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EFFECT OF PARTIAL BLOCKAGES IN SIMULATED LMFBR FUEL ASSEMBLIES

M. H. Fontana T.S.Kress ‘L.F.Parsly D.G.Thomas J.L. Wantland

ABSTRACT

Experimental data on the effects of partial blockages in simulated LMFBR rod bundles are
reviewed and the results presented. Experiments performed in the ORNL Fuel Failure Mockup (FFM)
with 13- and 24-channel inlet blockages in 19-rod sodium-cooled electrically heated rod bundles
indicate that excessive temperatures do not occur as a result of the blockages. Similar experiments
with 6-channel non-heat-generating blockages in the heated zone of the rod bundle indicate local
temperature increascs of ~100°F at full flow and linear heat ratings of 10 kW/ft. Calculations of
temperatures within heat-generating blockages indicate that, with more than one subchannel blocked
over an ‘‘infinite” length, resulting temperatures are above the cladding limit. Results from
experiments with the FFM water mockup showed local heat transfer variations with 6-, 12-, and
24-channel central blockages and with edge blockages extending over one-third of the total area of the
rod bundle. For this latter case, reductions in heat transfer coefficient to one-third of the free-stream
value were observed. A simple representation of flow recirculation in the wake of a blockage indicates
that a small recirculating flow significantly reduces temperatures in the wake zone.

1. INTRODUCTION

Experimental data from the Oak Ridge National Laboratory (ORNL) Liquid-Metal Fast Breeder
Reactor (LMFBR) safety and core systems programs were reviewed to evaluate possible effects of
hypothetical partial blockages in Fast Flux Test Facility (FFTF) fuel subassemblies. These data were
obtained at ORNL as part of the Fuel Failure Mockup (FFM) program. Data from sodium-cooled rod
bundles were obtained in the FFM, an engineering-scale sodium-flow loop, and support data using water as
the test fluid were obtained in the FFM water mockup, a triple-scale replica of the FFM designed for
dynamic similarity.

The sodium loop used 19-rod bundles of electric cartridge heaters assembled to simulate fuel rod
bundles having the heat flux and external configuration of the FFTF fuel. Data were obtained with bundle
inlet blockages of 13 and 24 channels and with heated-zone internal blockages of 6 channels.

Data from the water mockup included tests with 6, 13, and 24 channels blocked at the bundle inlet;
with the central 6, 12, and 24 channels blocked at the bundle midplane; and with blockages of the channels
along the two rows of rods nearest two duct flats (constituting a blockage of one-third of the total flow
area of the bundle).

Various analytical models were used to support and interpret the data. The ORRIBLE code' was used
to compute the flow and temperature distributions in the rod bundles downstream of the recirculating
wake zones. (ORRIBLE uses a simplified f'ow formulation and is computationally stable for cases where
partial areas of the rod bundle are entirely blocked.) Temperature distributions in the recirculating wake
zone immediately behind the blockage were estimated using simple arbitrary representations of the wake
flow with varying levels of recirculation velocity and blockage sizes. Temperatures within the blockage itself
were calculated using HEATING,2® a three-dimensional heat conduction code. Heat conduction
computations were made for heat-generating and non-heat-generating blockages with arbitrary shapes and
boundary conditions.

The results are presented in a manner so that the effects of partial blockages can be discerned by
comparison with equivalent unblocked cases. Estimates are presented of the behavior of similar blockages in
the full-scale FFTF fuel assemblies.




The present review of partial results from a continuing program was made to aid in licensing of the
FFTF. It is expected that more definitive conclusions may be drawn after completion of the program
objectives.

2. BACKGROUND
2.1 Types of Blockages

Partial blockage of rod bundles may be caused by foreign materials lodging at the inlet to the bundle.
Blockages could be caused by single pieces of debris or by buildup of particulate matter. A plate about the
size of a dime would be required to produce a blockage of about 13 channels. However, since the Fermi
accident, all LMFBRs have had fuel assembly inlet flow paths designed to prevent complete blockage of a
subassembly, and presently envisioned inlet configurations would not allow entry of foreign material of this
size. The sizes of these entrance flow passages are not likely to be increased in the future because the
pressure losses in that region are already small compared with the pressure losses in the fuel rod region.?

