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ABSTRACT

A joint effort has been undertaken by AEE Winfrith and GfK/IRE
Karlsruhe to compare temperature distributions in the wake down
stream of a blockage in rod bundles. Such temperature distributions
on one hand have been measured in Karlsruhe and on the other hand
can be calculated using the SABRE code developed for Winfrith under
a contract placed at Imperial College, London. Abrief description
of the experiments and of the SABRE code are given in this report
as weIl as detailed measurement and calculation results. It is
concluded that this code is already a very useful tool for safety
investigations for L.M.F.B.R.s, despite the fact that some para
meters used are not very weIl known and that improvements to the
code may be necessary.

ZUSAMMENFASSUNG

Ein Vergleich von mit dem SABRE-Programm berechneten
Temperaturverteilungen mit experimentellen Ergebnissen.

Als ein gemeinsames Unternehmen von AEE Winfrith and GfK/IRE
Karlsruhe wurden Temperaturverteilungen im Totwasser hinter Blockaden
in StabbundeIn verglichen. Solche Temperaturverteilungen wurden
einerseits in Karlsruhe gemessen und können andererseits mit dem
SABRE-Programm berechnet werden, das für Winfrith gemass einem
Vertrag mit London, entwickelt wurde. Eine kurze Beschreibung der
Experimente und des SABRE-Programms werden in diesem Bericht
gegeben, ebenso auch detaillierte MeS- und Rechenergebnisse.
Trotz der Tatsachen, daS einige der im Programm zu benutzenden
Parameter nicht sehr gut bekannt sind, und daß Verbesserungen des
Programms als notwendig erkannt werden, wird geschlossen, daS
dieses Programm auch jetzt schon ein sehr nlitzliches Hilfsmittel.. " ," . ' .fur Slcherheltsuntersuchungen fur flusslgmetall-ge-kuhlte schnelle
Brutreaktoren ist.
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I . [N'l'HODUC'l'lON

In the field of safety investigations for liquid-metal cooled
fast breeder reactors (LMFBRs), local coolant disturbances are
studied as initiating events for self-propagating damage to the
core (1) (2). Several possible mechanisms of failure propagation
have been considered. The most important one could be initiated by
a local coolant blockage within an individual sUbassembly, which
may arise from an accumulation of fuel particles or other coolant
impurities at the spacer grids of the rod bundle. Local coolant
blockages may not be detected by temperaturesensors or flowmeters
at the subassembly outlet before a critical situation, such as
local sodium boiling and/or progressive fuel pin failure, is reached.

Because of the assumption that these blockages are generated
by the deposition of small particles at a spacer grid, blockages
are considered which are small axially but possibly large radially.
Furthermore the rod bundle geometry near the blockage is assumed
to be undisturbed, since with a disturbed geometry one has to
expect an early clad failure so that a blockage can probably be
detected, eg from the release of fission gas.

Under these assumptions one has to investigate the temperature
distribution for a single-phase flow downstream of a local coolant
blockage to get the initial conditions for a possible failure
propagation. This has been done recently in two different approaches:

(i)

(ii)

In the UK a new computer code SABRE (~Subchannel

Analysis of Blockage in Reactor Elements) has been
developed at -Imperial Co'llege under the terms of a
contract between UKAEA, Winfrith, and Combustion,
Beat and Mass Transfer Ltd (CHAM). The SABRE code
is devised to treat blockage situations in rod
cluster geometries, where large cross flows and a
recirculating wake require a three~dimensional

solution of the elliptic differential equations of
conservation of mass, momentum and energy (3).
So far no other code has treated successfully such
problems for large blockages in rod bundles of
reactor size.

In Germany temperatu~e distributions downstream
of large blockages have been measured at KFK/IRE
in a full-scale mock-up of a fuel subassembly in
a water test rig. From the temperatures measured
in water flow the sodium temperatures have been
calculated. This has been justified (4) when the
Reynolds number is sufficiently high and the blockage
sufficiently large. No other experiments are known
to measure temperature distributions downstream of
large blockages in rod bundles of reactor size.

Although the SABRE code is still in astate which requires
further improvement, it was considered useful to calculate the
KFK experiments with it and to compare experimental and theoretical
results. Therefore, a joint effort was undertaken by AEEW and KFK
to undertake this comparison, the results of which are given in
this report.
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THE RECIRCULATION ZONE

2.1 Test Facility and Instrumentation

To measure the temperature distributions downstream of
local coolant blockages in rod bundle subassemblies, a full~

scale mock-up of an SNR-fuel subassembly (5) was constructed
(Figure 1). The SNR subassembly consists of a hexagonal array
of 169 fuel rods with a diameter of 6 mm and a pitch of 7.9 mm.
The fuel rods are replaced by electrically heated rods of 1.0 m
total length with a heated length at the downstream end of 0.7 m
(0.1 m upstream and 0.6 m downstream of the blockage) and a
maximum rod power of 50 W/cm, which is nearly constant over
the heated length. This test section was inserted into a water
test rig with a maximum water flow rate of 100 m3/h. The water
of the rig can be preheated to a maximum temperature of 90oC.

Figure 1 shows a central, symmetrical blockage inserted
ln the rod bundle, which obstructs 15% of the total flow area.
Due to the thermocouples downstream of the blockage no grid
spacers could be inserted in this region, ie the axial arrange
ment of the spacers is not quite the same as in the SNR. The
blockage consists of two 4 mm thick metallic discs separated
by a rubber disc as aseal.

Several rods in the middle of the bundle are provided with
three thermocouples each, which ln the wake region are placed
in slots in the heater cladding in order not to disturb the
flow. Since the cladding thickness amounts to only 0.45 mm,
thermocouples of 0.25 mm outer diameter had to be used. The
thermocouple hot junctions are bent out of the cladding into
the middle of the subchannels. The thermocouple distribution
was chosen in such a way that the temperature field in the
wake could be measured as comprehensively as possible, ie in
different axial planes and in as many subchannels as possible,
taking advantage of the symmetry of the assembly. Because
of limitations in the instrumentation and data evaluation
(number of amplifiers available etc.) the total number of
thermocouples was limited. Therefore, with large blockages
only apart of the temperature field in the wake could be
measured. Another limitation is imposed by the fact that
some of the thermocouples failed because of the difficulty
of mounting such small thermocouples. The actual location
of the active thermocouples is given together with the
experimental results (see Section 2.4).

2.2 Data Evaluation

The time for the measurement of the steady-state (because
the flow is turbulent.. this is actually a quasi-steady-sta'te)
temperature distribution is limited by the design of the
water test rig used. With the highest possible flow rate
(100 m3 /h) there are only about 20 sec between the moment
when steady-state conditions are reached after switch-on of
the heaters, and the moment when the inlet temperature begins
to rise and the temperature distribution becomes unsteady
again. Therefore, a fast multi-channel data acquisition device
was necessary in order to record sufficient data for an
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udequate calculation üf the time mean value für each thertnu
couDle. Thjs device scans all thermocouples 0,vclically for
8 sees with a cycle time of 10 milliseconds, digitalizes the
instantaneous values of the analogue data and stores them
sequentially on a magnetic tape. These 800 measurements are
sufficient for the calculation of the time mean value. This
has been shown by an evaluation with shorter measurement
times (ie fewer data). The time mean value changes slightly
with measurement times less than 4 sec but does not change
with measurement times of more than 4 sec.

The magnetic tapes have been evaluated on an IBM/370-165
computer using the code system SEDAP (6). SEDAP reads the
measurements and sorts them into time dependent signals for
each thermcouple, at the same time converting the thermocouple
voltages into temperature differences. An analysis of the
time dependent signals is possible using SEDAP, but in this
case only the time mean value is of interest. This is also
calculated by SEDAP.

2.3 Measurement Errors

Using SEDAP an evaluation method has been found which is
independent of the reference temperature of the thermocouples
(ambient temperature), and which practically eliminates the
error in the recording of the rather small absolute values
of the thermocouple voltages and the error due to the tempera
ture drift of the amplifiers' zero adjustment. The error in
the amplification factor could not be eliminated and this
leads to an uncertainty of the resulting temperature differences
which amounts to ~ 2%.

