps, le every 7.2 milliseconds, as this corresponds to the
average time step size of the earlier calculation. Figure 7

-

shows that reducing the time step size has caused the effective >

heat transfer curve to follow closely the theoretical curve. '

Figure 8 shows the surface heat flux values corresponding to the
coefficients given in Figure 7. A comparison with Figure 5
emphasises the effect of reducing the time step size.

Clearly, reducing the time step size has led to an increase in-
the effective surface heat flux for surface temperatures between
approximately 450*K and 620'K. This is likely to be a

,

6

significant factor in explaining the time step size effect seen,

in Figure 2, for example. However, as the next subsection shows,
the presence of axial effects must also be taken into account.

4.3 Axial Conduction Ef f ects

In an attempt to isolate the se},arate contributions of the RADI AL
a nd AX Y AL terms of equation (3a) several TRAC-PFl/ MOD 1 '

calculations were carried out with the ASIAL term artificially-
- set to zero. This prevents ar.y axial conduction of heat within
the rod. The results, shown in Figure 9, _ure somewhat

- surprising. With the AX1AL term removed the calculations show
-virtually no sensitivity to either time step or axial mesh size.

Figure'lO shows the surface heat flux, plotted es a function of
surface-temperature, for the first'NO-AXIAL' conduction

-

calculation. The TRAC-PFl/ MOD 1 results'are-similar to those
shown in Figure 5 for the standard calculation; the effectiw.
heat flux curve is again significantly belev the theoretica)
curve.- Figure 11 shows the equivalent resutts from the NC-ial4L
conduction calculation with the time step restricted to
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O.3 milliseconds. The TRAC-PF1/ MOD 1 results now closely follow
the theoretical curve in a similar manner to the standard
calculation results presented in Figure G.

This shows that reducing the time step size in a calculation
without axial conduction causes the effective surface heat flux !

curve-to follow closely the theoretical curve. However, this
does not affect the overall quenching behaviour to any
significant effect. The time stop size effect seen in the
standard calculations must, therefore, depend on more than just
the chalge in the effective surface heat transfer.

4.4 Quench ' tont Profiles

In previous sections effective surface heat transfer curves ht"m |

been generated by over-plotting heat transfer values from a i
sequence or consecutive time steps. A similar technique can be '

used to generate a quench front profile of the individual terms
of equation (3a), for nodes at the rod surface.

4.4 1-Calculation With 0.25 mm Minimum Axial Mesh

Figure.12 shows the quench front profile at 20 seconds for the
standard TRAC-PF1/ MODI calculation with a 0.25 mm minimum axial |

mesh. Points labelled "A" represent the magnitude of the AXI AL
term of equation-(3a), points labelled _"R" represent the RADIAL
term and points labelled "T" represent the TOTAL term, le the
sum of the AXIAL and RADI AL term. For the sequence of 11 time
steps plotted in Figure 12 the points representing the separate
terms trace out an effective quench _ front profile.

The role of the AXIAL term can be readily seen.from Figure 12.
'At the high temperature end of the region the AXIV term is
negative ie tending to cool the rod surface. 7 ict for
temperatures above 550*K the AXI AL term maker imost all of
the TOTAL term. (The RADIAL term has positive values above
approximately 585'K because the heat being transferred from
inside the rod to-the surface exceeds that being-transferred from
the surface to the fluid). At the low temperature undLof the
region-the AXIAL term is positive le it is oppo.ing the cooling
rate generated by the larger negative RADIAL term. Thus, the
overall effect of the AXIAL term is to transfer heat from the
high_ temperature end to the low temperature end where the RADI AL
term, largely governed by the surf ace-to-fluid heat flux, is
large and negative.

In Figure 12 the magnitude of the TOTAL (BT/6t) term becomes
small,_ for temperatures above approximately 655*K. This
corresponds'to the temperature of the " knee" in'the temperature
versus: time plot for the 2,5 millimetre minimum mesh calculation,
shown in Figure 1. _ For- temperatures above -this value the rod
surface is cooled comparatively slowly. However, for
temperatures below this value the rate of temperature fall,

l increases very rapidly, until the surface is quenched. It can'be
-seen from Figure 12'that, at least for this calculation, the

AEEW - M 2590 7

, a,_ . . - - , _ _ _. _ _ _ _ _ _ _ . _ _ _ _ , _ . -.__&_-



..
___ _ _

temperature at which this knee occurs is gcverned by the oncet of
the large neansive AX1AL values.

The movement of the quench front region along the rod can
conveniently le characterised by the n cement alang the rod of
the knee in the temperature profile. " ,a actual terperature at
which the knee is maintained will be dependent on the details of
the heat onduction solution within the quench front region
itself. Figure 13 preser.ts an exploded view of thr AXIAL and
RADIAL terms taken from Figure 12 in the region of the knee. For
temperatures above 650*K it can be seen that the tc<IAL term is
essentially zero and the RADI AL term is negative (ie cooling the
surface) and increasing in magnitude with increasing surface
temperature. For temperatures below 660'K the RADIAL term
becomes negligible and the AXIAL term very rapidly becomes large
and negative. This large negative AXIAL term rapidly cools the
cladding surface and allows the quench front or temperature knee
to move forward.

4.4.2 Calculation With 0.(% mm Minimum Mesh and 0.3 ms Time S tep

Figure 14 presents the quench front prorile at 20 seconde for the
standard calculation with the reduced tire step size. Comparison
with Figure 12 shows that the magnitude of the peak negative
RADI AL term has increased significantly; this is in line with the
increased surface heat flux neen by comparing Figure B with
Figure 5. The magnitudes of the peak AX I AL t e r m s (positive at
low temperatures, negative at high temperaturen) have also
increased significantly, leading to increased magnitude TOTAL
term values. In particular, the increased magnitude negative
AXI AL terms at high temperatures have moved the temperature of
the knee up by approximatley 20*K. This is borne out by
cc- . ring the temperature versus time profiles shown in Figure 3.
An -xploded view of the AXIAL and RADI AL terms close to the knee
is given in Figure 15. Comparison with Figure 13 shows that the
RADI AL terms ahead of the knee, from the two calculations, lie
approximately on the same curve.

Figure 14 sh ows that with the reduced time step the magnitude of
the AX I A: ( and hence TOTAL ) term increases more rapidly, as the
surface temperature falls below the knee temperature, than for
the standard calculation shown in Figure 12. This is consistent
with the observed faster progression of the knee in the small
time step calculation.

Thus the observed time step size dependency appears to be related
to the increased magnitude AXI AL terms at high temperatures. Two
questions remain unresolved nowevert why are the AXI AL terms
increased in magnitude, and why does the calculation with no
axial conduction show no time step size dependency. These two
questior.3 are now addressed in turn.

4.4.3 AXIAL Tere Time Step Dependency

The significant increase in the AXITL term magnitude shown in3

Figure 14 could be due to two possible effects. Firstly, the
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large . increase- _ini the peak RADI AL term magnitude will have
changed the' axial tempurature profile in the qu e nch f r o.~.t region.
This is likely to change _ the AXI AL term values as they are,
essentially,-derived-from_the axial temperature profile.-

Secondly, reducing-the time step size may in itself have changed
the-AXIAL-term values as they are evaluated explicitly. To
resolve this issue'a calculation has been performed using the
reduced time step size but with the surf ace-to-fluid heat flux
modi fied. so that .it remains at the level shown in Figure 5 rather
that. the-increased' level shown in Figure 8. This was achieved by
reducingzthe critical heat flux value (CHF) used by TRAC-PF1/MODl-

L in evaluating the heat transfer coefficients.

Figure 16 shows the ef fective surface heat flux curve from this
new reduced-time step calculation. It iu in fact quite close-to
the effective curve presented in Figure 5 for the original
calculation. Figure 17 shows the quench front profile for the
n?w calculation at 20 seconds. Both the RADIAL and AXIAL term
cu ves sre very similar to the corresponding curves shown in
Figure 12 for the original ca'culation. Thus the AXIAL term
valres have no time step size dependency of their own (within
the time step range considered) but r a th e -- they reflect the time
step size dependency of the RADI AL term. This in turn reflects'

the time step size-dependency of the surf ace-to-fluid heat flux;
as previously shown this is due to the explicit heat transfer
evaluation and smoothing techniques inherent in the solution
scheme.

4.4.4 Calculations With No Axial Conduction

Figures 10 and 11 chowed the effective surface-to-fluid heat flux
curves for two calculations with no axial conduction. Reducing
the time step size to 0.3 milliseconds caused the ef fective curve
to follow the theoretical curve (Figure il ) but did not, however,
change the overall quenching behaviour (Figure 9).

Figure -18 shows the quench f ront profile for the large time step
calculation. As the AXI AL term is zero the-TOTAL term is simply
equal to the PADIAL term. The effective RADIAL term curve'in
Figure 18 is 71milar to the RADI AL term curve shown in Figure 12
-for-the-standard calculation. However, the -lack of an AXI AL term ;

means that the Tr..c term becomes small at a lower-temperature
than in Figure IM''it the temperature knee is maintained at a

j lower temperature. this is confirmed by the temperature versus
| time profilss shown in Figere 9. Figure 18 also shows that the

magnitude of the TOTAL term increases slightly less rapidly, as
the surface-temperature falls below the knee temperature, than
.for the - standard calculation. This is consistent with the slower ,

'

progression of the quench front in the calculation with nc axial
conduction.- Figure 19 shows an exploded view of the TOTAL term
in the region of the temperature knee. A comparison with the
standard calculation results, given in Figure 13, shows that the
RADIAL term values lie essentially on the same effective curve.
However, in the no axial conduction calculation the knee is
maintained at a lower temperature.

