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TIME STEP AND MESH SIZE DEPENDENCIES IN THE HEAT CONDUCTION
SOLUTICN OF A SEMI-IMPLICIT, FINITE DIFFERENCE 8CHEME FOR
TRANSIENT TWO<FHASE FLOW

R O'Mahoney

Buggu'g

This report examines, and establishes the causes of, previously
jdentified time step and mesh size dependencies. These
dependencies were observed in the golution of a coupled system ot
heat conduction and fluid flow equations as used in the
TRAC=PF1/MOD]l computer code.

The TRAZ=PF1/MOD]l computer code employs a semi-implicit, finite
difference solution scheme to solve the differential equations
describing heat transfer and two-phase fluid flow; 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 ‘n calculations of the quenching of a previcusly unwetted
surface., The cause of this dependency is shown to be the
explicit evaluc. wun, and subsequent smoothing, of the term which
couples the heat -ransfer and fluid flow equations. An axial
mesh size dependency is also identified, but thir is very much
smaller than the time step size deperdency.

The report concludes that the time step size dependercy
represents a potential limitation on the use of large time step
sizes for the types of calculation discussed. This limitation
affects the present TRAC-PF1/MOD]l 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 cudes where multi-scep technigues are used tn allow the use of
large time «teps.

Safety ani Engineering Science Division
Winfrith Technecliogy Centre

July 1989
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FIGURES

kod surface temperatures at 5 elevations, for 4 different
mesh sizes. Min axial meshs are: CONT=2.5 mm,
SHORT=(.25 mm, LONG=0.1l mm, THICK=0.05 mm.

Axial profile of rod surface temperature at 4 different
times. Profiles at O, 10, 20 and 30 seconds, for 0.1 mm
axial mesh.

Rod surface temperatures at 5 elevations, for 3
calculations. Calculations are: CONT=0.25 mm,
SHORT=0.05 mm, LONG=0.25 mm + 0.3 ms step.

Surface-~to-fluid heat transfer coefficient vs temperature,
at 20 seconds. TRAC calculation with 0.25 mm min mesh +
theoretical heat transfer.

Surface~to-fluid heat flux vs temperature, at 20 seconds.
TRAC calculation with 0.25 mm min mesh + theoretical heat
flux.

Surface~to~fluid heat transfer coefficent vs temperature,
at 20 seconds. TRAC calculation with 0.25 mm min mesh, no
smoothing + theoretical heat transfer.

Surface-to~fluid heat tranfer coefficent vs temperature, at
20 seconds. TRAC calculation with 0.25 mm min mesh, 0.3 ms
time step + theoretical heat transfer.

Surface~to-fluid heat flux vs temperature, at 20 seconds.
TRAC calculation with C.25 mm min mesh, 0.3 ms time step +
theoretical heat transfer.

Pod surface temperatures at 7 elevations, for 3 no-axial
cal ulations. Calculations are: CONT=0.25 mm,
SHORT=0.25 mm + 0.3 ms, LONG=0.05 mm + 0.3 ms.

Burface~-to~-fluid heat flux vs temperature, at 20 seconds.
TRAC calculation, no axial conduction, 0.25 mm minimum mesh
+ thecretical heat flux.

Surface-to-fluid heat flux vs temperature, at 20 seconds.
TRAC calculation, no axia)l conduction, 0.25 mm min mesgh,
0.3 ms time step + thecoretical heat flux.

Heat conduction eguation: quench front profile at
20 seconds. TRAC calculation with 0.25 mm min resh.

Heat conduction equation: quench front profile at
20 seconds. TRAC calculation with 0.25 mm min mesh
(exploded view).
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l FIGURES (Continued)
PAGE
14 Heat conduction eguation: guench front profile at 26
20 seconds. TRAC calculation with 0.25 mm min mesh, 0.3 ms
time step.

15 Heat conduction equation: guench front profile at o7
20 seconds. TRAC calculation with 0.25 mm min mesh, 0.3 ms
time step (exploded view).