The resistance of the electric heaters and, therefore,
the rod power is slightly different for different rods. This
leads to another possible uncertainty of + 3% for the tempera
ture differences. An error in the measurement of the total
power does not lead to an error in the temperature differences,
since the total power was not in the data evaluation. However
when considering calculations with the SABRE code one has to
take account of this error,.ie the power given as input for
SABRE is known only to within 1.5%.

All thermocouples will show a temperature, which is
slightly higher than the water temperature to be measured
because of heat conduction from the heater cladding through
the thermocouple sheath to the thermocouple junction. An
estimate with a subchannel velocity of 2 m/s and maximum rod
power gives the result, that the measured temperature is 0.2oC
higher than the water temperature. The high turbulence
intensity in the wake will tend to decrease this figure, on
the other hand a time mean velocity of 2 m/s is not reached
at all points of the wake. Thus an adequate figure for this
error cannot be given.

The flow rate through the test bundle could be measured
only to within + 4%, 'which leads to an uncertainty of the same
value in velocity and Heynolds Number, but has no influence
on the temperature differences.
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~ome other possible sources of error have been discusscd
in the original report on the first experiments (7) which
concludes that these errors can be neglected when compared
with the errors mentioned here.

Summing up all errors for the temperature measurement
one has to conclude that an overall figure for the error in
the temperature differences can hardly be given. It is only
a rather rough estimate if one assurnes an error of + 5% of
the temperature differences given as results, and ODe has
to point out that this error may be incr~ased for certain
thermocouples due to their locations in the wake, and that
the measured temperature generally tends to be a few tenths
of a oe higher than the water temperature.

For the calculation of the experiments with the SABRE
code one has to take account of an uncertainty of 1.5% in
the total power and of ~ 4% in the inlet velocity.

2.4 Experimental Results

Temperatures downstream of three different blockages
1 cm thick have been measured so far, one of them obstructing
ab out 15% of the flow area in a central symmetrical position
(see Figure 1), the second obstructing about 41% in the same
position, and the third obstructing about 47% of the flow
area in. a corner of the hexagons] assembly. With each of
these- blockages measurements have been made with different
flow rates and inlet temperatures (ie for different Reynolds
Numbers). A summaryof the experimental data is given in
Table 1.

For each blockage two measured temperature difference
distributions are given in Table 2 to Table 7 as examples
of different conditions. The temperature difference given
there is the difference between the measured temperature of
the thermocouples in the specified location and the inlet
temperature. The subchannel is specified by giving the
numbers i and j corresponding to the respective numbers with
the SABRE-calculation (see Figures 4 and 5). It must be
stated at this point that the actual thermcouple location
is given by i,j only within the symmetry for the respective
case, ie hexagonal symmetry for the central blockages and
mirror symmetry for the edge blockage.

3. TRE SABRE PROGRAM

3.1 Basis of the Method

SABRE is a computer program for the Subchannel Analysis
of Blockages in Reactor Elements. It is a logical step forward
from (but not development of) pre-existing subchannel analysis
codes such as RAMBO (10), and eOBRA (11), and others because
it is not subject to the formerly overriding restrietion
that flows had always to have a single dominant direction,
such that flows transverse to this direction were small
relative to the dominant flow. That is, the calculation of
recirculating flows was not allowed. In SABRR this restrietion
is removed so that the recirculating flows which can occur
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d0wn - und upDtrcarn of a blockage in an assembly 01' subchanncls
may be calculated.

The SABRE method is a development 01' a general method
(12, 13, 14) 01' calculating steady or time dependent flows
flows in three dimensional continua with distributed or local
resistances and heat sources, and with physical properties
varying with the physical conditions. The basis 01' the general
method is an algorithm called SIMPLE (Semi-Implicit Method for
Pressure Linked Equations). In this method-the calculational
zone is dlvided Into cells by means 01' rectangular grids 01'
variable spacing. The velocities (averaged over the faces)
01' the fluid entering and leaving each cell are related to
the temperature and pressure in the cells, due account being
taken also 01' diffusion effects. In principle the general
method could be applied directly by sufficiently subdividing
the subchannels and representing the rods as solid boundaries
within the domain of calculation, although at present it is
not felt that adequately representative expressions for momentum
fluxes are possible in such geometry. This however would only
be possible for the smallest of problems with the present
state of computer technology, because both storage requirements
and computing time would be prohibitiv~ly large. Therefore
in the SABRE program the calculational cells are the sub
channels, divided along their length into sections of variable
length. (A subchannel is the space between 3 or 4 rods on a
triangular or square lattice respectively). It then becomes
necessary to augment the equations of conservation of mass,
momentum, and energy by non-linear empirical correlations
describing the resistance of the subchannels and the passages
between them to the flow of fluid. The non-linearity of
these relations tends to decrease the rate of convergence of
the solution procedure and SABRE is therefore confined at this
stage to steady state single phase flows in which physical
properties vary only within fairly narrow limits, thus the
overall non-linearity of the equation set is kept to aminimum.
The development to a transient version is, however, thought
to be a relatively simple extension. The progression to two
phase conditions must await the devising of suitable and
appropriate models of two-phase flow in rod bundles. The
numerical techniques and physical approximations embodied
in the code are outlined in the Appendix.

3.2 Scope of the Program

The restriction to single-phase steady state flow has
already been mentioned and to some extent justified. The
object of this section is to describe the type of problems
which can be solved with the SABRE program.

The program was written for close-spaced rod bundles
arranged on a triangular lattice (for the definition of the
term close, see Section A3 of the Appendix) and account was
taken of the desirability of including square lattices later.
For the triangular case the subchannels are divided as shown
in Figure 2. The pressure and temperature averaged over the
control volume are considered to act at the centre of that
volume which is connected with its neighbours by flows with
velocities (components u, v, w) averaged over appropriate
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j'uceu or thu control volume and by heat fluxes. The trunsvcrsc
Cu and v) velocities are calculated with the aid of secondary
control volumes shown in section in Figure 3, and the physical
properties which determine the axial (ie w) velocities are
averaged over the cell shown in broken lines in Figure 2.
Deviations within limits from the nominal pin size and position
are allowed for by corrections to the nominal areas and wetted
perimeters of the control volumes. The limitations are that
the pin must not leave (by swelling or bowing) the hexagonal
cell of the unperturbed lattice which originally contained
it, and it must not shrink sufficiently ta invalidate the
close spacing approximation.

The lateral boundary subchannels have their own special
geometrical treatment, and almost any shape of physical boundary
is allowable, or the boundary conditions may be of prescribed
flow or pressure, so that a sector of rotationally symetric
problem may be treated. The flow, pressure, and temperature
boundary conditions may be specified in any self consistent
manner. The usual axial boundary conditions are either
prescribed inlet flow to the subchannels or of prescribed
pressure at inlet and outlet. This is not however a fundamental
restriction.

The rods may be in reality spaced by periodical grids or
by spiral wire wraps. The representation of grids by additional
flow resistances presents only problems of program organisation,
as there is at present no indexing scheme included to identify
grid locations and this would increase storage requirements.
Thus the grids present in the experimental assembly were not
represented in the calculations described in this report.
Wire wrap spacers present much more serious difficulties as
they tend to induce flow circulation around the pins.