AEEW .M 2590 9
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7he quench front profile for the no axial conduction calculation
with the reduced time step size is presented in Figure 20. 'na e
peak magnitude of the RADI AL term has increased, compared to
Figure 18, in line f.th the increase in the surface-to-fluid-heat
flux shown in Figure 11. Ho we ve r , at the high temperature end of
the region the values are unchanged. This is further borne out
in t!.e exploded view shown in Figure 21.

Thus in a calculation with co axial conduction, although the peak
TOTAL. term magnitude is increased, the TOTAL term values at the
high temperature end of the quench front region are unchanged
when a small time step size is used. This is consistent with the
observation that the overall quench front movement is unchanged
when a small time step size is used.

4.4.5 f.xial Mesh Size Effects
Having established and examined the time step size dependency it
is now worthwhile examining any mesh size effects. TRAC-PFl/ MOD 1
will normally automatically reduce the time step size when small
axial mesh sizes are used, because of the explicit evaluation of
the axial terms. Therefore, to establi sh any genuine mesh size
effects a compariser has to be made with a calculation that
already uses a sufficiently small time step size.

A calculation has been performed using a 0.1 mm minimum axial
mesh and a 0.3 millisecond time step size. Figure 22 shows the
ef f ective surf ace-to-fluid heat flux curve for this calculation;
this can be compared to the curve in Figure 8, which used a
0.25 mm minimum mesh. The two effective curves are very similar;
.5e smaller mesh curve lies slightly closer to the theoretical
a.a at the peak value. .The smaller mesh size gives more nodes,

" ' hence a better resolution, in the region of peak surface-to-
J' .i heat transfer valaes. '

cubee 23 shows the quench front profile for the new calculation;
h i .s can be compared to Figure 14 for the larger mesh size

r' alts. The results are again very similar apart from the peak
AXI AL and RADI AL values at the low temperature end of the region.
An exploded view of the AXIAL and RADIAL terms at the high
temperature end of the region is shown-in Fjgure 24. The results
are very similar to thosa shown in Figure 15 for the larger mesh
size calculation. This suggests that the overall quench front
progress should be very similar for the two calculations.

The surface temperatures'versus time for the new calculation are
shown in Figure 25. A comparison is made with the larger mesh

|- siLe calculation and also the original larger time step size
'

calculation. The new c duulation shows that there is a small
axial mesh size dependency, but that it is very small compared to
the time step size dependency.

5 SUMMARY AND C(NCLUSIONS

The purpose of this paper is to examine and explain the time step
and. mesh size dependencies observed in calculations of the
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quenching of a nuclear. fuel rod. Both effects have been shown to
- arise-from-an underlying dependency in the surf ace-t o-fluid heat
transfer. ~The time step dependency occurs because tne heat
transfer coefficient is evaluated explicitly, ie using values
f rom the previous time step,_and because under-relaxation is-

applied to the newly calculated coefficient. This dependency
.

will be particularly noticeable whenever the heat transfer
coefficient -is changing significantly from one time step to the
next, such as occurs during quenching. The smaller mesh size
dependency appears to arise from changes in-the spatial
resolution at the calculated heat transfer coefficient close to
its peak value.

The paper has shown that changes in the surf ace-to-fluid hea*
transfer af#ect the overall quenching behaviour by virtue of '

changing the axial temperature profiler this changes the axial i
'conduction terms in the overall rod conduction equation. It is

changes in the axial _ conduction terms, at the high temperature
end of the quench front region, that alter the overall quench
front-progression. In calculations where the axial conduction
term was artificially removed, changes to the surface-to-fluid
heat transfer did_not affect the overall quenching behaviour.

The findings can be summarised in the following conclusions -

5.1 The studies described in this report have identified a
significant time step size dependency in the solution
obtained from a coupled system of heat transfer and two-
phase flow partial differential equations.

.5.2 _The time. step size dependency of the solution arises from
the time step size dependency of the surface-to-fluid heat-

flux; this flux is the coupling between_the heat transfer
equations'and the' fluid flow equations. The dependency
occurs as a result of-the explicit evaluation of the
surf ace-to- fluid heat transfer coefficient, and as a result-
of the time step-to-time step cmoothing. techniques applied
to the coefficient.-

5.3 For the TRAC-PF1/ MOD 1 quenching calculations described in
the report ; the time step size dependency of the solution
dissappears if the axial conduction term of the heat
-conduction equation'is removed. This is because-the

L rurfuce-to-fluid heat flux time stop dependency af f ects the
L overall_ solution only by changing the size of the axial

conduction terms.

5.4 The studies - described in this - report have 'also identified a !
small axial mesh size deperdency; this is, however, much
smaller than the time step size _ dependency. This_

dependene again appears to arise from a small mesh size
dependen y of the surf ace-to-fluid heat transfer, mainly in
the region of high' and rapidly changing heat transfer
values.
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5. 5. The time step size dependency represents a potential
Eproblem in the use of the TRAC-PFl/ MOD 1 code, with-regard
to' running times. The numerical solution scheme for one-
dimensional.' components employs a_multistep procedure that
allows the material Courant condition to be violated. This ,

ability to use large time step sizes will_be restricted if
small time-steps'are needed for the heat transfer
evaluation part- of the scheme. -Further- work is needed to
improve or replace the explicit heat transfer evaluation
and to remove the' time step sir.e dependency from the heat
transfer smoothing techniques.

6 REFERENCES

(1 ) ' O'Mahoney, R. A Study of Axial Effects in the
TRAC-PFl/ MOD 1 Hea t Conduction Solution _Du ring Quench 2ng.
AEEW - M 2552, PWR/HTWG/P(89)686, June 1989.f

(2) TRAC-PFl/MODl. An Advanced Best-Estierte Computer Progran
for Pressurised Water Reactor Analysis. Los Alamos
National Laboratory Report. LA-10157-MS, NUREG/CR-3858.

AEEW - M 2590 12

,_



- t ,

_ !

h5 S
tP W S N

.

M O i -

- E b _
E L i .

_

T F f

n Z 5
-

H I 0i

G W w
f L

|
S .1 O

0
_

i

, 0 H = -
.

%'i ii|

:

3 S K _i*IIiI:I 1 i

E C _

4 MI .

-

* H -

-
.

T T
4 N ,

E M-

--%
;i:

-
-;'' xM!:!.::::+:

_- 5 1,

%' m0
_ 2 .
_
_

' I =_
.

.
D G.

Q' j;iig i; i 1 : g i f> Ng -

E 4 O-

1d
S LjiI iI|I IiI;- D R)

3
, %e ,

- 0
,h

O OM,

2 C F MO a - E 5-

.%
b ' S(

~ m ,2
S0 ' ~ ._

.- ,

% ' ._ N0_

3 a O =-1

I Thv ';i:i: :.:::e::' _ T R~

N
_ - 5 AO1

D
,

.'
,

_ 1 VHNO s _ RS-

M -

/ A' N
-

| i i 1 ii iI i i i d{| T ,
4 E E M,4 s .Y' M M

!|iI 1iI I iiIii1

F ,

P ,* 4 I
%

%
T 5 5-

- ,'
'

.C g R T2A , q * * - 0 O
1 T A =*

% L
_,S

R
C T,4* ,'

-
T

A S NE.' _ R E O
.' _ RC,q

,N _ U-
_

_ T
i. AE

s :
.,i:i:i-!,::;.s, n m m

0 0-* R R-

i 3 2 w iii1
it - 5 E Ai1Ii1|ig

N P

' - b
MS

2 .N E H
1 9 T S

m E-

;i:i|i-i-::|.% E M- S
,|t C,'!l|lll

0 AL-- - - - - - - -

F A10 0 0 0 0 0 0 0 0 0 0
0 5 0 5 0 5 0 5 0 5 0 R I9 8 8 7 7 6 6 5 3 4 4 E UXR S AUqao

I

O I
G D N
F RM

c>Em a!

%T ' r Ngo a ms:xc. E{1"23 M"o

;



s
. .

_ _ .

| TRAC-PF1/ MOD 1 v13.0 (bO3e)
1100

.

. ..

:.
.

. ....- ,-J.........- " 1

.

.p -

W ... ......
**...-....u..

-=*::....-
,

r.1 .
..e, - -

:E 1000 --- --- --

J.

,... ****...- j
..

.

| : '

| : ,,.....,-:r

t? 900 -- - - - :-- - - - --- g- - * .! - -
- - ---- -- ---- --

'
'

*
,, -

to I - '

o # ! HIGH TDPS.

.
,

- .

. . . f
..

.

- ; - - ,/ - -- -- - -- ----- LOW FLOWS,- -
'',

. ;./
-800 -- - - ---- -

i . . - .

.- .s |
./ .

,- ;

M.
,.

/
.

,

e , . . - .

V w ]QQ - - - . . - - . ,r . * f - ,,. r ? > ,- -- -- -- . , ...- - - - - ----.--

o - - .. - :-
.

: l .: .

. *

I *:: *

: : :: .