The smallest flow paths in the system are the fuel subchannels, and buildup of foreign matter in the
entrance region of the fuel bundle could conceivably cause excessive blockage. The consequences of such a
blockage would depend on whether it is concentrated locally or distributed over the entire frontal surface
of the rod bundle. If several contiguous channels were blocked, the temperature of the fuel in the heated
zone might be excessive. (Experimental data given later in this report indicate that inlet blockages of less
than 10 to 24 subchannels are not likely to cause excessive temperatures in the FETF fuel.) However,
properly designed fuel assembly inlets should cause evenly distributed flow; if the debris follows the flow
paths, distributed blockages would result. Under these circumstances, flow would probably be reduced
gradually, and low flows might be detected prior to excessive pin damage due to high temperatures.

Estimates made of the reduction of flow as a consequence of partial subassembly blockages® show that
it is necessary to block about 50% of the total flow area of a subassembly to cause a 5% reduction in flow.
This is substantiated by the fact that the increased pressure drop due to partial blockages is small compared
with the pressure drop due to the rod bundle itself. Therefore, it is not likely that solid blockages covering a
small fraction of flow area could be detected by flow measurements alone. However, distributed debris
might be detected prior to fuel failure, because a uniform reduction in flow would cause a detectable
general increase in fuel assembly temperature rather than just a hot spot.

Blockage within the heated zone of the rod bundle could conceivably be caused by

1. lodging of debris within fuel channels;

2. broken wire-wrap spacers;

3. swelling of fuel pins due to defects, weak spots, overenriched pellets, or poor heat transfer (caused
perhaps by gas release, debris hangup, or distorted pins and adjacent swelling);

4. fuel debris from failed pins; or

5. widespread pin swelling due to power-flow mismatch during a loss-of-flow incident.

All the above items except item 5 are classed as potential accident initiators and are being investigated,
particularly with respect to their potential for failure propagation.

2.2 Flow in the Wake Zone behind Blockages

Considerable information is available on flow separation caused by obstructions such as cylinders,®
disks,” steps in a surface of a plate,®'® and walls perpendicular to the flow path,!! in boundary layers! 2




over wedge shapes,!® and past bluff bodies.!* An extensive review of flow separation is given by Chang.!*
Some attempts have been made to apply some of this information to the analysis of flow in rod
bundles,! ®*! 7 and limited experimental work has been done with water.! 8-!°

If a blockage due to an obstruction is such that flow separation does occur, heat transfer in parts of the
wake zone may be enhanced. This has been observed in water experiments in rod bundles for
four-channel'® and for six-channel ® planar blockages. However, if the blockage is large, flow recirculation
may only partially mitigate the effect of the flow obstruction. Enhancement of heat transfer would not be
expected for longer, relatively streamlined bodies that do not promote flow separation.

Kirsch and Schleisick?® made the rather startling prediction that flow recirculation in the separated
flow zone behind a blockage would safely remove the heat generated behind a blockage extending to more
than 40% of the total full-scale Na-2 reactor bundle flow area. They investigated this effect with sodium
flowing in an obstructed annulus having one wall shaped to loosely simulate fuel rods. They also conducted
experiments in rod bundles with water, using salt injected into the wake zone. They found that the length
of the recirculation zone was relatively independent of velocity, as was the mass interchange between the
fluid in the recirculation zone and the “free stream” fluid. Calculations were made for the Na-2 reactor for
a blocked area/total flow area ratio of 0.147 at the midplane. A maximum sodium temperature of 190°C
(374°F) higher than the coolant temperature immediately ahead of the blockage was predicted, and for a
blocked/total flow area ratio of 0.411 (a blockage diameter of ~3 in.), the predicted temperature rise was
292°C (557°F).

Gast?! predicted that void growth and collapse would serve to remove the heat from the region behind
a blockage of 55% of the bundle flow area (4.1 cm radius). He stated, “The analytical results lead to
preliminary conclusions that, even at superheat as high as 150°C (270°F) individual vapor bubbles
recondense within 35 msec, that the fuel cladding within the bubble is not overheated during this time, and
that local boiling is unlikely to cause thermal-hydraulic instability in the affected fuel subassembly.
Furthermore, it is shown that in case of considerable superheat, the rapid volume change of individual
vapor bubbles causes variations of the coolant flow rate at the subassembly outlet, which may be detected
by means of an electromagnetic flowmeter.” The calculations were performed on the assumption that the
fuel rods had no effect on the hydrodynamics. This analysis must be checked experimentally and, if
substantiated, should essentially solve the problem of subassembly blockage (particularly if constituted of
non-heat-generating material) with respect to gross heat removal from the blocked zone.

Steifel?? performed experiments in two parallel channels, one of which was blocked. He found that
pressure equalized rapidly downstream of the blockage, but differences in flow persisted. This observation
might be of value in the development of detection techniques because the coolant in the channels having
lower flow should leave the bundle at higher temperatures.