4. COMPARISON OF CALCULATIONAL RESULTS WITH EXPERIMENTAL DATA

4.1 Computation Requirements and Calculated Cases

Since the SABRE code needs storage for all majn variables
(three velocity components, pressure, enthalpy etc.) at all
grid nodes and 100 or more iterations for an approach to the
final solution, a rather large core store and a long computing
time is required for the calculation of the experiments.
Although advantage was taken of the symmetry of the cases,
a core store of approximately 700 K bytes for the central
symmetrical blockages and 1500 K bytes for the edge blockage
has been required on an IBM/370-165 computer. This core
store is necessary for 52 (15%' blockage) and 55 (41% blockage)
axial intervals with the 64 subchannel arrangement (see
Figure 4) of the central symmetrical blockages, and for 70
axial intervals with the 192 subchannel arrangement (see
Figure 5) of the 47% edge blockage. The computing (CPU) time
required to reach a sufficiently converged solution was 10
minutes for the 15% blockage, and 30 minutes for the 41%
blockage. As a measure of convergence the surn of mass sources
(see Appendix Section A3) was taken. This is given for all
calculational results in Tables 8 to 12. For th~ 47% edge
blockage case, a sufficiently converged solution could not
be reached within a computing time of 160 minutes. The

6



cumpuLuLion wus sLopped when the value for the sum of mass
sources did not decrease further with additional iterations,
but oscillated slightly around a fixed value. Since the values
for the calculated variables (especially the temperature) are
nearly constant in this stage, it may be concluded that the
solution reached is not far from the final solution; this is
supported by experience with other similar cases.

Because of the core store and computing time required
most of the calculations have been performed for the 15%
central, symmetrical blockage. Three experiments (15.01,
15.04 and 15.10) with this blockage have been calculated
using nominal calculational parameters, and the effect of
variation of the important calculational parameters was
studied for these cases only. Only one experiment was
calculated, with nominal calculational parameters, for the
41% central blockage (Exp. No. 41.01) and 47% edge blockage
(Exp. No. 47.01), respectively.

4.2 Choice ofAxial Mesh Size, Especially for the Wake Region

Since it was known from earlier SABRE calculations,
that flow and temperatures in a wake region are rather strongly
dependent on the choice of the axial mesh size, whereas flows
and temperatures in other ("undisturbed") regions are not
very sensitive to this choice, the first calculations·were
done to find an appropriate axial mesh size for the SNR
geometry (5), which had to be represented in the ~alculations.
Table 8 shows the result of ealculations of Exp. No. 15.04
for three different axial mesh sizes in the wake region. As
ean be seen from the results given in Table 8 the ealculated
temperature differenees are generally lower than the measured
ones (except four out of 27 values for 5 mm axial mesh size
and one out of 27 for 10 mm mesh size). Nevertheless the
overall shape of the measured temperature distribution seems
to be represented reasonably well by the SABRE results.

Comparing the results for different mesh sizes one can
see, that the medium mesh size used (5 mm) leads to the
highest caleulated temperature differenees and to a fairly
elose agreement between measured and ealculated values.
Therefore for all other ealeulations the axial mesh size in
the wake region was fixed at 5 mm. The wake region in this
sense includes not only the wake itself, but also a region
of 15 mm upstream of the bloekage and 20 mm downstream of
the wake, the extension of whieh is known from other experi
ments (4). Beyond the wake region on both sides a region of
10 mm axial mesh size follows, and the mesh size is further
increased to 20 mm and finally 50 mm at both ends of the
1 m long rod bundle. The ealeulation is confined to the
length of the rod bundle. It should be noted here, that 5 mm
axial mesh size is eomparable to the linear dimension of the
subchannel cross section, the hydraulic diameter of which
amounts to 5.3 mm.

7



11.3 CuleuluLiün of Gasie Cases with Nominal Parameters

For the ealeulation of the experiments the geometry of
the test bundle (see Section 2.1 and Figure 1), has been given
as input data for the SABRE code in the form shown in Figures
4 and 5, taking advantage of the symmetry. Due to a mis
understanding the axial height of the blockage was given as
5 mm for the calculations, compared with the actual value of
approximately 10 mm in the test section, but this mistake has
no great influence on the results. Grid spacers could not be
represented in this version of the SABRE code.

Input data for power distribution and inlet temperature
were taken from the measured experimental values (see Table 1)
as was the prescribed flow rate at bundle inlet. Other nominal
parameters (eg friction factors, eddy diffusivities of momentum
and heat) were taken as they were, included in the then current
version of the SABRE code (see Appendix A4) on the basis of
experience with earlier calculations.

With this set of nominal parameters and those given in
Section 4.1 and 4.2 the Experiments 15.01, 15.10, 41.01 and
47.01 have been calculated. The calculated temperature
differences are given in Tables 9, 10 and 11 for those loca
tions, for which thermocouple readings exist so that the
values given there can be compared directly with the measured
values given in Tables 2, 3, 4 and 6. More calculated values
for three different axial planes downstream of the blockage
are given in Figures 6, 7 and 8 together with measured values
for comparison.

This comparison yields the following results:-

(i) 15% central, symmetrical blockage

As already mentioned in Section 4.2, the
calculated temperature differences tend to be
generally slightly lower than the measured ones,
but the shape of the temperature distribution
is represented fairly weIl by the calculated
results. The maximum temperature in the wake
is found immediately downstream of the blockage
near its edge, which is in agreement with the
experimental results. This can be explained
from the flow pattern, the coolant being heated
up furt her when flowing radially from the centre
of the blockage to its edge. In the core of the
quasi~stationary eddy, which is located 30 to 40 mm
downstream of the edge of the blockage, no marked
increase in temperatures is observed, though the
time mean velocities are very low here, but this
can be explained by the intense turbulent mass
exchange with the main flow. The maximum calculated
temperature in the wake is only slightly higher
than the maximum given in Table 9 and Figure 6.
It is found 2.5 mm downstream of the blockage in
subchannel 5, 3. The temperature rise relative
to the inlet temperature amounts here to 13.5 0 C
for the calculation of exp. no. 15.01 (compared
with 13.10 C at Location 5,3 and 10 mm given in
Table 9 and Figure 6.
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(ii) 41% centra1, symmetrica1 b10ckaEe

Again the calcu1ated temperature differences
tend to be generally lower than the measurements,
while the shape of the temperature distribution
is represented fairly weIl. But in this case the
maximum calculated temperatures in the wake are
found in the core of the eddy, which for this
blockage is located 40 to 50 mm downstream of the
edge of the blockage. The maximum calculated
temperature difference is found in subchannel
7,3, 50 mm downstream of the blockage, and amounts
to 22.3 0 C (compared with 20.6°c at location 6,3
and 40 mm given in Figure 7). Unfortunately
only a few measured temperatures are available
in the region of the core of the eddy (left hand
side of Figure 7), but these values do not confirm
the calculated temperature maximum. There is thus
a disagreement between the code and experiment
which cannot at this stage be resolved, over the
position of the temperature maximum in the wake
behind larger blockages.

(iii) 47% edge blockage

In this case the greatest differences between
measured and calculated valu~s are found. For the
temperature profile on the x - axis (see Figure 8)
10 mm downstream of the blockage, where ample
experimental values are available, the increase
in temperature towards the edge of the blockage
is much steeper for the measured than for the
calculated profile. The maximum calculated tempera
tures in thB wake are again found in the core of
the eddy which is 50 to 60 downstream of the blockage.
The maximum calculated temperature difference is
found 55 mm downstream of the blockage in Subchannel
12,2, and amounts to 48.6°c (compared with 34.9 0 C
at Location 12,2 and 40 mm given in Figure 8).
In this case no temperature measurements in the
core region of the eddy are available (some thermo
couples had been inserted here, but showed abnormal
behaviour, so that the results from these thermo
couples could not be evaluated). Therefore, the
high temperatures calculated in this region, which
are much higher than any measured temperatures (in
contrast to the 41% central blockage case), remain
unconfirmed.

4.4 Variation of Important Calculational Parameters

Aseries of six calculations of Exp. No. 15.01 has been
performed, in which the more important calculational parameters
have been varied in the following ways.

(i) Total (ie molecular + turbulent) thermal diffusivity

set to zero (fH = A/Cp + PER = 0.0)*

---------;,*;---->A.-----:-.thermal conductivity, c : specific heat, p: density,
. p

EH: eddy diffusivity of heat.
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(i i) Total Ull'Y'lJlal dJffusiviLy set to :1 com-;L:111L :lrhitrary

_ -1 -1
value (rH - 0.1 kg m s ).