600 -- - - --i - ---s-- -d -- - -- - - -- -: - - - ------

i.
-

m T-0 I T*10 I T-20 T-30 -
-

: - i
: ^: :as

- - - - - - - - ;
- - - ,ix

: .: .

N -- - --- ------ --------

7 - :? - - --- .-5 500
-

E : i .:
o : i :: :'

.

.

x :.

2 _
- - _ m M .4.. .... . . ''

.
'

-

400 -

2B 0 20 40 60 80 100oo

DISTANG ALONG ROD Q4S,g Winfr-Ith
" FIGURE 2

_
AXIAL FROFILE OF ROD SURFACE TEMPERATURE AT 4 DIFFERENT TIMES,

5 PROFILES AT 0, 10, 20 & 30 SECS, FOR 0.1Mi MIN AXIAL MESHO

I'1

b)

- - - - -
.



-

'
.

.

. . _ . . . . . - . . . . . . . . . . . . . .
f

.

TRAC-PF1/ MOD 1 v13.0 (bO3e)
900 .

, ,

..

40m . -

'Y HIGI TEMPS
h 850 h g~~
g ,

' 800
' "- LOW FILWS

-

x
r 20m 4.s N .s

5 '' N ' s ,,'

$ 750 ' -

s" % . . *sso
' ~ ~ 'N~'

700 -
" ' x..

_

\.
~- ~ ' w ., ] w _'

- '-~
__

).i
.

.

!. I i.i ix 650 q Se ( i i, : :.

e : t ; i I :-

w i i
- :" Ii| jo 600 i i :

:*

8 | i i ::
I t :i i ::

550 t 1 :: i
:

I !i : i
: :

m I :
i

$ 500 -
' it i i

N : | : i :I
:>

I .i i1 .;' : 1 :
.

-4 4 ,

N (d :Vs L (- L __'-
J,E 450

>
'

o -
.

_ _ _ _ .
-___

N
v -

o - - -

9 400
"1 0 5 10 15 20 25 30

REACIOR TD E , SEWITOSg W' * '*h
" FIGURE 3

ROD SURFACE TEMPERATURES AT 5 ELEVATIONS, FOR 3 CALCLUATIONS

E CALCULATIONS ARE: CONT =0.25MM, SHORT=0.05bM, LONG=0.25MM + 0.3MS DTO

m
(N

1
'

i



. ___ ___

TRAC-PF1/ MOD 1 v13.0 (bO3e)
120000 . .

. .

5 |\ 5 5 5 5
I5 : I : : : .

. 'i \m . . .

x -I\\: -- -

. .. .

100000 -------.--

/ 1 : :'
.

r : f i< ITHEORETICAL IEAT BAilSFER
v q \ ,

\-- :-
-- - - i ---- -- - ------- ------------

'

$ 80000 - - - - - - - a -t - - - \

il . .

-f \ : SYMBOLSf1-9,*,A RETRACCALCUkATIONVALUESx A \
lN s: \ :.

? 60000 *j'-:- - - s . - -\ ' -- - - - - - -- - - -- --; --- -------* '

h -----f/: \' : : :
, s p. g. . . .

3 ~

g :. 1 .

.x . .

40000,--- -- I--'--. g - :-\- - --- - --

'

'

: N :.

: 1 : \ : :
'

u
$ s .- . s

:
'

o 8 : .4 \ .

20000 ---- ,*.---- - -- - . ---.
,

: X : :
'

4 7
's -- -a 3

N* 'D' ism-2=== ==_ sum u ==
.:N : : :s ,

U 0 :- -

$ 400 450 500 550- 600 650 700

d SURFACE TDIPERATURE DEG.K,

winfrith" FIGURE 4

SURFACE-TO-FLUID HEAT TRANSFER COEFF. VS TEMPERATURE, AT 20 SECONDS
o
y TRAC CALCULATION WITH'0.25MM MIN MESH + THEORETICAL HEAT TRANSFER

>

. _ _ _ _ _ _ _ _ __



; t. [ , i r !!' ! | ! ! ,

_

h
t
i

r
f

n
i

w
[

0
" 0- - - - - " 7 X- - - - - '- - - - - US '- - - - -E * S L- - U *- - -

- - D FL - - -

A - - '- -

NV- - - - '
O T- - - - 'N- - C A- - -

O 8- - - - -
I 5

0 E E- - - -T :..:h5 S H
.. . . . . j : .N.*...:.:.! .: . .

- -

=6
- - -I

- - U - - -

0 LC- - - - -
- - I - - -
- - A * 2 A- - -

* CC- - - - -
-- - - - - T I -C

"" AT -

- - - - -A -- - - - -R -_ ET - -

) - - -

0 K. R
- -

. .' : . NN
.Ee -

3
.. . . . . j .X

: . N .'
-

-...' .:.! .:. 0 ,OU-

-A 6L-

s G E E
- - -

F- - - - - E
T A D R Hset - - - - -

( -

A .s U T- - -
._

N ,?
-

.-- - -

0 E T,
,- * -

-l A +- -

3 L , - - N, R
- - -

-

- 9 -1 - Av - .C x EH- - - -E- I
.

- s y 0 R P S- -

1 ,..... } .T .;x..:;,.:: 5 U MEE '.'l .~ . . ..y .$D - - - N -

5 T E M ._RO O S- - - 6- AM . E L N- - - -

R T -O s - -- - -

/ T D
I - - - E Ng' - -

7M- - - P I1 -

Y
S y MF - -

s- d E S M- -P -

- \ T V- -

- - - - - - MgC g -

0E M
- - - *-

. ' . L\. . . . : : : . .:*...:A ,. . . { . :
-

0C
5A X5R -

- - g - -
s 1 F U2 -T . - - .-

\y\
- .

R L- - - - - _

_.. _

U _
-

.\< ~-
- - - _

S F0 _-
. - -

. -
.-
-

- \ - - - T Hq\ - s- - -

ATI

I,NI -
.

|/[l- - - - - E I- - )i - - -
0 H W .h/- - -

.

-. . . . . j .- ' .': .:- 1. N7$) 5 -

...: .:...':..- -
4- - -

D N _T -
- - -
- - - -.

._I O -
- - - - - UI -- - - -

L T _- - - - -
._

_ - - - - - -
. F A_
.

- - - - - -
- L .- - - - -

OU- - - - -_

- - - - -
- - 0 T C-

0 5 - L
.

0 0 0 0 0 0 0 040 0 0 0 0 0 0 EA0 0 0 0 0 0 0 E CC -0 0 0 0 0 0 0 R A -0 0 0 0 0 0 0 -0 0 0 0 0 0 0 U F C7 6 5 4 3 2 1 G R A ._
_

I

F UR
_

-

0!xg S T4
-

OEm U1

.

>m t | 7 beo ~ ,,gN5gaN$* j"
l

; _

_

|
i 1 i



,
- _ _ _ _ .

TRAC-PF1/ MOD 1 v13.0 (bO3e), NO HEAT TRANSFER SMOOTHING
120000 . ,

,

- - -
-

. .
,

,6 .
,

| \ :
'

.s 100000 --

- -|- \-
.

,

, *
'

I \
/ \< TifEOPSTIGL HEAT TPJdISFER

'

-

I' \ . .y , '

/.T -8 80000 t - t- -- --- - - - - ------ -

./ \ .

.

47 S
i .

i \ SW20LS :1 - 9, *, A APE TMC CAICULATION VAUJES
D, i \s. .

\' -
- .-;-- --. ---? 60000 -- - - - - 9': - ,

*

'

:;; k j': \,
-

'

3 J ' .

s. .

4 . s '

40000 -
-. fX 7

- - ----- ---------'

.

N
' .

3

9 \.
' -

E 2 s .

i .

~- - - - - -- - ---------

} 20000 - - - - - - e

~ 7 %.
.

.
.

{ .

s ' , 'rs* i + .% * s en swuunn = n = =
o * sN .

T
- - - =ns'

9 0- - -

23 400 450 500 550 600 650 700

SURFACE TB4PERATURE DEG.Kd winfrithl,

" FIGURE 6

SURFACE-TO-FLUID HEAT TRANSFER COEFF. VS TEMPERATURE, AT 20 SEcotTOS

TRAC CALC. WITH 0.25MM MIN MESH, NO SMOOTHING + THEORETICAL H. T.

. -

| ,
..



_ _ _ _ _

,

TRAC-PF1/ MODI v13.0 (bO3e)
120000 . . . . .

. . . .

S.
. . . ..

g . . .,

33 ,l ) . . . ..

.m . . . .. jrn . . . ..

E I
100000 -\- -- -- -- - - - - - - - - - - - - -

I : i : : :
'

\<I : 4
.. [ \ THEORET[ICALHEATTPMSFER [

*

. .w
} . . .

|
-- - - - - - - - - - |/ - - - - - 7\----.;- - -------! - - - ---|- ----- ----k------------8 80000

\ . . .

. . .

\ ; SYMBOLS;l - 9, *, A ARE TRAC CAILMATION VAwES
oc \ . . . .N *\. , . . .

? 60000 ----------}*-- - --- Q', - - - ---:- ---- -- .- - --------;.------------.

y
. .

3[ E \. . . .
x g.. . .

G 3 : 1 : : :
ex. . .

\40000 ---------:--------

: >N
' *

. . . .

. .

s. . . . .

m x -

.4 s ss .

m s K- -

, . .