In practice, it is unlikely that a large blockage will occur that is completely impervious. A slight leakage
through a blocked zone might significantly diminish temperature in the blocked region.?® However,
Basmer, Kirsch, and Schultheiss?®* show that slight leakage can destroy the recirculating flow patterns in
the wake zone and could actually hinder heat transfer in this region. The relative importance of these
effects is not known at this time but will be investigated in the ORNL LMFBR-FFM program.

2.3 Philosophy of Investigations of Flow Blockages

Two approaches could be taken in investigating the problem of heated-zone blockage: (1) the limits of
credibility of the size of blockages can be postulated and their damage potential investigated or (2) the
consequences of various-sized blockages along with their detectability could be investigated parametrically.




The first approach requires proving a negative postulate, that is, that something cannot happen, and further
requires almost continuous investigations as to the credibility of postulated events. The second approach
has the advantage of eliminating the question of credibility. If it can be shown that a blockage (of whatever
origin) can be detected before significant damage results, it is only necessary to determine the limit of
damage that can be accepted before shutdown and repair are required. In the long term, there is a tendency
to lean toward the second approach. However, the need for starting with the first approach is recognized
because with the second approach, detection methods must be proved for the full-scale reactor. Since the
FFTF instrument packages are already designed, sufficiently early detection might not be possible;
therefore, with respect to the FFTF the acceptability of a nominally credible blockage was investigated.

Different types of blockages may require different methods of experimental investigation. For example,
blockages caused by nonfuel debris may vary in their effect on local and downstream temperature
distributions because of variations in their thermal conductance, porosity, and flow leakage through the
blockage. Blockages caused by fuel would generate heat. Blockages caused by rod swelling or distortion are
not likely to completely block flow channels but are likely to be of streamlined shape and therefore may
not promote turbulence or enhance heat transfer.

2.4 Current Investigations at ORNL

The FFM program currently under way at ORNL is investigating these phenomena both experimentally
and analytically. Blockages of various sizes have been installed at the inlet of sodium-cooled rod bundles in
which the fuel rods are simulated by electric cartridge heaters having heat fluxes and external
configurations identical to the FFTF fuel. Temperature profiles downstream of the blockages have been
measured by means of thermocouples distributed throughout the bundle. Concurrently, signals generated
by pressure sensors, flowmeters, and certain thermocouples have been monitored for comparison with tests
of the unblocked bundle and to permit correlation of noise signals from these sources. Supporting tests
have been carried out in water systems to supplement the sodium test results and to provide information
for extrapolation to large sodium-cooled fuel subassemblies.

This report presents experimental data obtained during only the early stages of a coherent program?*$
designed to investigate the blockage question thoroughly and to develop solutions as necessary. Therefore
the report is an interim evaluation of the present status of knowledge on blockage effects and is issued at
this time to aid in FFTF licensing. As additional information becomes available over the next two years, the
blockage question should be better understood.

3. FLOW BLOCKAGE EXPERIMENTS IN THE FUEL FAILURE MOCKUP (FFM)
3.1 Description of the Facility

The FFM is a large-scale sodium facility at ORNL. A flow diagram is shown in Fig. 1. The centrifugal
pump has a flow capacity of 600 gpm, which is adequate for testing full-scale 217-rod subassemblies.
However, at the present time the power controllers and the heat dump limit the power to 422 kW, which
allows 24.5 kW per rod in a 19-rod bundle. Experiments are conducted with rod bundles in which fuel rods
are simulated by electrical heaters having the same linear power density (up to 17.5 kW/ft) and external
configuration as the FFTF fuel rods. The rods are 0.230 in. in diameter and are spaced by 0.056-in.-diam
wires wrapped on a 12-in. pitch. Figure 2 shows a typical heater rod.

The facility has provisions for subdivided control of the individual groups of heaters, so that many
combinations of heaters can be operated at any power level up to 24.5 kW/ft each.




ORNL-DWG 70-495R

MOTOR
,//’ BLOWER

MOTOR
rw PUMP TANK
SODIUM LEVEL

PUMP PUMP DISCHARGE
TANK PRESSURE
> ACOUSTIC PRESSURE
RADIATOR MP
PICKUPS OUTLET PU PUMP DIS-
ATURE CHARGE
TEMPERATU e TEMPERATURE
] ::MMWG T
b COLD TRAP
QNN OUTLET
- TEMP
OUTLET PRESSURE OXIDE
OUTLET TEMPERATURE CONTROL AND
TEST INDICATING
(3) SECTION SYSTEM
INLET TEMPERATURE FLOW
INLET PRESSURE %
FLOW 1
DUMP TANK % r——£<k—
PRESSURE — — DUMP TANK
- SODIUM LEVEL
TEST
SECTION DUMP
POWER TANK
SPACER
WIRE
TEMPERATURE

-HEATER INTERNAL
TEMPERATURE

Fig. 1. Flow diagram of the Fuel Failure Mockup (FFM).