16 Surface-to-fluid heat flux vs temperature, at 20 seconds. 28
TRAC calculation with 0.25 mm min mesh, 0.3 ms step,
reduced CHF + theoretical heat flux.

17 Heat conduction equation: gquench front profile at 26
20 giconds. TRAC calculation with 0.25 mm min mesh, 0.3 ms
step, reduced heat flux.

I

: I
! 18 Heat conduction eguation: quench front profile at 50

20 seconds. TRAC calculation with no axial conduction, |

0,25 mm min mesh. i

|

|

|

19 Heat conduction equation: quench front profile at 1
20 seconds. TRAC calculation with no axial conduction,
0.25 mm min mesh (exploded view).

20 Heat conduction eguation: guench front profile at 32 |
20 geconds. TRAC calculation with no axial conduction, |
0,25 mm min mesh, 0.3 ms, time step. :

21 Heat conduction egquation: gquench front profile at i3
20 seconds. TRAC with no axial cond. tion, 0.25 mm min
megh, 0.3 ms step (exploded view).

22 Surface-to-fluid heat flux vs temperature, at 20 seconds. ¥4
TRAC calculation with 0.1 mm min mesh, 0.3 ms time step *
theoretical heat transfer.

23 Heat conduction eguation: quench front profile at 15
20 seconds. TRAC calculation with 0.1 mm min mesh, 0.3 ms
time step.

24 Heat conduction eguation: quench front profile at 36
20 peconds. TRAC calculation with 0.1 mm min mesh, 0.3 ms
time step (exploded view).

25 Rod surface temperatures at 5 elevations, for 3 37

calculations. Calculations are: CONT=0.25 mm,
SHORT=0.25 mm + 0.3 ms, LONG=0.1 mm + 0.3 ms.
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NOMENCLATURE

A Surface area

Cp Specific heat ut constant pressure
h Heat transfer coefficient

K Thermal conductivity

i Volumetric heat gencration rate
Q Heat transfer (energy)

r Radial cylindrical coordinate

[ Density

T Temperature

t Time

z Axial c¢ylindrical coordinate
(81 units)
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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 compute:
code TRAC-PF1/MOD1 [2]. Calculations which simulated the
quenching of the surface of a nuclear {uel 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 dependen.ies. Similar dependencies may well arise
in other computer codes which employ semi-implicit, finite
difference solution schemes.

Section 2 of this paper gives a brief descripticn of the
TRAC-PF1/MOD]l computer code. This section concentrateg on the
particular aspects of the code that are relevant to this study.

Section 3 presents some results from the TRAC~PF1/MODI
calculations which demonstrate the time step size and axial megh
size dependencies.

In Section 4 a more detailed examination is made of the
individual terms that contribute to the heat conduction eguation.
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-PF1/MOD1

TRAC=PF1/MOD1 is used to perform analyses of Loss-of-Coolant
accidents and other transients in Pressurised Water Reactors
(PWr'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 eguations describing (wo-phase flow (water
and steam) and heat transfer, by finite difference methods. The
heat transfer equations are treated by usinn 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, ctuch 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 relevar: tc the
subseguent discussion in this paper relates to :he coupling
betwen the heat transfer eguations and the hydrodynamic
equations. The heat transfer equaticons might, for example, be
used to model the two-cd.mensional heat conduction within a heated
cylindrical rod. The coupling with the hydrodynamics eguations

AEEW - M 2590 1

e A e e R e el ———— PraR—— — —— p— —— e e

P PP LRI~



e SLEEE_REI SN NS

takes place via the surface heat transfer between the rod and the
sutrounding filuid., This surface heat transfer wili be dependent
on *he rod surface temperature and several of the fluid s
properties; it provides & surface boundary condition for the heat
conduction eguation and contributes to the energy and mass
conservation eguations for the fluid. The surface boundary
condition for the heat conduction eguation, at time step (n+l),
is of the form:~

3T
n n+l n+l
K SF = = h" (Tgurface = Tfluia) (1)

"he suriace to fluid heat transfer contribution to the energy
equation, for time step (n+l), is of the form:-

= Ko n = +1
Qluttaco h A (Tuurface T?luid) At (2)

to fluid

The point of particular significance in this heat transfer

coupli g is that the surface heat transfer coefficient is
eviluated explicitly; it is calculated using rod and fluid
conditions from the previous time step. In later sections of
this paper it 1s 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
transter.