} 20000 -- -p---- - - - ;---*s.
, , ,

g d-
. .

N * *

a - -

s%m&N, : : : :
.

*Mi an w awamms.n s nE O - -

3 400 450 500 550 600 650 700
;j SUFFACE TB@EPATURE , DEG.K
"

FIGURE 7 (Uinfrith

SURFACE-TO-FLUID HEAT TRANSFER COEFF. VS TEMPERATURE, AT 20 SECONDS
o
si TRAC CALC. WITH 0.25MM MIN MESH, 0.3MS TIMESTEP + THEORETICAL H.T.m
N

__ . . . _



_- - - - - - - - - _ - - - _ -
.

_ - _ - - - _ _ - - - - - _ - - - - --_--

,

TRAC-PF1/ MODI v13.0 (bO3e)
7000000 , , . . .

. . . . .

. . . . .

. . . . .

> . -

:A .

- - - - - - - - ::- - - ]c - -

-u-----~~~:-------:--*-----'-*
: - - -

S 6000000 -----

.I \3
* ' '.

4 \< THEOPETICAL HEAT FLUX *-

I : f \
.

. -

~
5000000 - - - - - - - - - - - -l- -[ ;\-

- - ~^ ---| -------'5- ----- -'-~
"

-- L--

.N '
= ,

SYMBOLS:1 - 9, *, A kPE TRAC CAILUfATION VALUES: | 3g
g N'

------:I
- --h - - - -- '- -

. .

4000000 A-
.

4\ i *m N. -

| : I a\ : :
'

.m
o y ___._,_..__,t__

_ _,, ..x... . . . .. . .. ...... . ...........
\. -

3999999
3: ] s\ .

i\ :
* '

' as
s .

2000000 --- --------:--- - h :- -- - ' - ----- -:- ------ -'-

m
: 3sE 7. -

k, .o
. . -

N
5 1000000 - - - - - - - - --- - --- - - --- -

- -y
' ' - -

W. - - ----------:- ----------
'

g y. . -

N : A %.
o "

.

'

4

A 0 / * *'"*#* " " ''"9- ' '

* 400 450 500 550 600 650 700

% SURFACE TB4PERATURE , DEG.K
FIGURE 8 winfrith"

SURFACE-TO-FLUID HEAT FLUX VS TEMPERATURE, AT 20 SECONDS
o
E TRAC CALC. WITH 0.25MM MIN MSSH, 0.3MS TIMESTEP + THEORETICAL H.T.
m

CD

- _ _ - _ _ _ ,



_ - _ _ - _ -

TRAC-PF1/ MOD 1 v13.0 (bO3e), NO AXIAL CONDUCTION
900 . . . . .

40m 3
#; 850 \ HIGH TEMPS

'

r, NE 30m,_ 's--

' 800 \ ' LOW FLOWS~
s

]
'

20m ''s '~
m 750 ' N ' '-
8 - ~_.

' 5m 17.5ms

700 ~
10$ ''

\
q 650 - '' ~

S 600 -
.

I i
'

i 1

i I
I '550 - j j;

i
i;

:o 500 - I
i j

} ! I 2
- i
E 450 - ) '4

{ k ti i m- Q.
_

os 400 - - - - >

$ -0 5 10 15 20 25 30
,1 REACTOR TD E SECONDS,

"
FIGURE __~ 9_ wi s ith

,

g ROD SURFACE TEMPERATURES AT 7 ELEVATIONS, FOR 3 NO-AXIAL CALCS
;

E CALCUIATIONS ARE: CONT =0 . 25MM, SHORT=0 . 25141+ 0 . 3MS , LONG=0 . 051 M+0 . 3MSm
(O

.:~ ---

_ _ _._________



_ . , _ - _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _

.

_

TRAC-PF1/ MOD 1 v13.0 (bO3e), NO AXIAL CONDUCTION
-7000000 . . . .

. .

.
.

. . . .

> . . . . .

A : : : :.

:E 6000000 - - fg
, ,

i \ . - ' -
I

.I \< THEOPETICAL HEAT FLUX
*'

r -

gl- \
, , ,

':- - - ----- - --- . --- ------------ -U 5000000 -- ----- -.

!-
v

- -- sm

[[ \.- S'ae0LS:1 - 9, *, A kRE TPJC CAIGN,ATIOli VAWES
. .., s

4000000 --- - .-- |- !- --- L- -- - ;- --- ---. :
- -----

'

:\I '

>.m ./ ..s
* . . .

'
U 4 :t : N : :

*

% 3000000 -- -- - - -- 1s- - - -- - .\- --- - - -- -- -- - -.--- -------- --

s: ,"/ s s
.

- -

.. g
*f 4 \

*

' '[ A' \ ,

2000000 - - - - a/:- - - -

\ . . .:--a----~ 1~-

. .
\.g -

- --- ---- - ---------

af : : 'i .' :u ,
4 j

.

x 17
7 % -

: 4:s N :
'

-- - - - . - -p/j
:N '

5 1000000 --: r s ph - , - - - - -----:-- -- - --- -

1 .n. .

a op. . .- .

. . .x
m
9 0 -

- - - . J * c' '*2 3
'

3 400 450 500 550 600 650 700

d SURFACE TE24PERATURE DEG.K,

FIGURE _10 winfrith"

SURFACE-TO-FLUID HEAT FLUX VS TEMPERATURE, AT 20 SECS
c,

E TRAC CALC, NO AXIAL CONDN, 0.25MM MIN MESH + THEORETICAL HEAT FLUX .

r,

b

_ _ _ _ _ _ - _ _



/
.

. .

.. .

, .r

l

!

TRAC-PF1/ MODI v13.0 (bO3e), NO AXIAL CONDUCTION )
|
| 7000000 1 . ;..

1 ; -

,-.

> -
. .

' '

2 6000000 - - - - - - - - - - - A-
'

1 \ ..

|
I \< TIEOPETICAL IEAT FIJJX-

,

I \.' .

~

|| 5000000 -- - - ,- - ] \- - - -- - ---- - ----- ------

,

/ \ SYMBOLS;1 - 9, *, A kPE TPIC CAICUIATION VAILT.S

f 5 s.-

4000000 - - -

'

1- . -. 3 .. . . .. . .:..... ....

.3 .\.
.

m 7 s -

: i \

e ./ \ .

$ 3000000 -- - - ;L- - k- |>

,e
w

\

/. 'N

2000000 -- - --k - >. - - h - -- -- --

'

] ,/
'\

..x

~ '
.

N /

5 1000000 - - - /- - - A, - - -- - - -- -

%**ssE
,

R
." > " ' "*'"
,

0 ,

-
- > ' -

E O

23 400 450 500 550 600 650 700

SURFAG TEMPERATUPZ DEG.K;j winfrith,

" FIGURE 11

SURFACE-TO-FLUID HEAT FLUX VS TEMPERA 1URE, AT 20 SECONDS
a
5 TRAC, NO AXIAL CONDN, 0.25MM MIN MESH, 0.3MS STEP + THEORETICAL H.T.

=

_____
..

.. , .
W i



t ,

|

h
t
i

r
f

n
i

n
t

|

0
t

0=- - - - -
7 S- - - - - -=

- - a D- - - -
- - -

- - -s N- - - - -

- S a O- - - - -

E s_- - - - -J CU = - -- -

EA =-- - - - -
- - - - - -- V = S- - = - - -

l - - - - 0-
i

, : .- * ;.: s; .C a * . : . - . j' - . 5 0-

- I - 6T -F 2
- - -

- - -

A
=p

- - )- -
L T- T-- - - -U- - (- -C Aag- - - -
I T-A- - -

mU
D-C - -U T- E- -

D-
e

3>C L- -

A 3 L-) - - -

IRe 7 T.: ' . ' ,.:f1 . A :- .. - 0
K. F

-

T-
. | 03 - - " i O. 6 G OO E -

T-R = ,- E R
- - -

b A D- - -

( P-
= ,

- - -

T ,0 -N t
- --

T-

3 - , - NR )1 - R t -A O Hv - - -
, ( - E)

0 R RS- A R-
'S

| . , 'M.:-Ip' ,,1

D
. ;

.<7
-.( | 5 U F E- P -

5 TO L E M- - Fi ' A HO T P- -

M B E . E- -

M L T E C N/ - -

Y A 6 r
1 S I

-

L P N I
A M- -F X

-

I E E MP A % $- - D T U- -

C -
A QMR--

) y. 0 E MA , , | . - . ; - - 0 Ci.- ,

5 A 5R - ry F
-

2T * :

R N- - - .

U- - -

- , i- = S O0
< I-

- - - T H- - - , i- , - -

AT<-- - - -

_ UI- - - - -

- - r R -- -

,: . ..*- : a. . . : 'M..%1.:. : .

- . 5
0 QW

E_ - .

4,. % .

-
_ - - N9

J 7 NO
_ - - - - - -
_
.

- -

OI- - - -

- - - -

I T- - - -
-

- T A- - -

- - CL- - -

U U- - -

- - - - - - -
- - - - - - - 2 D C0

0 N L10 0 0 0 0 0 0 0 04
OA0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 E CC6 4 2 2 4 6 8 0 R- - - - 1-
- U T C

G
I

AA
nNMgaa F E R
c n H T

a5m b!

>Rg , I gwg rg ]x\rfc,\d3 %"-



_ _ _ . .