Temperatures throughout the rod bundle are measured (without causing flow perturbations) by

thermocouples placed within the heater sheath and within the wire-wrap spacers. Detailed descriptions of
the instrumentation are given in later sections of this report.

Detailed descriptions of the facility are given in refs. 25 and 26.

3.2 Effect of 13- and 24-Channel Inlet Blockage in FFM Bundle 2B

3.2.1 Description of rod bundle 2. FFM bundle 2 is a 19-rod bundle in a hexagonal duct. The
dimensions and configuration of the bundle are similar to those of the FETF fuel subassembly except that

the heated length is 21 in. rather than 36 in. There is a 3-in. unheated length between the heated section
and the free end of the bundle.

Bundle 2 was designed for operation in an unblocked condition with most of the instrumentation 18 in.

above the inlet to the heated zone simulating the midplane of the FFTF core. The free end of the bundle
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was the downstream end, thus allowing the use of a thermocouple rake for measuring the exit sodium
temperature profile. Results of these experiments are presented in refs. 27 and 28.

After the prescribed test program was successfully completed, the still operable bundle was inverted in
the test section for testing with inlet blockages. This orientation resulted in a 3-in. unheated entrance length
followed by a 21-in. heated length. The heavily instrumented plane (previously at the 18-in. heated level)
was now 3 in. above the inlet to the heated zone. Thus most of the instrumentation was well into the
heated section but reasonably close (6 in. or less) to the inlet blockage. The orientation of the bundle in the
test section for the inlet blockage tests is shown in Fig. 3. The bundle in its original orientation is
designated FFM bundle 2A, and in the inverted odentation for inlet blockage tests, it is designated FFM
bundle 2B.

The four types of temperature instrumentation in this bundle are described below:

1. Thirteen wire-wrap spacers each contain two ungrounded Chromel-Alumel thermocouples spaced 2 or
12 in. apart axially.

2. Six wire-wrap spacers each contain two grounded Chromel-Alumel thermocouples diametrically vpposed
in the wrap; in bundle 2B three pairs are at the 2-in. level (19 in. in 2A), and three pairs are at the 3-in.
level (18 in. in 2A).

3. Alternate Chromel and Alumel bare wires (10 mils in diameter) are installed in the heater in the
0.039-in. clearance between the heating element and the sheath. These wires are separately joined to the
sheath to form an intrinsic thermocouple junction on the inner surface of the heater sheath.

4. Chromel-Alumel thermocouples are installed at intervals along the bundle length to measure the inner
wall temperatures of the hexagonal duct.

The locations of the heater internal thermocouples, the grounded wire-wrap thermocouples, and the
3-in.-level duct-wall thermocouples for FFM bundle 2B are shown in Fig. 4, along with the rod and channel
numbering convention.

Testing was conducted with (1) no inlet blockage, (2) 13 channels blocked (channels 1 to 6 and 13 to
19; see Fig. 4), and (3) 24 channels blocked (channels 1 to 24 — all but the peripheral channels). The 13-
and the 24-channel inlet blockage plates are shown in Figs. 5 and 6 respectively. When the 24-channel inlet
blockage plate was installed, a duct-wall extension piece was added to give.a more realistic inlet flow
distribution; this is shown in Fig. 6. With the 24-channel inlet blockage plate installed, approximately half
of the net flow cross-sectional area was covered.

3.2.2 Summary of inlet blockage results. During this series of tests the flow was varied from 10 to 55
gpm with all 19 rods heated at a uniform heat rate of 2 to 8 kW/ft per rod. Over this flow range the total
bundle pressure drop did not increase significantly above the unblocked value with the addition of either
inlet blockage plate.

The thermal results of these tests are summarized in Tables 1—4 and Figs. 7 and 8. For comparison, the
use of the dimensionless temperature rise (T — T;,)/(Ty ¢ — Tin) is convenient, where T is the temperature

measured by the thermocouple under consideration, T, is the sodium inlet temperature (~600°F), and

mn
T,y is the bulk sodium outlet temperature. Results from the duct-wall thermocouples are not considered
in this discussion, since they yielded little information with respect to blockages except that, as flow is
diverted to the outer channels by centrally located blockages, relative wall temperatures are slightly
depressed.