3 TRAC-PF1/MOD1 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 the bottom of the pipe:
the resulting cooling and ultimate guenching of the rod surface
by th2 fluid, was then calculated.

Some typical results from the TRAC-PFl/MODl1 calculation are
presented in Figure 1. This Figure shows rod surface
temperatures, at five elevations, plotted against time, for four
separat~ calculations. The differences between the four
¥ oicule‘ins lie in the size of the smallest axial mesh used in
% firite difference representation of the fuel rod. This mesh
separate fror the mesh used t» solve the fluid flow eguations,
i¢h was unchanged. It can been seen from Figure 1 that there
s a wide variation in the times at which -"\e rod surface
temperature, for any particular elevation, quenches (1e falls
rapidly to the fluid saturation temperature). It is not
immediately apparent why changing the axial mesh sfze should have
this effect.

AZTEW -~ .. 2590 2



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 guccessive times, for
vwne of the calculations represented in Figure 1. It can be seen
from Figure 2 that shortly after the start of the calculated
transient a sharp, or steep, temperatuie 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 .d.
The reasor “or changing the axial mesh size in the original
TRAC=PFl/m.vl calculation was to identify and examine the effects
it might have on the quench front progression.

The quench front region itself is typically only a few
millimetres wide. The TRAC-PF1/MOD] 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 pointe in
the vicinity of the quench front. 1In 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 inserteda. The four calculations
represented in Figure 1 used differing values of this lower
bound; the effective minimum mesh sizes were 2.5 mm, 0.25 mm,

0.1 mm and 0.05 mm. Figure 1 ghows that reducing the lower bound
causes the quench front to progress more quickly: it also causes
the guenchi..g to occur at slighly higher surface temperatures.

The semi-implicit nature of the heat conduction solution in
TRAC~PF1/MOD]l leads to additional complications in trying to
understand the apparent mesh size dependency.

TRAC-PF1/MOD]1 uses a two-dimensional (r,z) cylindrical heat
conduction equation. Azimuthal symmetry is assumed. The
differential eguation can be written as

P — — t ——— — Ce—
. t 9 r r \ 8r 3z oz

The finite difference form of equation (3), implemented in
TRAC=-PF1/MOD1, has implicit differencing in the radial (r)
direction and explicit differencing in the axial (z) direction.
The explicit differencing used for the axial term in Egquation (3)
leads to a stability restriction on the maximum time step size
(Atmax) for a particular miniwum axial mesh size (Azmin). This
restriction is of the form =~

2
btpax * 82%4n

AEEW - M 2590 3
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True. fcr the four culculations represented in Figure 1, changing
the loewer bound on the wmesh size has also charnged the time step
size in the calculatione. The effect of reducing the time step
alone can be judged from Figure 3. This Figure shows results
from three calculations; a large mesh gize case, a small mesh
size case, and a case with & large mesh size but a Lime 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 »f 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, deperdency is further
examined and explained in Section 4.

4 DETAILED EXAMINATION OF CONDUCTION TPRMS

The previous section highlighted the fact that reducing the time
step size used in the quenching calculations had changed “he
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 effect. This
behaviour is now examined in more detail by considering the
individual terms of the heat conduction solution.

4.1 Finite Difference Equation

TRAC=PF1 /MOD]1 solves a finite difference form of eguation (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 Ly the node volume, then an
equation of the form:

TOTAL = GENERATION + RADIAL + AXIAL (3a)

(where each term ig in °K/sec)

can be written for each node in turn. The heat generation occurs
internally within the rod so that for the suiface nodes the
GENERAT%ON term in Equation (3a) will be zero. For the nodes >f
nteres n thie section, i¢ close to the gquench front, the
automatic mesh refinement will cause all the node sizes to be
close to the minimum allowed.