,

TRAC-PF1/ MOD 1' v13.0i(bO3e) .

.
.3 . . .

. . . . - .

. . . . . .

:t. . . . . . .>, . . . . .. . . .m n AXIAL T. EPM :(A) .

. . . * -.m . . . . . .g . . .

3, , ---

2-1 . a = ;* :
.- . .

0 : : ** aj2. 4=

% n:
a-. a,

t' * -u.'

r I - -

.
i. . . . . . -

M . . . . ._ |
un .- . .-

- '

, .

. , . .

o ~5 ----------i-------+5---- -- :
---------:------------a-----------------|-----

,

h a8,

: : |.: - a i 8 8 e e d RADIAL:TEPM.(R)- :
. . *

.

n n. % 3
. . . .

,
. .- *. . . gR : : .: : ajne s

.

*

i

x. -10 - - - + . . -.---------.------ - .-----
.

. . .

a. . . . . . .i

8- . . ,. . . . .

. . . . . . ..,m a . . . . . .

. . . . . . .

. . . . . .

- 15 -..-...-.:.....-...: . - . . : . - - . - . . . : . . . . - . . . .: . . . . . - . . . :. - . . - - . . . :. - . ..
,-

. . . . . . . t. . . . . . .

, : : : : : : :
,

_g ,. . . . . . .

. . . . . . .g .j
% -20 - - - - - - - - . . . . . . . .~

.
;r .---------.----- -- .--- ---- .--------- ---------.--------- .-----. . t-<
t

. . . . . .
>g.

. . . . . .
, a . . . . . , .. ;
4 s . . . . . .

4 ,. . . . . . .m
. . . . . .q; -25 ;- - - - - - -

"3 ' 600 620 640 660' 680 700 720 740-
d SURFACE TD4PERAIURE DEG.K- *

,
*

FIGURE 13 winfrith
: .

i

3 HEATLCONDUCTION EQUATION: QUENCH FRONT PROFILE AT 20 SECONDSL
.O

e TRAC CALCULATION WITH 0.25bH MIN MESH [ EXPLODED VIEW ] i
.

m

h !

t

,

i
<> . - - _ _ _ - _ _ - _ _ __ _



y' = . - . . _ s . . .
.

. _|N,i,.E.,

i:
14,

|

1

L. TRAC-PFI/ MOD 1 v13.0 (bO3e) _

'

o
, , . . .

;- . . .
,

[ 6000 ------------:------ ---:--------- -----
'

'

------ - ----------- '---- - ---
, y . . . . .

R- : a SYMBOLS: A,' R, T . ARE TRAC CAU'UIATION VALUES-

t.- -

g .. . . . .

4000 -- - - - - - - - - - - 4 f- - r - - - . - - - - - - - -- -----------&-- ---.----; -'---- -----'

.,

: a 4< . AXIAL TERM 'A) : !
-

'

r ,3 -

A
i. . . .w

w 2000 -- - - - - - - - - - - - :F - - - - - - - - t - - ----- --: - ----- ---+--------- - i------------g 4 , , . ..

. . . . .

. 3 . . . =

Y = Lp R RQA '

RR SpQsy m * p*
'*

0 s-s sm 3
- +

VI : ', [ a-
"~ #3

. A p +1 0 I1 la, MIgg
:.m

.s a
x 4

.. .

4- . ..

-2000 a---- -. ---------sr----- i-~ - - - - - - - - - - - - ----------- ------------

'

h3 :R i n' E i2 . T.OTAL MDT (T)
~'

'
r 1 1ra ., t r . ..

.

t
* * * *.

.,

-4000 ----------L -- - :-B-- ---- - *- -- ----:----------- :---- ----- --

. . . . . ,,
+ 2 -

,

; 3 : : :.

} -6000L------- ----:---. . -pa- , -- ----- --- ---:----.------;-----------'

R : a< . RADIAL; TEEM (R) ;
, f
-

.

1 . . . .
,

y -8000 --------- --+ - e--- . :---------- ----- -- ---+- -- ---- -;---------- - |
'

.a . . . . .
.

's : : : : :m
. . . . .

9 -10000 . - - - -

2B 400 .450 500. 550. 600 650 700 t,
,

'

,O SUPEACE TEMPERATURE ., DEG.K '

FIGURE 14 W' n fr.ith"i

.

HEAT CONDUCTION EQUATION:. QUENCH; FRONT PROFILE AT 20 SECONDS,

c,
. .

E TRAC' CALCULATION WITH 0.25144 MIN . MESH, 0.3MS TIMESTEP .

m
Ia

b
*

...

,

r



_-____

TRAC--PF1/ MOD 1 v13.0 (bO3e)
5 , , . . . .

. . . .

n. . . . . .

* ' ' '> R
, ,

m am .
AXIAL TERM (A)- - - -

n. . .,a$ g g g. . . . .

0 : -4 : e 4-* l' a-a a'

B ,A ! a:
I - -

.A o, .

r : .: : : :.

4
y . . . .

.g : .,: :
-

.

o -5 - - - - - - - - - - - - - - - - - -- - - -,y- - ---:--- -. - .----------:-----
RADIAL TEMI (R)' - ' -

" '8 s :. .

R --------:---- - -

--.
- -

; : : : aaes;8 ||-

w -10 - .- --- - -.----- ------------- .-----.

. .

(9 . . . . .

,a w . . . . .

~ a - -

. .-. . . .

. . . . .

-15 ------- - :--- - : - - - - ---- ---- ------- -.----

* '

:. . .

.' ;u . . .

3; . . .

. . . .;o

N -20' ---------:---- -

.

- --L -

-- . -------
;----- --

4----

'

JE A. .-< . . . .

:s . . . .

c, - - -

N : : :
* '

. ,
13 . . . .

7; -25 . . , , . , ,

dB 600 620 640 660 680 700 720 740
;j SUFFACE TD!PERATUPE DEG.K,

*
FIGURE 15 winfr Ith

HEAT CONDUCTION EQUATION: QUENCH FRONT PROFILE AT 20 SECONDSo
E TPAC CALCULATION WITH 0.25bN MIN MESH,0.3MS TIMESTEP [ EXPLODED VIEW]m

h

. - - - - _ - - . . _ - _ _ _ .



-.-

TRAC-PF1/ MODI v13.0 (bO3e), REDUCED HEAT FLUX
7000000 . . .

|. . . .

|S m BOLS 1 - 9; *, A ARE REDUCED-OIF TPAC' CALCUIATICri VALUES
> . . . . .

m . . . . .

9 6000000 -- - - - - - - - - - - - [ - . - s - - - - - - y - - - - - - - - 7------------}------------}------------
*

I\g . . . ..

\< TiiEOFETICAL HEAT FUJX (Um0DIFIEP)I*

y ,

--X--.:------.--'-------:-.--------:------------U 5000000
-s

*
-

. . . . .,o
c3 ;. . . .

: / x: : :
'

f \. . ..

4000000 -----------j-I-- --i-- - -

:-- -- - :--------j---------'

g

[6 :\ : :m : .

* . . . .

= 2 .x, . . .N Z \
- - - - - - - - - - - - ..---A-

. ." g 3000000 s ----
q -y-- - - - : - - -- ---:- ----- -----

i N : .' i
'

A \ .I \ . .

2000000
-- - - - - - - - - l , - - - - - - . : . . . - 9 - -- - -- -.------- >--- --------

, , s. .

g s. . .

u : 's : N : :ss 7 s .. . .

~5 1000000 - - - - - - - - -:----- --- - s--- -----q- -- y - ---:---- ------ :----.-------
s s s. . . . .

N

4 , 3 29
c) . . . . .s

.h) : : :
'

E O N "S'6m *888""*"-

"3 400 450 500 550 600 650 700

0 SURFACE TEMPERATURE DEG.K,

FIGURE 16 Winfr sth"

SURFACE-TO-FLUID HEAT FLUX VS TEMPERATURE, AT 20 SECONDS
,,

s TRAC CALC WITH 0.25bN MIN MESH,0.3MS STEP, REDUCED CHF + THEORETICAL
m

b

_ _ - _ _ _ .



'

i
h
t
i

r
f

n X
Ui

w L
[

0 F
u 0

- - - -
7

m S T- - -- -

D A- - -- -

- - - - -

N Em - - -- -

OHS - - ---

E u C- - - --
J

U E D
- - - - -

u
- --- A S E- V - - - -

- -- -

0 CN

.p)(T: ,.
-} . ;.: .;. . - 5 0 U

- - - --

O.;: ; . :--: :

I - 6- - - 2 DT- - - - -

A E- - - - -

L pT T R- - - --U - -- -

AC ]N ,- - -- -
I

PA- - -

X C- - I - -

R E- - -U L
" I A T TC- - --

L A- - I SP T 0F
K. F:L.T.j- -::.{ I. O- -

. .- .: .: 0,..- . . .
-

T-

= p 6 G OST - - -

EA P m E RM- - - -s
- - a - - -

E A D
H ap P 3- -

- -
, .T s , --

T0)) - - u * -R- ,

R N- ( -
,

- - - --

C , a- O RF- E- - )
, A < FU A 0R RS- -

D . ;.: - ,:(; .: . ay ,..E 7 . . . . -

T 5V F E.'