In these presentations all axial measurements are given in inches downstream from the start of the

heated section, which is 3 in. downstream from the inlet blockage.
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Table 1 gives typical temperature rises measured by the wire-wrap and heater internal thermocouples
for the 24-channel inlet blockages with a flow of 55 gpm and all 19 rods heated at 5 kW/ft per rod.

Table 2 gives the dimensionless temperature rises at the 3-in. level for no blockage, 13-channel inlet
blockage, and 24-channel inlet blockage for various flows and power levels. The effect of flow variation can
be seen from this table. For either inlet blockage condition the dimensionless temperatures vary
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Table 1. Temperature rise measurements [T - T, (°F)] of the wire-wrap and heater internal
thermocouples for a 24-channel inlet blockage in FFM bundle 2B

Run 741; Toyy — Tiq = 76°F; 55 gpm flow; 5 kW/ft per rod, all 19 rods heated; Tj, ~ 600°F

Ungrounded wire-wrap

Grounded wire-wrap thermocouples

Heater internal thermocouples

thermocouples
Axial Axial Axial
Rod Channel 7 - Ty, || Rod Channel T~ Tj, {| Rod . a = Tip
No. ‘(’ﬁ")" No. CF) || No. Iz:‘)e No. P || No ‘(’E")e Location® (g
4 0 3 7 1 3 4 35 1 3 AB 89
5 0 19 6 2 3 1 44 1 3 BC 95
10 0 11 7 2 3 6 33 1 3 CD 105
12 0 15 7 3 3 2 40 2 3 CD 90
16 0 39 3 3 3 13 27 2 3 DE 85
15 1 38 9 6 2 (Rod 6) 17 3 3 AB 85
8 2 8 17 6 2 20 9 4 3 AB 84
14 2 36 13 7 2 (Rod 7) 17 4 3 BC 85
9 3 10 29 7 2 22 13 4 3 CD 89
13 3 35 25 17 2 (Rod 17) 15 4 3 AB 122
14 4 35 17 17 2 40 10 5 3 DE 89
18 4 23 29 7 2 AB 72
11 5 32 20 9 3 BC 93
13 5 34 18 10 3 AB 130
18 6 13 37 11 3 AB 83
19 7 8 47 6 2 AB 72
4 12 3 68 16 2 BC 74
5 12 19 58
10 12 11 73
12 12 15 37
16 12 39 34
15 13 38 36
8 14 8 97
9 15 11 92
11 17 32 56
23ee Fig. 4 for identification,
Table 2. Comparison of dimensionless temperature rises [(T — Tin)/(Tout ~ Tin)} in FFM bundle 2B
with all 19 rods heated
Temperature T measured 3 in. from the start of the heated section (6 in. from the inlet blockage)
Number
Run Flow Power Tout — Tin of (T - Tin)l(Tout — Tin)
No.  (gpm)  (kW/f1) CF) blocked 122 26 4(1) 6@ 1009 3413
channels
700 55 4 61 ¢ 043 0.34 0.27 0.36 0.34 0.30
701 55 5 76 0 0.43 0.34 0.28 0.37 0.35 0.31
702 55 6 91 0 0.43 0.34 0.28 0.37 0.35 0.31
7117 55 2 30 13 0.36 0.32 0.35 0.20 0.34 0.36
718 55 4 61 13 0.38 0.33 0.36 0.22 0.35 0.35
719 55 5 76 13 0.38 0.33 0.35 0.22 0.35 0.36
720 55 5 76 13 0.38 0.33 0.35 0.22 0.35 0.36
731 55 5 76 13 0.38 0.33 0.35 0.22 0.35 0.36
721 55 6 91 13 0.39 0.34 0.35 0.23 0.35 0.35
738 55 2 30 24 0.57 0.46 0.43 0.45 0.40 0.32
739 55 4 61 24 0.56 0.50 0.46 043 0.39 0.34
740 55 5 76 24 0.56 0.51 0.44 042 0.37 0.32
741 55 5 76 24 0.56 0.51 0.45 0.42 0.37 0.32
742 55 5.5 84 24 0.57 051 045 0.42 0.37 0.33
747 55 8 122 24 0.56 051 0.44 0.42 0.37 0.32
732 44 5 95 13 0.35 0.32 0.34 0.22 0.33 0.34
751 44 s 95 24 0.51 0.47 0.42 0.38 0.33 0.31
733 33 5 127 13 0.31 0.30 0.30 0.20 0.29 0.30
754 33 5 127 24 045 0.44 0.39 0.34 0.29 0.28
734 22 s 190 13 0.27 0.28 0.28 0.19 0.25 0.27
753 22 5 190 24 0.37 0.38 0.34 0.30 0.25 0.26
736 14 5 299 13 0.24 0.26 0.25 0.18 0.23 0.26
735 11 5 380 13 0.23 0.25 0.24 0.18 0.18 0.25
752 11 5 380 24 0.31 0.34 0.30 0.27 0.20 0.24