4.2 Surface~to-I"'luid Effects

Plots present2d 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
one component of the RADIAL term, namely the surface heat
transfer hetween the Tod and the coolant.

Figure 4 shows a plot of surface heat transfer coefficient versus
surface temperature. Results from the TRAC-FF1l/MOD]l 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

AEEW - M 2590 4
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normally on.y change slightly during 1) tire steps s0 it is
reascnable to expect that the points representing heat transfey
coefficient versus wall temperature will lie on a curve. In
Figure 4 the points labelled “1" are froam time step ] of the
sequenice and 80 nn. 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
theo-etical heat transfer curve derived for the particular fluid
cor tions present in the TRAC-PF1/MOD] calculation. This curve
was alculated by evaluating the TRAC-PF1/MOD1 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 theocretical maximum ie shown to be reached
at appoximately 470°K: this corresponds to the point of critical
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 cutve. Many values are
40~-50% below the theoretical <alues and the critical heat flux
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 F‘jure 4.

sl Explicit Eyaluntion and Smoothing Effects

The differences observed between the effective and theoretical
heat transfer curves arise from two separate aspects of the
TRAC-PF1 /MOD1 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 tv evaluate the new coefficient. Secondly. the smoothing
and limiting technigues applied to the calculated heat transfer
coefficient: 55% ungo:-relaxaticn is used (55% ocld-time value +
45% new-time value), followed by the restriction that,
essent.ally, the resul“ing new value is noc more than twice the
old-time value. These technigues are applied on a per-time step
basis and not ori a per-unit time basis: thus, for example, during
the repid { ~rease in coefficient shown in Figure 4 some time
step size ¢ :ndency will cccur.

The TRAC~PFl/MOD]l results shown in Figure 6 will allow these two
aspects of the solution scheme to be considered separately. The
results shown in Figure 6 are from a calculation in which the
surface heat transfer smoothing and limiting have been removed.
The theoretical heat transfer curve has been derived for the
fluid conditions present at the end of the time step sequence.
The effect of the explicit eva’aation of the surface heat
transfer coefficient can be clearly seen in Figure & for tires
steps 3 onwarde (ie points numbered 3-9, * and A). For exampie,
the point marked "4", at approximately 485°K, has a heat transfer
value that corresponds to the theoretical curve evaluated at the
temperature of the point marked “3", close to SO0°K. Similarly
the point "S" value corresponds to “he point "4" temperatures and

AEEW - M 2590 5
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80 ori« (This correspcndence does not work ir Figure 6 for the
pointe marked “3v, "2" and "1 because the f.uid ~onditions at
those time stepe were slightly diffr nt to those used to derive
the theoretical curve). In other wo.Js the surface termperature
T, is at time step (n+*l), 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
ho:t transfer is greater, particularly with regard “o the peak
value.

4.2.2 Time Step Size Eff- te

The calculation for which results were presented in Figure 4 usged
time steps that were in the range of 5«10 milliseconds. Fiagur 7
shows results from an egquivalent calculation in which the time
step was constrained to be no greater than 0.3 milliseconds. The
TRAC=PF1 /MOD]1 calculated values have been drawn every 24 tine
steps, ie every 7.2 milliseconde, as thie 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 B shows the surface heat flux values corresponding to the
coefficients given in Figure 7. A cowmpariscn 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
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 Ax Conduction Effects

In an attempt to isolate the sejarate contributions of the RADIAL

and b%;%% terms of egquation (3a) several TRAC-PF1/MODI1
calculations were carried out with the ANIAL term artificially
set to zero. This prevents any axial conduction of heat within
the rod. The results, shown ir Figure 9, are somewhat
surprising. With the AXIAL term removed the calculations show
virtually no sensitivity to either time step or axial mesh size.