E S- - - - 5H 1 ML- -
P * r L AR O E A- R H- - - -

~ B ' - T 1 -

L } 0- E C NM,
-- -) Y ,

1 P N I- - -e S A P- - !

& E M3 I- - * . - -

XO , n* T U- -

Ab Q4- -

( - - 4 ia - - t0E b- - - -

0 C0
' .| .: : ,: 'n.} :g. - : .- : . :

5A 5r- - -

2E :3 - - -

P N1 - - A '- n - - - .

Uv -

S O0<-- - - - - -

m II - - s r -^ y

D <- T H- - - - -

- - - -O ATA - 1 - n
M a- '- e UI- - -

/ - - - - -a 0 QW. ^2 %, :(: - . g . - v ,.- - -
51 ::.| .- - , .. : ..:... E- - -, 0F 4

j N- - - - -

P - - - - - - -

NO- - - - - - - -

C OI- - - - - -

- - - - - - -

A I T- - - - - -

1 T AR - - - - - -

T C L
- - - - - - -

- - - - - -

U U- - - - - - -

- - - - - - - 7 D C- - - - - - 0
0 N L10 0 0 0 0 0 0 0 04

0 0 0 0 0 0 0 0 OA0 0 0 0 0 0 0 0 E C C6 4 2 2 4 6 8 0 R~ - - - 1
- U T C

G AA
I

UDgma F E R)

H T

,O5r ..
.

-

>Rg , r wwg oc j,'sxyos,E3 j",

;

; | .| ,I



. _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ . .__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _

TRAC-PF1/ MOD 1 v13 0 (bO3e), NO AXIAL CONDUCTION
: : : :

'

6000 ------------.:-- - --- -- :.----- ---- ;.- ------- *--------- - ;.---- -------> .

A : : SYMBOLS: T APE TPAC CAICUIATION VALUES
5 . . . .

-4000 -----------|---.-----|------ - ------- ----- ---- -- --- ------------
' *

, ;

r : : : :
-

N
g 2000 ---------- --l--- - - -- -l- - - - - - l- ------:-----------l------------

- -o :. .

. . . .

O tim %g i j ; , ;,,__ _ _ u.= !" ' s t u*s'
i "' : :f : ,. i

.

(n i

N
M t. rT '<r '1UTAL D7DT (T) = R7 DIAL TEPM

. .

v y.

g -2000 --- - ------.
:- - ,-- ,-r:r- ,- - -c

,

m . . . .

g . . . . .

. . .

-4000 -----------:-------,-----.--;--- - --,--- -- --- :------- -- -
. . .

. . .

. . . .

. . .

] -6000 ---------- .:-- -- - - , - - - - --- -:. -- ------:.------- --

'

. .,
's : : : :
1 . . .

j -8000 - - - - - - - - - - - * - - - - - - - - .--- ------- - ---- :-- - ------------------ -
c, . . .

N : : : :.

A -10000 : :
iS 400 450 500 550 600 650 700

d SUFFACE TEMPEPATURE , DEG.K
FIGURE 18 Winfrith"'

HEAT CONDUCTION EQUATION: QUENCH FRONT PROFILE AT 20 SECONDS
a
Si TRAC CALCULATION WITH NO AXIAL CONDN, 0.25MM MIN MESH
m
a

_ _ _ _ _ _ _ _



_ _ _

TRAC-PF1/ MOD 1 v13.0 (bO3e), NO AXIAL CONDUCTION
.

5 , . . . .

. . . . .

.. . . . . . .

. . . .

> , . . . . . .

n . . . . . . .

m . . . . . . .

g . . .. . . . ..

0 : : : : : :
-

, . . . .

. . . . .

| r : : : ;
, . ,

g . . . . . .

. . . . . . .g

-- - - - - - - - - !- - - - - - - - - - (f f - - - r , - - j - Tr i-------!- -------[-- -------!----------!------5
5 . . . . ..

}9919 ,z
, . . . .

. . . . . . .

! ! : TOTAL DTDT (T) = RAD AL TEPH I f into

k. -10 -- - - - - - - - - ; - - - r .' - - -

.' - - - - - - - - - : - - - - - - - -:. - - - - - - - - - - :- - - - - - - - - - :- - - - -
tg

.

r
. .

. . . . . . .

u m . . . . .

Q : J : : : : :
~ *

-- - - - - - - - : - - - - - j. . . . .

-15 -r :- - :- ---- L - --- :. -- - -- :--- ----- :-----. . . . .

. . . . . . .

r . . . ,
Izy . . . .

n< . . . .g . . . . . .

N -20 ....... ...:.... . .:.. .. . .. . . .. .. ....:.... .....:.. ............x . . . .

-4 . . . . . .

s . . . . .

c, . . . . . .

''s : : : : :
'

;z . . . . . . .

m -25 - - - - - - -

3 600 '620 640 660 680 700 720 740 ;
;j SUFFACE TafERAIURE , DEG.K

FIGURE 19 Winfrith"

a HEAT CONDUCTION EQUATION:. QUENCH FRONT PROFILE AT 20 SECONDS
c>
g TRAC CALC WITH NO AXIAL CONDN, 0.25M4 MIN MESH- f EXPLODED VIEW ]-m
a

!

- - _ _ _ _ _ _ _ _ _ _ _ -



- _ _ - - _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ - _ _ _ _ _ _ _ _ _ _ _ _ - _

TRAC-PF1/ MOD 1 v13.0 (bO3e), NO ' AXIAL CONDUCTION
: : : :.

6000 ----------.:----------;.----------;----------.:------------:.------------> .

R : SYMBOLS: T ARE TPAC CAICULATICti VALUES.g . . . . .

4000 -----------;---------;----------.----------'-----------'------------,

. a: . - - - -

. . .

N
g 2000 -- - - - - - - - - - - l - - - - - - - - - - - | - - - ----- -------- .------------h------------

'

c, . . . .

. . . .

. . . . .

. . . . .

O mg, ; ; nn_y 1 <r rr r r
. . _,

oo r
iN .I

. . . .

. . . .

h0 .T
g g -2000 ---- - - .--------- -- - r ,------- --:------------ ------------

. .

pa . . . .

O : r < TOTAL D'IDT (T) == PADIAL 'IEPH
-4000 ------ - ---:------ :- -- - --- .;---- ------.--------- - : -------. --

. . .

. . . . .

. y . .

. . .

} -6000 -----------:--- --- ---:--- - ------;--- - -----:------------:------------
m : : :

-
.

's . . . .at . . . . .

y -8000 -----------:-----.-- ;---- - --:--.---.-----:------------;---.--------
c, . . . .

's : : :.,>
. . . .

3 -10000' - - - - - -

3 400 450 500 550 600 650 700

| d SUFFACE TD@ERATURE DEG.K,

"
FIGURE 20 tuinfrith

!
HEAT CONDUCTION EQUATION: QUENCH FRONT PROFILE AT 20 SECONDS,

a
!5 TRAC CALC WITH NO AXIAL CONDN, 0.25bH MIN MESH, 0.3MS TIMESTEP
m
h3
O

_ _ _ -



_ _ - _ _ _ _ . _ _. _.

TRAC-PF1/ MOD 1 v13.0 (bO3e), NO ' AXIAL CONDUCTION
5 . . .

. . . .

. . . . . . .

. . . . . .>- . . . . . .

. m, .. . . . . .e
.. . . . .

2e . . . . . . .

0 : .: : : : : :. .

: : : : : -
y .

. . . . .

,, . . . . .

, ,. . . . .

,, . . . . .

o -5 - - - - - -
- L--

if- i- n- y---
.--}-----

-
---------- --------- -----

: t : : :

It I.} }
. . . . .

f- - -
:

! ! [ TOTAI, DidT (T) = RADIAL TEP1 } f f ffM

$. -10 -- - - - - - - - - ; - - - - - - t ;- - :- -- - .--.-----:-------- ----------:-----
.

-

. . . . ..ev . . . . . . .

; m w . . . . . . .

c2 . . . . . . .

. . . . . . .

. . . . . .

-15 -------;------:---
- : --- - ----- -- : -----:---- --- -----

.-. . .

y. . . .

. . . . . ., . . . . . .

3;
.

. . . . .
.

-- - - - - - - - : - - - - - - - :: - - - - --- ------ -- . - :-------- -:------- ----- ;

m ,

: :
- -

} -20 .

:
-4 *. . . .sg . . . . . . .

1c> - - - - - -

's -

f : : : :

A -25- | '
. .

*

23 600 620 640 660 680 700 720 740
;j SURFACE TD4P"RAIURE DEG.K [,
*

FIGURE 21 Winfrith '

HEAT CONDUCTION EQUATION: QUENCH FRONT PROFILE AT 20 SECONDS,
,

tc,
i

e TRAC WITH NO AXIAL COND, 0.25MM MIN MESH,0.3MS STEP [ EXPLODED VIEW]m
bJ

; .

l

I

C

m . _ - - - _ _ _ . _ _ _ _ . . - - - . _ - . _ - . - . _ _ _ . .'-



1,

|

h
t
i

r
f

n .

Ta

m .

0 H
0"t 7- - -

8- L-
- S -- -

- - E A- - --

-

W S C
- - - *
- - -A *

V * D I- - - -
_

- - -

* N T- - - -N * O E- - -O " C R
- - -I
- T ?