AThe first number is the channel number, and the number in parentheses is the rod number.
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Fig. 7. Ratio of dimensionless temperature rises above inlet vs axial position for FFM bundle 2B with blockage of 13
channels (1—-6 and 13—19) at the inlet. 55 gpm flow, ~600°F inlet temperature. Averages of blockage runs 717—721 and
731 compared with averages of unblocked runs 700-702.

monotonically with the flow for a given power level. Since the trends of these blockage results are similar to
previously observed trends in unblocked bundles, this phenomenon is not thought to be blockage related
but due to the change in thickness of the thermal boundary layer. There have been indications that the
thermocouples inside wire-wrap spacers in sodium-cooled bundles are in steep temperature gradients within
the thermal boundary layer and do not indicate the bulk-mean channel temperature at that location. The
indicated temperature may then be significantly higher than the bulk mean at that location. As the flow is
decreased, the transverse spread of the boundary layer should be greater at the fixed thermocouple position
and the indicated temperature should be closer to that of the bulk mean.

The dimensionless temperature rises from the wire-wrap thermocouples and from the heater internal
thermocouples are given in Tables 3 and 4, respectively, for no blockage, 13-channel inlet blockage, and
24-channel inlet blockage for all 19 rods heated at 4, 5, and 6 kW/ft per rod and a constant flow of 55 gpm.
In this range, the effect of power level on the dimensionless temperature rise is small.

The ratios of [(T — Tj, )Ty — Tip)] (blocked) to [(T — T, )/(Tyyy — Tin)) (unblocked) for a flow
of 55 gpm with all 19 rods heated at 5 kW/ft per rod are given in Fig. 7 for the 13-channel inlet blockage

and in Fig. 8 for the 24-channel inlet blockage. [t may be seen from these figures that, in general, this ratio




Tabte 3. Comparison of dimensionless temperature rises [(T — T;)/(T oyt — Tin)] measured by the wire-wrap thermocouples
in FFM bundie 2B with all 19 rods heated, 55 gpm flow, and Tj;, ~ 600°F

Rod Axial Channel 4 kW/ft (Tyut — Tin = 61°F) S kW/ft (Tout — Tin = 76°F) 6 kW/ft (Tout — Tin = 91°F)
N: p!ane ;?:e No 13-channel 24-channel No 13-channel 24-channel No 13-channel 24-channel
(in.) blockage blockage blockage blockage blockage blockage blockage blockage blockage
Ungrounded thermocouples
15 1 38 0.12 0.11 0.10 0.12 0.11 0.11 0.12 0.12 0.10
8 2 8 0.20 0.20 0.21 0.21 0.20 0.22 0.21 0.20 0.22
14 2 36-37 0.19 0.19 0.19 0.19 0.19 0.17 0.19 0.18 0.18
9 3 10 0.34 0.35 0.39 0.35 0.35 0.37 0.35 0.35 0.37
13 3 35 0.30 0.35 0.34 0.31 0.36 0.33 0.31 0.35 0.32
14 4 35 0.27 0.28 0.24 0.28 0.28 0.22 0.28 0.27 0.23
18 4 23 0.40 0.38 0.37 0.40 0.38 0.38 0.40 0.38 0.38
11 5 32 0.26 0.29 0.27 0.26 0.29 0.26 0.26 0.28 0.26
13 5 34 0.24 0.25 0.24 0.24 0.26 0.24 0.25 0.25 0.24
18 6 13 0.46 0.48 0.49 046 0.49 0.48 0.46 0.48 0.50
19 7 8-26 0.65 0.64 0.59 0.65 0.66 0.61 0.66 0.66 0.61
4 12 3 0.79 0.78 0.90 0.74 0.78 0.88 0.74 0.77 0.88
5 12 19 0.80 0.79 0.74 0.80 0.79 0.75 0.80 0.78 0.77
10 12 11 0.83 0.85 0.95 0.84 0.86 0.95 0.84 0.86 0.94
12 12 15 0.48 0.53 0.49 0.48 0.53 0.48 0.48 0.52 0.45
16 12 39 0.53 0.53 0.45 0.53 0.52 0.44 0.53 0.52 0.45
15 13 38 0.60 0.56 0.46 0.60 0.56 0.47 0.60 0.56 0.48
8 14 8 1.06 1.04 1.25 1.08 1.07 1.26 1.08 1.09 1.25
9 15 11 1.07 1.10 1.18 1.09 1.11 1.19 1.10 1.10 1.17
11 17 32 0.77 0.77 0.75 0.75 0.80 0.73 0.75 0.78 0.72
Grounded thermocouples
1 3 4 0.27 0.36 0.46 0.28 0.35 0.45 0.28 0.35 0.45
2 3 1 043 0.38 0.56 0.43 0.38 0.57 0.43 0.39 0.57
2 3 6 0.36 0.22 043 0.37 0.22 0.42 0.37 0.23 042
3 3 2 0.34 0.32 0.50 0.35 0.33 0.51 0.34 0.34 0.51
3 3 13 0.26 0.25 0.34 0.28 0.26 0.34 0.25 0.26 0.33
6 2 (Rod 6) 0.22 0.23 0.24 0.23 0.23 0.22 0.22 0.23 0.23
6 2 20 0.10 0.11 0.11 0.10 0.11 0.11 0.10 0.10 0.11
7 2 (Rod 7) 0.12 0.10 0.20 0.14 0.10 0.22 0.16 0.13 0.20
7 2 22 0.08 0.07 0.14 0.09 0.08 0.17 0.10 0.09 0.16
17 2 (Rod 17) 0.23 0.23 0.19 0.24 0.23 0.20 0.25 0.23 0.20
17 2 40 0.16 0.15 0.11 0.17 0.15 0.13 0.17 0.15 0.14
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Table 4. Comparison of dimensionless temperature rises [(T — Ti,)/(Tou¢ — Tin)] measured by the heater internal thermocouples
in FFM bundle 2B with all 19 rods heated, 55 gpm flow, and T;,, ~ 600°F