(iii) Axial friction factor halved.

(iv) Axial friction factor doubled.

(v) All friction factors halved.

(vi) All friction factors doubled.

The results of these calculations are summarized in
Table 12 together with the results of the nominal recalculation
of Exp. No. 15.01. The influence of the variations of calcu
lational parameters on the results is as follows:-

(i) and (ii). A variation of the total thermal diffusivity
f B has almost no influence on the calculated temperature
dlstribution. The values calculated for f H = 0 and fH = 0.1
(= constant) are practically unchanged from the normal case,
which is calculated with a total thermal diffusivity varying
from node to node depending on the flow and turbulence condi
tions. This surprising result can be explained by a false
heat transport, which originates from the substitution of the
heat transport differential equations by the finite-difference
equations (see Section 5.2). To the extent that this problem
has not been solved in a satisfactory way, SABRE results must
be considered preliminary.

(iii) and (iv). The calculated temperature distribution
is strongly influenced by a variation of the axial friction
factor. With increased axial friction factor the calculated
temperatures in the wake decrease, and vice-versa. A detailed
examination of the calculated results showed that this be
haviour can be explained by the fact that the calculated
extent of the wake is influenced by the axial. friction factor.
It decreases with increasing axial friction factor and vice
versa since axial friction factors in rod bundles are well
known the influence ofaxial friction can be taken into account
with reasonable confidence except in the wake.

(v) and (vi). The effect of a variation of the lateral
friction factors (which are equal in x- and y-direction) is
negligible within the range of variation investigated.

4.5 The Flow Field

Using nominal thermal and hydraulic parameters SABRE
produces velocity distributions which qualitatively agree
well with the experimental patterns reported in (4). This
holds for all three blockages investigated. In particular,
for the 47% edge blockage, the secondary vortex found down
stream of the blockage in the corner between the blockage and

10



uubu~Gembly wall i8 predicted by SABRE, and the predicted
extent of this vortex agrees well with that found experimentally.
Since SABRE predicts another vortex with flow reversal in the
corresponding corner upstream of the 47% blockage, the high
speed films of the flow visualisation experiments were re
examined in an attempt to find this vortex. However the
velocities upstream of the blockage are too high to permit
determination of the flow direction in the region in question.
Thus the SABRE calculations cannot be confirmed in this
region.

A comparison of absolute values of the velocity could not
be made, since these values were not measured in the experi
ments.

5. DISCUSSION AND CONCLUSIONS

5.1 Adequacy of the Experiments for a Test of the SABRE Code

For a test of SABRE calculations of the temperature
distribution in the wake downstream of a blockage in a rod
bundle a comparison was needed with experimental results from
a full bundle with various large blockages. However there
are only a few experiments reported in which temperature
distributions in rod bundles downstream of blockages have
been measured. SChleisiek (8) has measured the temperatures
downstream of a blockage in an annular subchannel geometry
(only a "two-dimensional rod bundle") in sodium as well as in
water. Fontana et al. (9) used real rod bundles for their
measurements, but the maximum number of rods was restricted to
19, and moreover they used wire-wrap spacers which cannot yet
be treated with the SABRE code, and are not intended to be
used in British or German Fast Breeder Reactors at this time.

Thus only the experiments reported by Kinsel (4) and
briefly described in Section 2 appear suitable to test the
capability of the SABRE code. Unfortunately only temperature
measurements not velocity measurements could be made in these
experiments. However the temperature measurements seem to be
a sufficient basis for a comparison to test the SABRE code
since the temperatures depend on the flow pattern.

Nevertheless one has to remember for this comparison that
not only the SABRE results, but also the measurement data may
be affected by errors. For various reasons, which are explained
in Section 2.3, a general figure for the uncertainty of the
temperature measurements cannot be given, but it has been
concluded that in spite of this it is improbable that the
experimental results suffer from such serious uncertainties
as would render them useless.

Important new ideas for future experiments have been
suggested by the calculations, the most important being to
insert more thermocouples into the core of the eddy, especially
with large blockages.

5.2 Adequacy of the SABRE Version Used for the Comparison

The version of SABRE used for this study was in two
senses preliminary. Firstly, in the contract for the
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duvclopment of the program the specification of input and out
put facilities was that they need be no more than the minimum
necessary for the development of the basic method. The data
input is therefore in need of rationalisation and improvement
to enable easy passage from one case to another, which at
present requires some reprogramming. The output is at present
in the form of tables, plane by plane of each of the five
variables velocity Cu, v, w), pressure and temperature. While
a subsidiary program exists to produce fields of vectors
representing velocities in planes, this falls a long way short
of giving a fully 'three-dimensional' appreciation of the
results to the user.

The current version is, also provisional in the sense
that, while the friction and turbulent diffusivity data are
an assembly from various sources of the best available data,
they are not all of proven applicability in the rod bundle
situation. In spite of the fact that this study to some
considerable extent verifies the applicability of some of
the data, there is still much scope for improvement, particularly
for the case of flows which are far from being either parallel
or perpendicular to the rods.

The second shortcoming is more fundamental to the method
itself and has the name of 'false diffusion'. This is an
effect introduced by the finite difference techniques necessary
for the formulation of the equations in the SIMPLE form. It
occurs when the flow is in a direction oblique to the mesh.
It results in the false diffusion of properties particularly
enthalpy, to neighbouring points which physically in purely
convective flow, should not 'see' the properties of the original
point, but which are taken into account as neighbours of the
calculational point being considered. In the general method,
as applied to continua it may be reduced to acceptably small
proportions by the use of small mesh intervals and orienting
the mesh lines along the directions of any dominant flows
which may be present. This method, which is not always
effective, for example in a recirculating zone, is not appli
cable to the subchannel model of SABRE, because the lateral
mesh is defined by the rods. Correct choice ofaxial mesh
is important for regions of oblique flow, as this study has
shown, and the choice of a minimum axial division approxi
mately equal to the hydraulic diameter of the subchannels
seems plausible. Research continues both at AEE Winfrith
and at Imperial College to reduce the effects of false diffusion,
which may account for most of the discrepancy between the
calculations and experiment.

Besides the reduction of the false diffusion effect,
which continues,future work on SABRE to remove the restriction
to steady state conditions and to include two-phase effects
has been contemplated. The extension to deal with single
phase transient problems is in principle quite simple, because
the convergence of the SIMPLE procedure is in many respects
similar to the development of the flow with time from the
initially guessed conditions to the final steady state. The
inclusion of two-phase phenomena is however, a much more
difficult problem for two reasons. First, as yet no adequate
mathematical model exists to describe two-phase flow in rod
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bundles at near atmospheric pressures. The second, and perhaps
more serious difficulty is that from the present knowledge of
this SIMPLE technique, it may be predicted that the gross
changes of physical properties accompanying phase change would
make convergence much slower and more difficult to procure.
This is because the rate of convergence depends on the non
linearity of the equation set. It must not, however, be
thought that a two-phase version is not possible, but it will
surely be difficult to realise without the development of
new numerical procedures, even given a good physical model
for the rod bundle situation.

The poor convergence of the 47% blockage case can, it is
believed, be attributed to an error in the double sweep - block
adjustment procedure which has since been found and corrected
at AEE Winfrith. This has resulted in faster and better
convergence for cases similar to the 15% and 41% blockage
cases. The 47% blockage case has not been retried at the
time of writing.

5.3 Conclusions

As has been shown by the comparison reported here, the
SABRE code in the version used calculates the temperature
distribution in the wake downstream of a blockage in a rod
bundle in such a way that the shape of the measured temperature
distribution is represented fairly weIl by the calculated
results, whereas the absolute values of the results tend to be
slightly too low. This statement relates to cases for which
nominal hydraulic and thermal parameters are used, and is most
appropriate for blockages which are not too large.