- - -

5 0 E O
-

... ... ,.-; :..A.. j- !
i . - * ,: .::..-

- -

_ I 5 S EU- - - - - 6* Hf- - - - * 0 T- I - -A- - - -C * 2- - -
- C - - -
- A - - TA+R - -

T- - - -4r - - -

g.
-

) U E - -

K. ,EP 0e .F,..A | - .: ,

::.%.
- -

3
...: .

_ 0-

T 6 G E TO A A
-

-

% E R S
-

b E - - D( I - - ] E.%
,

i*L T M0 A y- - ,

AI- , - tC 9 t3 - -I
b R T_ 1 - -

- T -
-

- v E Eg- - - - E- P 1- -

E
.- b I . : ' g, g. : . .: 50 R P S-

D
.. .. .OI L

U M MS- -

L 5H IO T O \i A' E3-

- -

M -

R TB .- - \5- -

M/ s\ 7 E 0- - -
Y- - P_ 1 S y* D SF - i_

- -P - ,

N'
- - T VH-

-- \ SC_ - - -

0 E Es
,,: ..: . h! hA -

:,.: ..-: : 0 C...;.. ,.

5 A X MR - s r .s F UT - - -
4 R L N\ - -

A\ -
6 U

k S F I<g? - .

M- \s - - -

x - - - --s s Ty9 A4
- - -

/ - - -s EM _j.f_ - - - -
_ i

- - - -

0 H 1 _
- - -...;.. ,.': ; .. .. | !

. ..":..- - -
.

5_ .4-

- - - - D0- - -
_

- - - . I_
-

- - - - UH- - - - -_

L T- - - -

FI- - - -
- - - - -

- W- - - - -_

O- - - - -

0 2 T C
- - - - -

- - - - -
0 2 - L0 0 0 0 0 0 0 O40 0 0 0 0 0 0 E A0 0 0 0 0 0 0 E C C0 0 0 0 0 0 0 R A0 0 0 0 0 0 0

0 0 0 0 0 0 0 U F C7 6 5 4 3 2 1 G R A
FI UR

7 S T
,, l

, o E; m N N

>mME , r U ,ao # sa9s 5xa syE3 j"s ;



''

- -
- . ,.

t .sh
. . . ,

_ _ _

s -- ,

TRAC-PF1/ MODI v13.0 (bO3e)
, ,

: .

: p .

-------{-- --------

6000 ----------}--g A, - ----,- -- - - - - - --.-

S : A i S MBOLS:A, R, T AFE TRAC CAIEULATICti VALUES,
.

.

E .
- -- -- - - - - - :--- - -----.

-

4000 -- - - - - - - - - -: k . - -g - - -- - -

..,
s

I : g<, AXIAL TEPM (A) ,

:
2000 ----- - - -is -.-- n j- - -- - - --- -.--- - ----- :--- - ------ )9

jg
"4 |

,,

O .

\ .

| g g 4FR RIM REMER%g;cgA

R
A R

.

A t >' f * 99 8 283IN*v#sp $1N .
-

N n eRx ~~~ ~~~~'~~~ ~~~~~ ~~

-2000 ---- -----;.
~"T hr~i ~:- e"~ ~~'~

- .

it'4 T(yrAL DMr (T)u g -

irie3t i
4

u w a -
1

- =a R p
- j a- - - .--- - : -- .-- : - -- --

-4000 --- ----.n
.

.

S a
.

g .

-a--,- -- -
- :- - --: -- ---"

] -6000 - -- -- -|
,

.
.

a .. *

RADIAL W W (R),, g<N
B

.

..

f -8000 --- - -
* - | -- - - - - - -- - : --- - :. ------1

-
-

o : ,
'

N ..

I | |

A -10000
-

JS 400 450 500 550 600 650 700

SUFFACE TENPERA'IURE DEG.K
d (DinfrIth,

FIGURE 23*

HEAT CONDUCTION EQUATION: QUENCH FRONT PROFILE AT 20 SECONDS'

5
E TRAC CALCULATION WITH 0.1Mi MIN MESH, 0.3MS TIMESTEP
m
h.)
04

,
---._



. - _ ._ _ .

I

_

TRAC-PF1/ MOD 1 v13.0 (bO3e) !
5 -

n
%

.

. ..

. .. .

;.; . . . . ... .

. . . . . .

> . . .. . . - . . .

AXIAL TEPM (A) . .-
'm . . . . -

m .. . .

.E. . .

$ & .

. ag. . . .

0 : : : : a a .= ** *: a : ,.4i
. . . .

., ,. . .

.

. . . .z.

. . . . . .

. . . . . .p
g ,3. . . . .

9 . . . . . . ,'

. o -5 ^

----------------2.-----------------i
, --=---- - - ------- --------- - --

!: RADIAL: TEPM (PJ
*- - -

.i e . . , : ;: : : a
.

,. ,. t.. . . .

in : : : : : e ,a :n'

,,

m. -10 -- - - - - - - - - ; - - - - - - - - - ; - - - - - - - - - -; - - - - - - -: - - - - - - - - - -: - - - - - - - - - - :- - - - - - - - - :- - - - - *

.,
. .. . . .

-u to . ... . . .

A Q . . . . . . . ,

+
. . . . . . ., g)

1
. . . . . . .

,;. . . . . . .

-15 -- - - - - - - - ; - - - - - o - : - - - - - - - L - - - - - -L- - . - - - : - - - - - - - - - :- . - - - - - - - :- - - - -
'

. . . . . . .

-;. . . . . . .

;. . . . . . .

-7. . . . . .13
. . . . . . .g

m : : : : : : : i
N -20'- . . - - - - . . . . . . . . . - . . . . . . . . ~ . . ~ . . . . . . . . . . - . . . - - - . . . . . . - - - - . . . . . . - . - . . - . - - - . . ;
1 . . . . . .: .

; - . . . . . . .

; s . - . . . .
,

c)
.

t
- * - - - ' -

. . . . .

4 . . . . 1. . .

o . . . . . . .

m
m -25,

- - - - - - -

8 600 L620- 640 660 680 700 720 740 a

! d SURFACE TD@ERATURE DEG.K |,

winfeith [
"

FIGURE 2_4 .

4

HEAT CONDUCTION. EQUATION: QUENCH FRONT PROFILE AT 20 SECONDS- ,

a
!5 TRP.C CAIC WITH 0.1M4 MIN MESH, 0.3MS TIMESTEP [ EXPLODED VIEW ]
- .

h3
t' I !

f
;

b

.. . . . - - . . . _ . . .- .,



\I{i !l ,j

|

hS S t
P W TI

M O -

DE L r
fT F n

H Si

G W W MI L |

3H I

0 .,

- 2 0
S- N +

- O 1I.- . 8 41 Th 1

A1.
,::i.i.i:::i::! s

L .'
, : i i ! iir i i : : : !

U 01

b._ . 6
~ C =

_ 1 I G
A N

-
_ C O

- L_

' 3_ ,

S T' . 4
_ 1 D RD.') G_e O O.
.

3 '

'

. v. o ! , :I I i| 8 iI I i 1 I 8 ' '
C F S:: .! ::- - . ::.;

O
~

I E Mb S_,
,3( " _

1
. . 2.

S' 1 , .

0
. ~ N0

3 2 ' C1

v e ~' I +
.e

' T
-

'

M .' -m'
. 0 A4I '

D
. ' 1 i

's VbO

% gt! ( E25,

/ .. s
!:t c l t t r ,s- t t Ii t1 E F.v '

- i i .1

F 0- . 8 I
P w ,

,- T 5 =
I-

4

- 0 = T.

_5C %
. R T R2 - ~ OA - ~ T AOR . q-

' - C H'N sT .
, .s m

-
. 6 A S S

' t - L E ,

::i:: ' '-
P. ''s R41 t 1 t iI.n 1: l ' i l

' i 1::i.j.ig U Fj

ms T5;

A2. 5 0 . ;
1 0 R .1

E0
-

- P =
- 4 T

.

-
' M. uN-
- . 2

T O
-

C
-

N E
Ct :I(!.!t::f1 5 AE

t:

- w - _
0 2 F R0 0 0 0 0 0 0 0

9 5 0 0 5 0 5 0 R A
8 7 7 6 5 5 4 4 E uR S SU C

x 8a
IF O A
G D L

RC

, O5, h(,).P

,m'E I Ueo t u s x's 3 $ q; *, g ".