Figure 10 shows the surface heat flux, plotted #s a function of
surface temperature, for tre first NO-AXIAL conduction
calculation. The TRAT~PF1/MOD] results are sirmilar to those
shown in Figure 5 for the standard calculation: the eftectiv.
heat flux curve is again significantly belcw the thesretical
curve. Figure 11 shows the equivalent resu:ts from the NO-.alAL
conduction calculation with the time step restricted to

AEEW - M 2590 6




0.3 piiliseconds. 'The TRAC~FFI1/MOD] rosulte now clossly foliow

|
the thecretical curve in & siwilar manner to the stardard }
calculation results presented in Figure 8.

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 step size effect seen in the
standard calculations must, therefore, depend on more than just
the cha'ge in the effective surface heat transfer.

4.4 ngnch L iont Profiles

In previous sections effective surface heat transfer curves h’ '~
been generated by over-plotting heat transfer values from a
sequence or consecutive time steps. A similar technigque can be
used to generate a guench 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 showa the guench front profile at 20 seconds for the
gtandard TRAC~PFl/MOD]l calculation with a 0.25 mm minimum axial
mesh. Points lab:.lled "A" represent the magnitude of *he AXIAL
term of eguation (3a), points labelled "R" represent the RADIAL
term and points labelled “T" represent the TOTAL term, ie the
sum of the QEQAL and RADIAL term. For the seguence of 11 time
steps plotte n Figure 17 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 reugion the AX17°, term is
negative ie tending to cool the rod surface. act for
temperatures above S550°K the AXIAL term maker lmost all of
the TOTAL term. (The RADIAL term has positive vaiues above
approximately 5B5°K because the heat being transferred (rom
inside the rod to the surface exceeds that being transferred from
the surface to the fluid). At the low temperature e¢nd of the
region the AXIAL term is positive ie it is oppo.ing the cooling
rate qonura!oa 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 RADIAL
term, largely governed by the surface-to-fluid heat flux, is
large and negative.

In Figure 12 the magnitude of the TOTAL (3T/3t) 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
increases very rapidly, until the surface is guenched. It can be
seen from Figure 12 that, at least for this calculation, the

AEEW - M 2590 7
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large increase in the peak RADIAL term magnitude wil. have
changed the axial temf.rature profile in the guench fro.t region.
This is likely to change the AXIAL term values as they are,
essential'y, 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 surface-to-fluid heat flux
modified so that it remains at the level shown in Figure 5 rather
thar the increased level shown in Figure 8. This was achieved by
reducing the critical heat flux value (CHF) used by TRAC-PF1/MODI
in evaluuting the heat transfer coefficients.

Figure 16 shows the effective surface heat flux curve from this
new reduced-time step calculation., It is in fact quite clore to
the effective curve presented in Fisure 5 for the original
calculaticn. Figure 17 shows the quench front profile for the
n=y calculation at 20 seconds. Both the RADIAL and AXIAL term
cutves ure very similar to the corresponding curves shown in
Figure 12 for the .riginal ca'culatien. Thus the AXIAL term
valuves have no time step size dependency »f their own (within
the time step range considered) but rathe they reflect the time
step size dependency of the RADIAL term. This in turn reflects
the time step size dependency of the surface-to-fluid heat flux;
as previously shown this is due to the explicit heat transfer
evaluation and smoothing techniques inherent in the svlution
scheme.

4.4.4 Calculations With No Axial Conduction

Figures 10 and 11 showed 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 effective curve
to follow the theoretical curve (Figure 11) but did not, however,
change the overall quenching behavicur (Figure 9).

Figure 18 shows the qguench front profile for the large time step
calculation. As the AXIAL term is zero the TOTAL term is simply
equal to the "ADIAL term. The effective RADTAL term curve in
Figure 18 is _.milar to the RADIAL term curve shown in Figure 12
for the standard calculation. However, the lack of an AXIAL ternm
means that the TY.. rerm becomes small at a lower temperature
than in Figure 1. .  the temperature knee is maintained at a
lower temperature. (his is confirmed by thc temperature versus
time profiles shown in Figrre 9. Figure 18 also shows that the
magnitude of the TOTAL torm 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 guench 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 valucs 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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The quench front profile for the no axial conduction calculation
with the reduced time step size is presented in Figure 20. The
peak magnitude of the RADIAL term has increased, compared to
Figure 18, in line ¢.th the increase in the surface-to-fluid heat
flux shown in Figure 11. However, at the high temperature end of
the region the values are unchanoed. This is further borne out
in tl.e exploded view shown in Figure 21,