In spite of the fact that some of the "nominal" para
meters are not weIl known and that improvements of the SABRE
code are known to be necessary, it is concluded that this
code is a very useful tool for safety investigations for
LMFBRs even in its present form. If for such investigations
a conservative approach for the temperature distribution
in the wake of a blockage is to be calculated (ie a tempera
ture distribution, which .is higher than the actual one), one
may use the SABRE code for this calculation with nominal
parameters except the axial friction factor, which may be
decreased.
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Table 1 : Summary of main experimental data

No. of type of x) flow inlet total inlet total coolant
experiment blockage rate velocity power temperature tempo rise

m
3
/h

(measured)
m/s kW oe oe

15.01 1 40 2.348 549 23.6 11.68

15.02 1 60 3.521 549 25.0 7.94

15.03 1 80 4.695 549 25.4 6.01

15.04 1 40 2.348 548 62.0 11. 55

15.05 1 60 3.521 550 63.2 8.00

15.06 1 80 4.695 546 64.0 5.78

15.07 1 100 5.869 548 64.6 4.81

15.08 1 60 3.521 544 89.6 7.36

15.09 1 80 4.695 540 90.7 6.44

15.10 1 100 5.869 549 90.2 4.78

41.01 2 40 2.348 559 24.1 12.74

41.02 2 60 3.521 559 24.8 8.45

41.03 2 80 4.695 559 25.7 6.45

41.04 2 40 2.348 559 60.0 12.92

41.05 2 60 3.521 559 60.6 8.40

41.06 2 80 4.695 559 61.2 5.79

41.07 2 60 3.521 559 74.8 8.48

41.08 2 80 4.695 559 76.0 6.15

41.09 2 100 5.869 559 76.2 5.63(?)

47.01 3 40 2.348 559 20.4 11.84

47.02 3 60 3.521 559 21. 4 8.05

47.03 3 80 4.695 559 22.0 5.70

47.04 3 40 2.348 541 60.0 11. 42

47.05 3 60 3.521 538 59.8 7.87

47.06 3 80 4.695 537 60.6 5.13

47.07 3 60 3.521 541 74.6 7.53

47.08 3 80 4.695 540 74.6 5.98(?)

47.09 3 100 5.869 540 75.0 5.71(?)

x)
type of blockage 1: 15 % central, symmetrical blockage (see Fig. 2)

2: 41 % central, symmet!ical blockage (see Fig. 2)

3 : 47 % edge blockage (see Fig.3)
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T Cl h 1 ~ 2: Measured difference between local coolant tempcrature and inlet

ternperature, t...J-, Exp. No. 15.01

z

rorn

i,j z

rnm

i,j

10 5,2 13.74 60 2,2 9.81

10 6,2 14.66 60 3,2 8.76

10 5,3 12.13 60 4,2 8.72

60 5,3 7.29

20 2,2 13.12

20 3,2 11. 23 80 2,2 11. 74

20 5,2 11. 31 80 3,2 9.62

20 6,2 10.84 80 4,2 8.76

20 5,3 12.12 80 5,2 7.38

40 2,2 12.33 100 2,2 10.77

40 3,2 9.73 100 3,2 8.55

40 4,2 9.21 100 4,2 7.94

40 5,2 8.55 100 5,2 6.69

40 6,2 7.30 100 6,2 5.44

40 5,3 8.83

z: Axial distance downstrearn of the blockage

i,j: Subchannellocation (see Fig. 2)
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Tab 1 e 3: Measured differenee bet\'Jeen loeal coolant telllperature and

inlet temperature, ~~, Exp. No. 15.10

z

mm

i,j z

mm

i,j

10 5,2 5.24 60 2,2 4.10

10 6,2 6.22 60 3,2 3.69

10 5,3 5.77 60 4,2 3.82

60 5,3 3.59

20 2,2 5.34

20 3,2 5.08 80 2,2 4.72

20 5,2 5.65 80 3,2 3.69

20 6,2 5.06 80 4,2 3.50

20 5,3 6.03 80 5,2 3.09

40 2,2 4.49 100 2,2 4.43

40 3,2 4.27 100 3,2 3.72

40 4,2 4.19 100 4,2 3.17

40 5,2 4.13 100 5,2 2.79

40 6,2 3.73 100 6,2 2.32

40 5,3 3.67

For explanation of symbols see Tab 1 e 2
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'1' abI e 4: Moasured difference between local coolant tomporat.ure and iniot

ternper:ature p II..J-, Exp. No. 41.01

z

mm

i,j z

rum

i,j

10 2,2 17.28 60 2,2 18.23

3,2 17.19 3,2 16.11

4,2 19.56 4,2 14.80

5,2 16.27 5,2 ~

6,2 15.90 6,2 13.32

7,2 19.24 5,3 14.25

8,2 19.79 8,4 11. 52

9,2 19.92 9,4 9.50

10,2 20.55 60 10,4 8.82

11,2 1L 37

12,2 7.09 80 2,2 18.50

5,3 18.70 80 4,2 15,24

7,3 18.64 80 5,2 14,31

8,3 18.26 80 5,3 13,66

9,4 4.81

10 10,4 9.53 100 2,2 18.14

100 3,2 15.07

100 4,2 15.36

20 3,2 i9.80 100 5,3 13.05

20 5,2 16.80

20 5,3 18.32 125 2,2 18.67

20 8,4 11.42

20 9,4 6.22 150 2,2 18.55

40 3,2 16.11 175 2,2 17.97

40 4,2 15.48

4() 5,3 15.56

40 8,4 12.29

40 9,4 9.16

40 10,4 7.09

Für explanation 'of symbols see Table 2

-}{- thermocouple failed with this experiment
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Table 5: Meilsured diffcrence between local coolant temperature and

inlet temperature, ~~, Exp. No. 41.06

z

nun

i,j z

rnrn

i,j

10 2,2 9.08 60 2,2 8.90

3,2 9.10 3,2 8.47

4,2 10.35 4,2 7.98

5,2 9.52 5,2 8.10

6,2 9.55 6,2 7.97

7,2 10.11 5,3 7.58

8,2 10.61 8,4 7.18

9,2 10.60 9,4 5.67

10,2 10.86 60 10,4 4.85

11,2 7.62

12,2 4.19 80 2,2 8.09

5,3 9.77 80 4,2 7.36

7,3 10.38 80 5,2 7.15

8,3 10.25 80 5,3 7.12

9,4 4.02

10 10,4 7.60 100 2,2 8.54

100 3,2 7.67

100 4,2 7.47

20 3,2 10.12 100 5,3 6.88

20 5,2 8.97

20 5,3 9.73 125 2,2 8.84

20 8,4 6.08

20 9,4 . 3.55 150 2,2 7.99

40 3,2 8.70 175 2,2 7.22

40 4,2 8.39

40 5,3 9.03

40 8,4 7.62

40 9,4 5.04

40 10,4 4.84

For explanation of symbols see Table 2
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Ta b 1 e 6: Measured difforence bet.ween loeal coolant temperature and

inlet temperature, ß~ Exp, No, 47,01

z

mrn

i,j z

rnrn

i,j

10 2,2 23,25 40 4,2 24.29
I 3,2 17.66 40 5,2 22.27

7,2 18.51 40 6,2 26.35

8,2 20.52 40 20,2 16.21

9,2 18.70

11,2 18.66 60 3,2 23.92

12,2 19.70 60 4,2 22.94

13,2 20.78 60 5,2 20.40

15,2 23.80

16,2 29.09 80 4,2 20.67

17,2 24.00 80 5,2 19.71

19,2 34.31 80 6,2 18.91

20,2 31.80

21,2 32.42 100 2,2 22.59

23,2 11. 17 100 3,2 22.07

24,2 5.92 100 4,2 19.50

10 25,2 2.87 100 18,2 9.93

20 5,2 27.52 150 4,2 19.41

20 6,2 29.83

20 7,2 29.44 200 3,2 21.42

20 17,2 33.17

20 18,2 33.66 250 4,2 21. 52

z: Axial distanee downstreaw. of the bloekage

i,j: Subchannel ioeation (see Fig. 3)
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Table 7: Mcasurcd diffcrcnce between local coolant temperaturc and

inlet temperature, ö~ Exp. No. 47.06

z

mm

i,j z

mm

i,j

10 2,2 11. 21 40 4,2 12.54

3,2 12.06 40 5,2 12.33

7,2 7.60 40 6,2 12.83

8,9 8.46 40 20,2 11.75

9,2 8.37

11,2 9.19 60 3,2 12.04

12,2 9.12 60 4,2 12.07

13,2 9.46 60 5,2 11.68

15,2 9.68

16,2 9.93 80 4,2 11.79

17,2 9.67 80 5,2 11.83

19,2 11.52 80 6,2 11. 74

. 20,2 9.82

21,2 11. 74 100 2,2 10.60

23,2 5.46 100 3,2 10.75

24,2 2.78 100 4,2 10.64

10 25,2 1.03 100 18,2 6.78

20 5,2 E.22 150 4,2 9.24

20 6,2 14.58

20 7,2 '* 200 3,2 9.35

20 17,2 14.72

20 18,2 15.19 250 4,2 9.93

Far explanation of symbols see Table 6

* thermocouple failed with this experiment
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Table 8 : Var.!-ut.ion of l'xial Mesh Size in the Wake Region for the SABRE