' n 1
-

||iL:||



-- - _ _ - _ _ _ - _ - _ _ _ _ _ _ _ - _ _ _ - _ _ . -_ _ _

DISTItlIUTI(11

I'rR I! EAT TR7&'SFTR AND INDRAULICS VOITING GR*AJP

Mr M W E Cbney CEGB Tir Icatherhead
Dr C A (boper WIC 342/B41
Dr G R Kimber WIC 233/A32
Mr 1 Brittain WIC 201/A32
Mr K G Pearscn WIC 339/B41
Dr D B Utten INC Eboths lhll, melford Ibad, Poutsford, meshire

b'il6 90Z
Dr P A W Bratby INC Iboths ibil, melford Ibad, Knutsford, Cheshire
Mr D (bucill BIF Sprirgfields Works, Salwick, Prestcn, lancs
Mr P C lbil CD3B 'ID, Barnett hby, Entnwod, Gloucestershire
Dr P R Parmer CD3B Naticml Power, Ibr C1016, Cburtenay Hxse,18

Warwick Lane london Ir4P 3EB
Dr L Daniels UKAEA Bldg 392, AEFI thrwell
Mr D K 'Ibng UKAEA CLP 125, SRD Culcheth, Vhrrington
Mr B Chojroa' ski CEGB thrchwocr3 Ehgineering labs, Msrchwcod, Southarpton
Dr M El-Shanawany CD3B thtional Ibwer,11oclear thfety Iranch

Courtenay Ibuse,18 Vhrwick Irne, Irxr3cn Ir4P 3EB
Mr K 19 -r CD3B PPG, Itoths ibil, melford Ibad, Vautsford, meshire
Mr P L: ,,_.t foot CEGB PPG, Iboths Ibil, Chelford Tbad, Knutsford, meshire

WIC, DORCIIESTER , DORS"T, I7T2 8DH

Dr I H Gibsco 236/A32 (Su:rary only)
Dr C Richards 260/A32
Dr A T D Butland 343/B41
Dr M K Denham 336/B41
Dr A J Wickett 266/A32
Mr R O'Mahoney 263/A32 (10 copies)
Dr W M Dryce 262/A32
Dr B J H *1mes 264/A32
Mr G Ward 239/A32
Mr P 1 R Jones 231/A32

i

39APEA - M 2590

- _ - _ - _ _ _ _ _ _ - _ _



12;C, IQ71H 'S IIAll, OIE2JORD IDAD, K!ATTSTORD, OIESHIPI

Library
Mr G F A Bland
Mr C J Drayner
Mr R W Clarke
Mr K T Tcaticdge
Dr D D !Jewland
Mr N lbbstn

CEGB, ITD,18 WtWICK IME, ID; DON, EC4P 3EB

Dr G Alred

CEGB, PPG, ID3Tils llAIL, CIEIJORD RDAD, F?a?TSIORD, C'!FSHIPI

Dr N Dottery

UVAEA, RISTIY NPDE, WIRitKIIrtJ, VA3 CAT

Reports Library

UFAEA, ALTE HARv321, DIfC7P, OXCt;, OX11 OPA

Dr D Hicks G35, Bldg 77
Dr G F liewitt TH 392.7

CEGB, TEC, KELVIN AVCTJE, IEldEPJIEAD, SURPIY

Dr G C Gardner (Strrary Cnly)
Dr S Padzinski

CEGB, PIRKTLET !?JCIIAR I/JORATJRIES, BERKI2ff, GLDirESTEPSHIRE, GL13 9PB

Dr D Withrirstcn (Strrary Only)

CEGB, NATIONAL IOVER, ITJCIIAR SAFETY BPR1CH, IB VARWICK 1ANE
lacot1, Ir4 4EB

Mr J R Harrison

UNIVEPSITY OF STRATHCLYDE, JAMES VIIR BUILDING, 75 FD!?rTOSE STRLTP, GIASG3W
G1 1XJ

Mr T Callander
Mr W Degster

RRSA,10 BOX 31, DERBY, DE2 8PJ

f
it M FtIntyre

AEEW - M 2590 40

-___:__-__-_-___-_____-_-__--____-__-______-___-__-_-______-___-________-_-_-___-___-_-_____----__ _



_ _ _ . _ _ _ - . _ _ _ _ _ _ . . _ _ _ _ _ _ = _ _ _ _ _ . _ - _ - . . . . _ _ . . _ _ _ _ . _

tOCLEAR INSTALI.ATIQiS INSPEC70PATE, HEALTil N;D SAFCIY IXDCJrIVE, !TT PCTERS
IDUSE, STANLEY Pfd:CINCP, W.LLICL LOAD, KUTLE, L?O 3LZ

- Mr C Potter
Mr J F Campbell (Su: mary Cnly)
Dr S A liarbiscn (Sururary Chly)

IITTERNATIGIAL CODE ASSIESFD7T AND APPLICATIQiS PIOGRAft'I
i

USNRC, 5650 NIODII;Oi IWit, IOCKVILLE, MARYIldiD 20814, USA

Mr G Rhee (2 copies)
Mr D Bessette -

DGLG (IIWD) INC, INEL, PO IDX 1625, IIMD falls, IDA}D 83415, USA

Mr R Shultz (2 copies + sirgle sided cq)y)
Mr R lhnscn
Dr G Wilscn

LOS AINDS NATIQiAL I.AtORATORY, TO IDX 1663, I.DS AUJDS, NEW FEXICD 87545,- USA

Mr N Schnurr (2 ccpies)
Dr R A Nelscn j
Dr M Capiello
PJ R Jenks

PAUL SCHERRER INSTITUTE, 01-5303, WI!PJELItEDi, SWITZERI1A]

Dr S N Aksan
Dr P Coddington

JAERI, 'IOKAI-FURA, IU#JH3UN, IIRFAKI-KEN, 31911, JAPAN

Dr Y Murao .
Dr H Akimoto

DERS, CEA, BP NO 6, F-92260, FONTDIAY-AUX-ROSES, FRANCE

Dr R Pochard

LIBRARIES-

Dounreay. -2
Harwell -2
Risley- -4

-Windscale -2
Winfrith- -4-

41
AEEW - M 2590

- - , . _ . . - _ . . _ . . . _ _ _ _ - . _ _ ._._._._.: . 2_._.___ ._ _._-_ _ __ __._.2 .



_ _ _ _ _ _ . _ . _ _ _ _ _ _ . _ _ _ _ _ - ____ _ __ _ . _ _ _ _ _

geca 33s u s.Nucts Aa neout Aion y couvimoN < agiyyi,*
E8E BIBUOGRA'''lC DATA SHEET [U O;3

'

G
<3,, , vr = , .u,, ,w"''"'

AEEW-M2590
7 IliLiAhD SUBlifti

Time Step and Mesh Size 9ependencies in the Heat Concoction 2 out atroni eUcusmo

Solution of a Semi-Inplicit, Finite Dif ference Schene f or |
" * " * " * "

Transient Two-Phase Flow April 1992
4 FIN ok GR ANT NUYblH

A4682
b AUTHOR (Si 'f gyygpppgpggg

R. O'Mahoney Technical
i Vt H,UV LOVt H L U Oso,as e p.,est

,

,

g eugN g Apsi U son - NAue ANu Aoou w ,,,s c .n - o n o,~. n,.~,u ,u, . ,~,c. . ,,,...,, e .,,,,,,... . ...,..er
.

Winfrith Technology Centre
United Kingdom Atomic Energy - Authtaity
Dorchester, Dorset, DT2 8DH
United Kingdom

o voygG ANflM ION - N AM E AND ADDR E SS umac w h .w.,ws ,,,,,,,,, ,.c.a Sec o., , o,,g.., se,,. u s Neer se.
n .s.sa , cm,,.-

Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555

10, SUPFLE ME NT ARY NOTE $

11, ABSi R AC1 (100 me,are e, seul

This report examines, and establishes the causes of, previously identified time step
and mesh size dependencies. These dependencies were observed in the solution of a
coupled system of heat conductionand fluid flow equations as used in the TRAC-PF1/ MOD 1
computer code. The report shows that a significant time step size dependency can
arise in-calculations of the quenching of. a previously unwetted surface. The cause of
this ' dependency is shown to be the explicit evaluation, and subsequent smoothing, of
the term which couples the heat transfer and fluid flow equations. An axial mesh size
dependency is also identified, but this is very much smaller than the time step size
Mpeidency. The report concludes that the time step size dependency represents a
potential limitation on the use of large time step sites for the types of calculation
discussed. This limitation affects the present TRAC-PF1/ MODI computer code and may
similarly affect other semi-implicit finite difference codes that employ similar
techniques. It is likely to be of greatest significance in ccdas where multi-step
techniques are used to allow the use of large time steps.

u, x t y won os ot sc a :e i os s o.. .,-,... ~, - . ,--. , ~ ,, .. , u .vanaanin u.ieute.

Unlimited
" - ""a = ^"aT Se Step, Mesh Size, Dependencies, Heat Conduction Solution,
,1,,N ,nsient Two-Phase Flow

Unclassified
iis. n, o

Unclassified
ib NUM$tH O PAL,1S

16 PRICE

NRC FQRM 3)$ (7 896

. . - . . - - ~ , - - _ _ . . ~ , _ . ._ . . . . . , - , - - - .- - , . - - - - - - , , ,
. - . - _ . . , -- .



.- -.

%--

b

meu

k

THIS DOCUMENT WAS PRINTED USING RECYCLED PAPER

_ _ _ . . _ _ . .. . . .. .



_
-

APR1L 1992
TIME STEP AND MESH SIZE DEPENDENCIES IN THE HEAT CONDUCDON sos.LTION OFNUREG/IA-0073
A SD11-IMPLICIT. FINITE DIFFERENCE SCHDIE FOR TRANSIENT YWO-PILASE FLOW

UNITED STATES Pc3 AGE A D EES FAC
NUCLEAR REGULATORY COMMISSIOtJ usNac

WASHINGTON, D.C. 20555 PERMIT NO. C-67

CFFiCIAL CU51 NESS
PE %' .'Y FOR FFiVATE USE, $300

120555139531 : 1 A r!) c I
US NPC-0AOV
OIV FCIA E " U R L I c " T I C N '' SVCS
TPS-PDR *iUREG
P-211
WaSuTNGTON SC '7555

l

|
|

|

|

|
|

- - - -

- ~
- . .

. . . . . . . . .

|
.,

.. i--