Rod Axial ' 4 kKW/ft (Tgye — Tip = 61°F) 5 KW/t (Toyt — Tin = 76°F) 6 kW/ft (Toue — Tin = 91°F)
No. p!ane Location? No 13-channel 24-channel No 13-channel 24-channel No 13-channel 24-channel
(in.) blockage blockage blockage blockage blockage blockage blockage blockage blockage
1 3 AB 1.03 1.01 1.14 1.05 1.01 1.16 1.04 1.03
1 3 BC 1.13 1.14 1.23 1.14 1.13 1.23 1.13 1.15
1 3 Cb 1.26 1.27 1.37 1.28 1.27 1.37 1.27 1.28
1 3 DE 1.13 1.14 1.15 1.14 1.15 1.15
2 3 BC 1.08 1.06 1.09 1.06 1.07 1.09
2 3 CD 1.07 1.05 1.17 1.07 1.05 1.17 1.06 1.06 1.14
2 3 DE 1.03 0.99 1.10 1.03 1.00 1.10 1.02 1.01 1.08
4 3 AB 1.05 0.99 1.08 1.02 0.99 1.08 1.01 1.00 1.09
4 3 BC 1.05 0.99 1.09 1.02 0.99 1.10 1.02 1.01 1.10
4 3 CD 1.07 1.01 1.14 1.04 1.02 1.15 1.04 1.03 1.15
S 3 AB 1.47 1.50 1.59 1.42 1.50 1.58 1.42 1.50 1.57
S 3 BC 1.14 1.18 b 1.11 1.19 b 1.11 1.20 b
5 3 CDh 1.02 1.06 b 1.01 1.08 b 1.02 1.10 b
5 3 DE 1.06 1.03¢ b 1.07 1.11 1.15 1.11 1.15 1.16
6 2 AB 1.12 1.14 1.13 1.13 1.11 1.14
7 2 AB 0.83 0.86 0.95 0.83 0.83 0.93 0.82 0.82 0.92
9 3 BC 1.15 1.12 1.22 1.15 1.11 1.21 1.15 1.12 1.18
10 3 AB 1.65 1.55¢ 1.55¢ 1.68 1.68 1.68 1.68 1.70 1.67
11 3 AB b 1.00 1.06 1.02 1.00 1.07 1.01 1.00 1.06
6 2 AB 1.07¢ 0.97 0.88¢ 0.96 0.95 0.94 0.97 0.96 0.95
18 3 BC 1.46 1.38 1.46 1.41 1.45 1.41

4Sce Fig. 4 for identification.

bpeleted, standard deviation >~10.

CSuspected of being in error.