Calculation of Exp. No. 15.04

z i,j ,(;, "j.

rrun oe

rneasured calculated
axial

10 5 2.5 rrun mesh
size

10 5,2 12.80 11.8 12.7 11.3
10 6,2 14.20 13.0 14.0 12.4
10 5,3 13.00 13.1 13.7 12.1

20 2,2 13.21 10.3 10.5 9.3
20 3,2 11. 16 10.1 10.6 9.5
20 5,2 11.65 11.4 12.9 11.9
20 6,2 10.62 9.5 11.8 11. 3
20 5,3 12.33 12.1 14.1 12.6

40 2,2 11.63 9.4 9.7 8.8
40 3,2 9.48 8.6 9.2 8A
40 4,2 8.96 8.2 9.1 8.3
40 5,2 8.38 7,5 8.4 7.8
40 6,2 7.18 5.8 6.5 6.0
40 5,3 8.44 7.1 8.1 7.3

60 2,2 9.47 8.9 9.1 8.5
60 3,2 8.53 7.8 8.0 7.4
60 4,2 8.63 7.1 7.3 6.7
60 5,3 7.21 5.8 5.9 5.3

80 2,2 11. 12 9.5 9.4 8.5
80 3,2 9.04 7.9 7.9 7. 1
80 4,2 8.38 7.0 7.0 6.3
80 5,2 7.08 .5.9 5.8 5.3

100 2,2 . 10.61 9.9 9.8 8.6
100 3,2 8.44 8.2 8. 1 7.2
100 4,2 7.47 7.2 7.1 6.3
100 5,2 6.38 5.9 5.8 5.3
100 6,2 5.16 4.8 4.7 4.4

surn of mass sourees: 5.8 15 86 x 10-4

cornputing time (CPU) : 10 10 10 min

For explanation of symbols see Tab 1 e 2
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Tab1c 9: Resu1ts uf SAßRE Culcu1ation of Exp.s No. 15.01 and 15.10

z i,j ---- 6.J-
mm (calculated)

°c

15.01 15.10

10 5,2 11.9 5.4
10 6,2 12.9 5.9
10 5,3 13.1 5.8

20 2,2 9.7 . 4.5
20 3,2 9.7 4.5
20 5,2 11.6 5.4
20 6,2 9.5 5.5
20 5,3 12. 1 5.9

40 2,2 8.9 4.2
40 3,2 8.1 4.0
40 4,2 7.7 4.0
40 5,2 7.1 3.9
40 6,2 5.4 3. 1
40 5,3 6.6 3.8

60 2,2 8.5 3.9
60 3,2 7.4 3.4
60 4,2 6.7 3.2
60 5,3 5.2 2.6

80 2,2 8.8 3.9
80 3,2 7.4 3.3
80 4,2 6.5 3.0
80 5,2 5.4 2.5

100 2,2 '9.2 4.1
100 3,2 7.6 3.4
100 4,2 6.6 3.0
100 5,2 5.5 2.5
100 6,2 4.5 2.0

12 22
-4

sum of mass sourees: x 10
computing time (CPU) : 10 10 min

For explanation of symbols see Ta b 1 e 2
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Table 10: Re~ult~ of SABRE Calcu1ation of Exp. No. 41.01

z

mm

i,j 11-:T
(ca1culated)

°c

z

mm

i,j 11"19-
(calculated)

°c

10 2,2 16.5 60 2,2 14.7
3,2 16.3 3,2 14.0
4,2 16.4 4,2 14.2
5,2 16.6 5,2 15.0
6,2 17.2 6,2 16.0
7,2 17.7 5,3 16.3
8,2 18.4 8,4 13.3
9,2 19.1 9,4 6.1

10,2 17.5 60 10,4 3.2
11 ,2 2.7
12,2 2.1 80 2,2 14.2
5,3 17.1 80 4,2 13.0
7,3 18. 1 80 5,2 12.9
8,3 18.7 80 5,3 13.0
9,4 5.6

10 10,4 2.6 100 2,2 13.9
100 3,2 12.6

20 3,2 15.6 100 4,2 12.0
20 5,2 16.3 100 5,3 11.0
20 5,3 17.4
20 8,4 19.9 125 2,2 13.8
20 9,4 7. 1

150 2,2 14.3
40 3,2 14.7
40 4,2 14.9 180 2,2 14.8
40 5,3 18.3
40 8,4 20.1
40 9,4 /.5
40 10,4 3. 1

6.5
-4

sum of mass sourees: . 10

computing time (CPU) : 30 min

For explanation 'of sym...'Jols see Table 2

25



T:lb1e 11: Resu1ts oE SABRE Ca1cu1ation of Exp. No. 47.01

z

mm

i,j t,{i
(calcu1ated)

°c

z

mrn

i , j t,J
(calculated)

°c

10 2,2 23.8 40 4,2 20.6
3,2 21.6 40 5,2 19.8
7,2 21.6 40 6,2 19.8
8,2 21.9 40 20,2 19.7
9,2 22.4

11 ,2 23.3 60 3,2 18.4
12,2 23.7 60 4,2 20.0
13,2 24.1 60 5,2 19. 1
15,2 24.9
16,2 25.3 80 4,2 19.6
17 ,2 25.8 80 5,2 18.4
19,2 27.1 80 6,2 18.2
20,2 27.9
21,2 28.8 100 2,2 18.1
23,2 2.5 100 3,2 16.3

. 24,2 2.1 100 4,2 19.3
10 25,2 1.9 100 18,2 8.9

20 5,2 20.7 150 4,2 18.6
20 6,2 20.7
20 7,2 21.0 200 3,2 16.1
20 17,2 26.8
20 18,2 27.3 250 4,2 17.5

1.2
-2

sum of mass sources: . 10

calculating time (CPU) : 160 min

For explanation of symbols see Table 6
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Tab1e 12: Variation of some Important Calculational Parameters for the

SABHE Ca1cu1ation of Exp. No. 15.01

z i,j ö..,9-
(ca~culated)

tmn °c

nominal r
H

= 0.0 r = 0.1 axial friction f- all fricton Ls
H

halvedjdoubled halved/doub lep

10 5,2 11. 9 11.9 11.9 13.2 9.4 13.0 9.4
10 6,2 12.9 12.8 12.5 14.2 8.0 13.9 7.6
10 5,3 13. 1 13.0 13.0 14.0 9.8 13.7 9.2

20 2,2 9.7 9.7 9.7 11.1 7.8 10.7 7.8
20 3,2 9.7 9.7 9.7 11.2 7.5 11. 1 7.3
20 5,2 11.6 11.5 11.5 13.7 7.0 13.6 6.8
20 6,2 9.5 9.4 9.5 14.2 5.4 13.9 5.3
20 5,3 12. 1 12.0 12.0 14.5 6.5 14.3 6.2