Thus in a calculation with "o axial conduction, although the peak
TOTAL term magnitude is increased, the TOTAL term values at the

gh temperature end of the quench front region are unchanged
when a small time step size is used. This 1s consistent with the
observation that the overall guench front movement is unchanged
when a srall time step size is used.

4.4.5 ‘xial Mesh Size Effects

Having established and examined the time step size dependency it
is now worthwhile examining any mesh size effects. TRAC-PF1/MODI
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 establ!sh any genuine mesh size
effects a comparisc: 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

viffective surface-to-fluid neat flux curve for this calculation:

this can be compared to the curve in Fioure B, which used a

0.25 mm minimum mesh. The two effective curves are very similar:

.Me smaller mesh curve lies slightly closer to the theoretical

«i1+.2 at the peak value. The smaller mesh size gives more nodes,

" hence a better resolution, in the region of peak surface-to-
.1 heat “ransfer values.

"+v re 23 shows the quench front profile for the new calculation;
.i1is can be compared to Figure l4 for the larger mesh size
r- alts. The results are again very similar apart from the peak
AXIAL and RADIAL values at the low temperature end of the region.
exploded view of the AXIAL and RADIAL terms at the high
temperature end of the region is shown in Figure 24. The results
are very similar to those shown in Figure 15 for the larger mesh
size calculation. This suggests that the overall gquench 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 ies made with the larger mesh
si.e calculation and also the original larger time step size
calculation. The new cil ulation 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

AEEW - M 2590 10
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guenching of a nuclear fuel rod. Both effects have been ghown to
arise from an underlying depe~dency in the surface-to-fluid heat
transfer. The time step dependency occurs because tune reat
transfer coefficient is evaluated explicitly, ie using values
from the previouvs time step, and because under-relaxation is
applie® to the newly calculated coefficient. This dependency
will be particularly noticeable whenever the heat transfer
coefficient ie changing significantly from one time step *to the
next, such as occurs during guenching. The smaller mesh size
dependency appears to arise from changees in tle spatial
resolution at the calculated heat transfer coefficient close to
ite peak value,.

The paper has shown that changes in the surface-to-fluid heat
transfer affect the overall guenching behaviour by virtue of
changing the axial temperature profile; this changes the axial
conduction terms in the overall rod conduction eguation. 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 guenching behaviour.

The findings can be summarised in the following conclusions:=-

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

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
surface~to-fliuid heat transfer coefficient, and as a result
of the time step-to-time step vmoothing techrigues applied
to the coefficient.

5.3 For the TRAC-PF1l/MOD1l guenching calculations described in
the report the time step size dependency of the sclution
dissappears if the axial conduction term of the heat
n~onduction agquation is removed. This is because the
gurfuce-to~fluid heat flux time step dependency affects the
overall sclution only by changinu the size of the axial
conduction terms.

5.4 The studies described in this report have also identified a
small axial mesh size deper !ency; this is, however, much
smaller than the time step size dependency. This
dependenr * again appears to arise from a small wmesh size
dependei.~ of the surface-to-fluid heat transfer, mainly in
the region of high and rz»nidly changing heat transfer
values.

AEEW - M 2590 11
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The time step size dependercy represents a potential
problem in the use of the TRAC-PF1/MODLI code, with regard
to running times. The numerical solution scheme for one-
dimensional compor”ts 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 *he explicit heat transfer evaluation
and to remove the time step sirze dependency from the heat
transfer smoothing techniques.
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HEAT CONDUCTION EQUATIOM: QUENCH FRONT PROFILE AT 20 SECONDS
.C CAIT WITH 0.1MM MIN MESH, 0.3MS TIMESTEP [ EXPLODED VIEW ]
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