ST
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Fig. 8. Ratio of dimensionless temperature rises above inlet vs axial position for FFM bundle 2B with blockage of 24
channels (1-24) at the inlet. 55 gpm flow, ~600°F inlet temperature. Averages of blockage runs 738-742 and 747
compared with averages of unblocked runs 700-702.

is greater than 1 for channels downstream of the inlet blockage and, due to the increased bypass flow, is less
than 1 for the unblocked channels (channels 7 to 12 and 20 to 42 for the 13-channel inlet blockage, and
channels 24 to 42 for the 24-channel inlet blockage). It may be seen that the effect of blockage, as
indicated by substantial departures of the ratio from unity, is limited to about 3 in. downstream of the start
of the heated section (6 in. from the inlet blockage plate) or about five to six equivalent blockage diameters
downstream. No excessively high temperatures were observed. The highest temperature ratio (see Fig. 8)
occurred for a 24-channel blockage (55 gpm flow) in channel 22 (see Fig. 4) at an axial position 2 in.
downstream from the start of the heated section (5 in. from the inlet blockage). The ratio at that location
was ~1.8, indicating an 80% increase in the temperature rise over that of the unblocked case. Since the
temperature rise for the unblocked case at that position was ~7°F and the temperature rise in the blocked
case was ~13°F, the blockage caused an increase of only ~6°F. Temperature differences resulting from the
wire-wrap perturbations in normal bundles are often greater than this.
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3.2.3 Comments on inlet blockage experiment. It is concluded that centrally located inlet blockages of
up to one-half of the flow area of a 19-rod bundle with a 3-in. unheated entrance length do not result in
excessively high temperatures. The temperature increases attributed to the inlet blockages are of the same
order as the temperature variations normally observed in unblocked bundles.

Since the unheated entrance length between a possible inlet blockage and the start of the
heat-generating section of the fuel pins in an FFTF 217-pin subassembly is 6 in., twice that of these tests,
the flow maldistribution caused by the inlet blockage should be significantly ameliorated in the additional 3
in., and one would expect correspondingly lower temperature increases in the FFTF subassembly than are
indicated by these results. However, there are two other differences between the 19-rod experiment and the
FFTF whose effects are difficult to extrapolate to the FFTF configuration. In these tests the fractions of
the frontal area covered by the inlet blockage plates were quite large, ~% for the 24-channel inlet blockage.
The fluid velocities around the blockage plate were correspondingly higher than nominal. These higher
velocities may have aided in correcting the flow maldistributions caused by the blockages. The proximity of
the duct wall also may have had some influence in diverting the flow inward behind the blockages as
compared with the relative remoteness of the wall in an FFTF subassembly. These two effects (which
probably interact) would cause these tests to underpredict local temperature rises caused by similarly sized
inlet blockages in larger bundles.

It is not thought that these effects extrapolated to a full-size FFTF bundle will be sufficient to offset
the mitigating effect of the longer unheated entrance length and the relatively small temperature increases
observed in these tests. It is concluded that inlet blockages of as many as 24 contiguous channels will not
result in excessively high temperatures in the FFTF 217-pin subassembly.

3.3 Effect of Internal Blockage in FFM Bundle 3A

Bundle 3A of the FFM program was also of FFTF configuration. It had its central six channels blocked
by a non-heat-generating stainless steel device, % in. long, brazed to the central rod. This section discusses

the results of tests using this bundle.

3.3.1 Description of rod bundle 3A. The test section for the bundle 3A experiment is shown in Fig. 9.
The bundle was inserted from the bottom of the test section with the free ends of the heaters facing
upward. This allowed the use of a thermocouple rake, entering from the opposite end of the test section,
for monitoring exit temperatures from selected flow channels.

The bundle instrumentation layout is shown in Fig. 10. The large circles represent the heaters that
simulate the fuel rods. These are identified by the central number. The small tangent circles indicate
thermocouple junctions at the indicated azimuthal position of the wire-wrap spacers. The junctions are
located at an axial level indicated by the numbers in the small circles, which have units of inches from the
start of the heated zone. The small circles containing pairs of dots indicate the location of
grounded-junction thermocouples. The pair of dots next to the heater surface indicates that a thermocouple
junction in the wire wrap is adjacent to the heater, whereas the pair of dots on the opposite side indicates
that the other junction, at the same axial level, measures temperatures near the center of the flow
subchannel. The flow subchannels, defined by the lines connecting the centers of the heaters, are identified
by the numbers in the triangles so defined. The small circles with interior crosses indicate channels that are

monitored by exit thermoco