40 2,2 8.9 8.8 8.8 10.6 6.8 10.4 6.8
40 3,2 8.1 8. 1 8.1 10.1 6.1 10.0 6.1
40 4,2 7.7 7.6 7.7 10.3 5.6 10.1 5.5
40 5,2 7. 1 7.0 7.0 10.2 4.8 10.0 4.7
40 6,2 5.4 5.3 5.3 8.2 3.8 8.2 3.8
40 5,3 6.6 6.5 6.5 10.2 4.3 10.0 4.2

60 2,2 8.5 8.4 8.5 10.1 7.0 10.1 7.1
60 3,2 7.4 7.3 7.3 8.9 6.0 8.8 6.0
60 4,2 6.7 6.6 6.6 8.2 5.3 8.2 5.3
60 5,3 5.2 5. 1 5.2 6.9 4.0 6.9 4.0

80 2,2 8.8 8.7 8.8 10.1 7.3 10.1 7.3
80 3,2 7.4 7.3 7.3 8.6 6.1 8.5 6. 1
80 4,2 6.5 6.4 6.5 7.7 5.4 7.7 5.4
80 5,2 5.4 5.3 5.4 6.5 4.5 6.5 4.5

100 2,2 9.2 9.1 9.2 10.6 7.7 10.4 7.7
100 3,2 7.6 7.5 7.6 8.7 6.4 8.6 6.4
100 4,2 6.6 6.6 6.6 7.6 5.6 7.6 5.7
100 5,2 5.5 5.4 5.5 6.4 4.8 6.3 4.8
100 6,2 4.5 4.5 4.5 5.1 4.1 5.1 4.2

sum of mass
sourees: '12 5 5 160 120 260 110

x 10-4

computing time
(CPU) : 10 5 5 5 5 5 5 min

For explanation of symbols see Tab1e 2

rH: Total (molecular and turbulent) thE?rm3.1 diffusivity
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APPENDIX

AN OUTLINE OF THE THEORY AND NUMERICAL REPRESENTATION

Al Purpose

The object of this appendix is to glve abrief outline of
the numerical methods used in SABRE, and to detail precisely the
assumptions made to simplify the problem and to procure convergence
of the solution procedure. Details are also given of the empirical
relations used for friction and diffusivity.

A2 Definition of the Problem

The dependent variables of the problem are the values of pressure
p, enthalpy, h (or temperature, t), and velocity, components u, v,
and w, at each of their respective nodes throughout the calculational
zone. These quantities have already been defined with their relations
with the control volumes in Section 3.2. Thus defined the velocities
determine the momentum transport per unit mass, and the enthalpies
the heat transport per unit mass across the faces of the control
volumes. The velocities are also used directly in the empirical
relations for frictional resistance and heat transfer. A furt her
point to note is that the properties of fluid entering a control
volume are assumed to be those of the control volume upstream in
the appropriate direction. This upwind, or donor cell diferencing
procedure is in accord with physical intuition, and is also
necessary for the convergence of the solution procedure. It is
employed for both the heat and momentum fluxes.

A3 Simplifying Assumptions

The Subchannel Approximation

The momentum equations for a continuum contain terms expressing
the transport of each momentum component across each face of the
control volume. Two different classes of term have been neglected
in this analysis. The first is the so-called 'normal 'stress'
terms which represent the diffusion of, for example, z directed
momentum in the z direction, etc. This neglect is justified
because wall friction is the dominant force, because of the
presence of the rods.

The second set of terms which have been omitted from the
equations comprises those representing the convection of x-directed
momentum in the y direction and y-directed momentum in the x
direction. This allows the use of a simpler solut~on procedure in
both square and triangular cases, and avoids the need for resolution
of the transverse velocities, which is acutely enlbarrassing in
the triangular case where successive u velocities are inclined at
60 degrees to each other. This'subchannel approximation' is
justified if the spacing of the rods forming the subchannels is
sufficiently smal1 relative to their diameter, because the respec
tive momenta will be destroyed in the contraction and expansion
of the flow path between subchannels. In a sense the terms are
implicitly included, because the destruction of the moment um
produces an increase in pressure, in the empirical correlations
for the cross flow friction. Although such terms could, at the
cost of extra computing time be included in the square mesh version,
their incorporation in the triangular mesh involves gross difficulties
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ur rODolution of velocities because of the above-mentiorlcd non
alignment. Moreover, in both cases their formulation in the SABRE
problem is difficult, because of the shape of the passages between
the rods. The convection of x and y directed momenta over the
axial (z) faces of the control volumes meets no such physical
obstacles and is explicitly represented, as is the transport of
x, y, and z directed momentum in each respective direction.

A4 Empirical Correlations

The friction factor formulae used in the momentum equations
take different forms according to the flow regime in the control
volume being considered. At this stage of development of SABRE
two regimes have been identified for the axial (z direction)
friction factors, and three for the transverse (or crossflow)
friction factors.

A4.1 Axial Friction Factors

The two cases considered are laminar and turbulent flow.
There is no changeover point, the laminar to turbulent transi
tion is represented by adding the two expressions. This
technique gives as good a formulation as any available in
the transition region, and has the advantage, for the solution
procedure, of being continuous in magnitude and slope with
respect to velocity. The two formulae are:-

1 (Laminar flow (17)

2 Turbulent flow. This is the weIl known formulation
of Blasius for pipe flow. It is adapted to the subchannel
situation by the use of the hydraulic diameter concept.

ft = 0.024 Re -0.2
z w

The total axial friction is then:-

and Hydraulic diameter of the section
of subchannel

Aw = Flow area of subchannel for w velocity

P = Wetted perimeter of the sectionw

P = Density in the control volume

Iwl = Magnitude ofaxial velocity

~ = Viscosity
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A4.2 Cross Flow Friction Factors

These are the same for the x and y velocities, but three
flow regimes are distinguished. The cases are laminar and
turbulent cross flow, and the case where the cross flow is
small and the regime would be laminar but for turbulence
generated by strong axial flow. This case is called oblique
flow. For the transverse direction the friction factor
chosen is the largest of the three values, and the discontinuities
introduced by this choice do not upset the solution procedure.
For the sake of example the u velocity has been used in the
definitions.

1 Laminar flow using an 'equivaient' parallel - sided
channel in fully developed flow.

(
puH -1

x y )
II

2 Turbulent flow due to McAdams (16)

H puB-l
f t = 0.2 (~) ( xy)

c P II

3 Oblique flow based on a Couette - flcw analysis of the
above equivalent channel in fully developed turbulent
flow.

fO
H 2 [UH D ]-1= 3 (~) xy (1.0 + 2.16 Hh

)c H lleff xy

f c
1 ft fO)= Max (f ,c c' c

Where the new symbols are:-

Hxy = gap between pins

H

D

p

= an equivalent gap H + D (1 - -/3/2)= "2xy

= pin diameter

= pin pitch

= effective viscosity, defined in the
next Section A4.3

A4.3 Effective Viscosity and Thermal Diffusivity

The effective viscosity is assumed to be the sum of the
dynamic viscosity and a turbulent contribution thus:-

and
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'l'hc: usc: ur Max (u,v,w) is a firsL aLLclllpt to allow fllr'
the generation of turbulence by fluid motion whatever
its direction.

Similarly the effective thermal exchange coefficient is
the sum of a turbulent and a laminar component. Thus,
in terms of viscosities and Prandtl numbers (0) the
effective exchange coefficient is:-

reff

The turbulent Prandtl number, 0t used is as proposed
by Nijsing and Eifler (17).

A5 The Finite Difference Equations Embodied in the SABRE Program

The equations to be solved are those representing the conserva
tion of momentum, mass, and enthalpy. The principal dependent
variables are the velocity components u, v, and w, the static
pressure ,and the enthalpy h, (01' temperature t, which is related
to enthalpy) at each node in the zone of calculation. For a
chosen node p the equations of conservation of each momentum
component take, after manipulation into the form required by the
SIMPLE algorithm, the following form:-

epp L Aep = L: Aep ep + Bep + a (P -P )
n n n p p-l pn n

where: the sum is over the six neighbours n

ep .
the of momentum inBp is source the cell

1

.j,

a (P -l-P ) is the net force acting on the cell in the
p p

direction of the component epp which may be u, v, 01' w.

The coefficients Aep are combined convection and diffusion
coefficients defined inna way which includes the upwind 01' donor
cell differencing procedure 01' the central difference procedure
according to the relative importance of convective and diffusion
fluxes. To illustrate this we will examine the coefficient in
the w velocity equation on the x+ face of the cello Then:-

AW = T* Lx+ x+ x+

T* = ~ {T + ILx+l+l (Tx+-ILx+I)I}x+ x+

L = 1 mit ax+ 2 x+ x+

Tx + = ]J eff a x +/ox + (a = area, ° = mesh spacing)
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Thu unthalpy equation lS of the same form but without the
pressure gradient term.

The source term B~ = S~ + S~ ~
p u p p

Where Sand S depend on the resistance laws (S is subtracted
u p

from the coefficient of ~p in equation 1 above in order to increase

diagonal dominance).

Thus we have a set of equations for four of the five principal
dependant variables. For the fifth, the pressure, there remains
only the mass continuity equation, which written simply is:-

div (G) = 0

In the SABRE finite difference form this becomes:-

~ Pn an ~n = 0n

where n is the six faces of the cell

Pn is the density on face n which has area an

~n is the velocity normal to face n

But this equation does not explicitly contain the pressure.
One of the key features of the SIMPLE algorithm will now be
introduced. This is the use of an equation which gives not the
pressure directly, but the correction pI to an assumed or previously
calculated pressure P. This equation is of the same form as the other
four basic equations and can therefore be treated in the same way.
Its derivation is founded on two principles.

1 There exists a relation between the pressure corrections
P~ and a resultant correction to each velocity ~p and

this relation is approximately

~ p

, ,h I I

= D~ (p - P )
p p- p

where the D term is a known function of the coefficients
in the momentum equations.

2 The approximation is sufficiently good to allow convergence
on to the correct solution of the equations and its
approximate nature is without influence on this solution.
This is because if the solution is correct the pressure
corrections will all be zero.

From these premises we arrive at an equation of
the same form as the velocity and enthalpy equations,
but the source term B now represents the so-called mass
source, which is the local departure from satisfaction
of the mass continuity equation. Thus, summing as usual
over the six neighbours n.
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i L A P L:A~
i

B P
P = P +p n n p

n n

ln which for example

AP = p a DU
x- x- x- P

DU = a x / AU and AU is identical to the AU in the
momentum

I p P P Peqn.

There exist appropriate specifications of the A coefficients
and source terms to satisfy any self-consistent choice of internal
or external boundary conditions for a physical problem. With one
exceptional case, the reader is referred to the program manual
(15). The exception which will now be described is the technique
used for passing from the equations for the square array to the
triangular. Here advantage is taken of the fact that a triangular
array is topologically similar to a square array with every
alternate passage in one transverse direction blocked. The equations
are still valid provided the subchannel approximation of Section
A3 is valid. The breakage of the links is accomplished by setting
to zero the appropriate flow areas and altering the source terms
in the equation set. The modified terms are:-

Su = 0

Sp = some large negative number eg _10
20

A6 The Solution Procedure

The starting point is a set of guessed fields of velocities,
enthalpies and pressures. These may be quite arbitrary and are
without influence on the final solution, but the better the starting
point, the quicker the procedure converges on the final correct
solution. For example an often used, convenient and effective
starting point, even for problems with large recirculating zones
is:-

all u = v = 0

all w = constant = inlet values

all t(h) = constant

P constant across the section, with uniform gradient in the
axial direction.

The solution procedure i.s most easily described by a flow
diagram, Figure 9. As each variable is calculated, all the others
are assumed fixed at their 1atest known values. This is another
way of saying that the procedure decouples the five simultaneous
equation sets, allowing sequential solution. The coupling is
then introduced at the stage of the application of the pressure
corrections and associated velocity corrections.
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There is, however, a number of special practices designed to
procure rapid and effective convergence of the overall procedure.
Because of the decoupling of the equations, different numerical
techniques may be employed for different equations. The methods
are therefore chosen according to the different forms of the
particular equations for the various variables.

I For the transverse (ie u and v) velocities the equations
are reduced by the subchannel approximation to the
form:-

with each velocity depending only on the neighbouring values
in the axial direction. The set of equations may be expressed in
a form which is solved by the inversion of a tri-diagonal matrix.
This is a particularly simple form of matrix to invert .. The
algorithm used is a forward elimination/backward substitution
technique known in SABRE as the T D M A (Tri-Diagonal Matrix
~lgorithm) - -

,
2 The other three equations, in w, p , and h take the

general form with all six neighbours n included:-

\1 n n
Aijk ~ijk = in~ Aijk ~ + Bijk

The presence of the six neighbours makes direct matrix inversion
much more difficult, for now access to the whole three dimensional
field of coefficients is needed and this is too expensive in
computer storage. The co-ordinate directions are therefore treated
successively in an iterative scheme. This is accomplished by
temporarily shifting four of the six neighbours into the source
term B. Thus, for w velocity and calculating along the x direction
we now have:-

x+ x- ,
A, 'k wl'J'k = A"k w' I 'k + A, 'k w· I 'k + B. 'klJ lJ l + ,J lJ l-, J lJ

which is amenable to inversion by TDMA. The same process is then
applied to the y direction for the same k plane. The interaction
between successive k planes could be taken into account by a similar
sweep in the axial direction, but this again is too costly, for
the same reason as for the direct inversion. The above method is
therefore used in each plane in turn, and the plane to plane inter
actions are subsequently taken into account by applying a block
adjustment, uniform in each plane, but differing from plane to
plane. This adjustment is calculated in conformity with overall
mass continuity, and with the boundary conditions. The result
is an iterative process which requires a few applications (typically
2 for wand h, and 6 for pressure) per cycle of the SIMPLE procedure.

A7 Special Measures to Facilitate Convergence

There are two measures which have to be taken to improve
the convergence of SIMPLE in SABRE. One is the weIl known and
simple process of under-relaxation, which is needed for both
pressure and velocity corrections. It is applied thus:-
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Lu thc prussure correction;

p = P* + r P'p p p p

in the eorreetion of the veloeities;

~p = r v ~u + (l-rv ) ~o

where: rand rare respeetively the pressure and velocity
p v

under-relaxation parameters, ~ is the eorreeted velocity
u

without under-relaxation, and ~ is the velocity beforeo
applieation of any eorreetion.

The seeond measure is more subtle and is required beeause
there may arise, partieularly in the early stages of a ealeulation,
eells with outflow over all six faees. In this ease there is no
upstream point from wich to exeeute the differeneing proeedure,
whieh therefore breaks down. The effeet of this breakdown is
removed by the addition to the momentum and ~nthalpy equations
of a false source, given (for example) for the w velocity equation
by:-

-(w - w*)
p p

here w - w* is the change in w from one eyele to the nextp p

and <div (G)> = div (G) if div (G) > 0

= o if div (G) ~. 0

This ensures that the sum A of the eoeffieients in the
equations ean never be negative gnd thereby removes the instability.
It is without influenee on the final solution for whieh both
(w - w*) and div (G) are zero.p p

A similar adjustment is made to the transverse velocity equations,
with a simplified form of div (G) beeause of the subehannel approxi
mation.

A8 Convergenee Criterion

The 'mass source'· mentioned in Seetion A5 provides a eonvenient
quantity whieh is direetly related to the degree of non-satisfaetion
of the equations. In praetiee it is neeessary to examine the maxi
mum mass souree and the sum of the absolute values of the mass
sources to ensure eonvergenee. The eriterion adopted is that the
sum of the sources must be less than a preseribed fraetion of the
total mass of fluid in the ealeulational domain, and the maximum
mass souree must be small enough relative to the mass in a eontrol
volume.
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