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BLOCKAGES IN LMFBR FUEL ASSEMBLIES - A REVIEW OF
EXPERIMENTAL AND THEORETICAL STUDIES

J. T. Han

ABSTRACT

This is a state-of-the-art report on the thermal-hydraulic
effects of flow-channel blockages in liquid-metal fast breeder
reactor (LMFBR) pin bundles. Most of the experimental and
theoretical studies for simulating blockages in various proto-
type LMFBR fuel assemblies done in the United States and abroad
through 1976 are presented and summarized. A brief summary
on blockage detection is included.

Keywords: blockage, LMFBR, fuel assemblies, pin, channel,
wake, sodium, temperature.

1. INTRODUCTION

The core region of a liquid-metal fast breeder reactor (LMFBR), such

as the Fast Flux Test Facility (FFTF) being built at Richland, Washington,

and the Clinch River Breeder Reactor (CRBR) to be built at Oak Ridge, Ten-

nessee, consists of stainless-steel-clad U0 2 fuel pins. The pins are 5.84

mm (0.230 in.) in outside diameter-and are spaced by 1.42-mm-diam (0.056-

in.) wires wrapped on a 305-mm (12-in.) helical pitch. They are clad with

0.381-mm-thick (0.015-in.) stainless steel, and the distance between the

adjacent pin centers is 7.26 mm (0.286 in.). The FFTF and the CRBR fuel

assemblies have 217 pins enclosed in a hexagonal duct with a wall thickness

of 3.05 mm (0.120 in.). The FFTF and the CRBR have 76 and 196 fuel assem-

blies, respectively. Sodium, which is used as the coolant, flows vertically

upward through the space between the pins in the core to remove the gener-

ated heat.

Hypothetical mechanisms that may cause channel blockages in the fuel

assemblies have been identified: (1) lodging of foreign materials carried

into the core by the sodium, (2) bending and swelling of the fuel pins, and

(3) lodging of debris from failed fuel pins and broken wire-wrap spacers.

The effects of blockages upon reactor safety depend on several factors,

e.g., the size, material, and location of the blockage; the mean fluid ve-

locity in the pin bundle; and the power-generation rates of the fuel pins.
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Hydrodynamically, the presence of the blockage in the flow channels will

increase the pressure drop and decrease the flow. The amount of the-flow

reduction in the blocked channels is primarily dependent on the blockage

size as well as on the mean fluid velocity. More importantly, the fluid

and the cladding temperatures in the wake (recirculation zone) downstream

of the blockage will become higher than those under normal conditions with-

out a blockage.

The primary objectives of this report are to summarize and assess the

experimental and analytical studies on blockages available in the litera-

ture and to present a state-of-the-art report on the subject, both quanti-

tatively and qualitatively.
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2. EXPERIMENTAL RESULTS ON BLOCKAGES

Experimental studies1-13 have been carried out to investigate the

thermal-hydraulic effects of various sizes of blockages in simulated fuel

assemblies. Sodium, water, and air are the coolants commonly used.

The most extensive experiments on blockage are probably those per-

formed by Fontana et al. 1,2 at the Oak Ridge National Laboratory (ORNL)

Thermal-Hydraulic Out-of-Reactor Safety (THORS) facility. Temperature

measurements for flows with various blockages have been obtained in a

sodium-cooled 19-pin electrically heated bundle which simulates the fuel

assemblies of the FFTF and the CRBR. Heat transfer coefficients, wake

lengths and patterns, and mass exchange rates were obtained for various

blockages in the THORS water mockup, which is a three-scale water-cooled

19-pin bundle.

Extensive experimental blockage studies 5 - 8 have also been performed

at the Karlsruhe Nuclear Research Center in West Germany. Kirsch and

Schleisieks measured the temperature distribution, wake length, and mass

exchange rate in a blocked annulus using both sodium and water as coolants.

Schleisiek6 also investigated the heat transfer rate and the temperature

rise in the wake of a blocked annulus with sodium and water as fluids.

Basmer et al. observed flow patterns in the wake by injecting air bubbles

into water in one-half of a 169-pin bundle which simulates the fuel assem-

blies of the German sodium-cooled fast breeder reactor (SNR). Kirsch 8 ob-

tained pressure and temperature profiles and mass exchange rates behind

blockages in a 169-pin water-cooled bundle.

Daigo et al.9 measured the temperature rise behind a blockage in a 7-

pin sodium-cooled electrically heated bundle. Van Erp and Chawlal° ob-

tained heat transfer measurements in a 19-pin water-cooled electrically

heated bundle. Vegter et al. 1 1 investigated velocity distribution and

wake length in a 39-pin air bundle, and Carmody obtained velocity and

pressure measurements for the wake behind a circular disk in an air stream.

Castro 1 3 investigated the wake characteristics behind a two-dimensional

perforated plate normal to an air stream.

Previously called the Fuel Failure Mockup (FFM).
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2.1 ORNL Thermal-Hydraulic Out-of-Reactor Safety (THORS) Facility

A flow diagram of the THORS 1, facility is shown in Fig. 1. The cen-

trifugal pump has a flow capacity of 38 i/s (600 gpm), which is adequate

for testing full-scale simulated 217-pin assemblies of the FFTF and the

CRBR. The electrically heated stainless-steel-clad pins are 5.84 mm (0.230

in.) in outside diameter and are spaced by 1.42-mm-diam (0.056-in.) wires

wrapped on a 305-mm (12-in.) helical pitch. The distance between the ad-

jacent pin centers is 7.26 mm (0.286 in.). Figure 2 shows the internal

structure of a typical pin. The cladding thickness and the heated length

vary for different bundles. The cladding thickness t is 0.457, 0.432, and

0.381 mm (0.018, 0.017, and 0.015 in.) for bundles 2B, 3A, and 5, respec-

tively.

2.1.1 Inlet blockages of 13 and 24 channels. in a 19-pin
sodium-cooled bundle

Test section. THORS bundle 2B' was used to investigate the thermal-

hydraulic effects of 13- and 24-channel inlet blockages. In the test sec-

tion (Fig. 3), sodium enters the bundle at the lower end and flows upward.

The pins have a heated length of 533 mm (21 in.) preceded by an unheated

length of 76.2 mm (3 in.). The stainless steel blockage plate, located

at the bottom of the pins, is 1.59 mm (0.0625 in.) thick.

There are four types of temperature instrumentation in this bundle:

1. Thirteen wire-wrap spacers each contain two ungrounded Chromel-

Alumel thermocouples spaced 50.8 mm (2 in.) or 305 mm (12 in.) apart axi-

ally.

2. Six wire-wrap spacers each contain two grounded Chromel-Alumel

thermocouples diametrically opposed in the wrap; bundle 2B has three pairs

at both the 50.8- and 76.2-mm (2- and 3-in.) levels.

3. Alternate Chromel-Alumel bare wires (10 mils in diameter) are in-

stalled in the heater in the 0.99-mm (0.039-in.) clearance between the

heating element and the sheath (see Fig. 2). These wires are separately

joined to the heater sheath to form an intrinsic thermocouple junction on

the inner surface.

4. Chromel-Alumel thermocouples are installed at intervals along the

bundle length to measure the wall temperatures of the hexagonal duct.
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TEMPERATURE

Fig. 1. Flow diagram of the Thermal-Hydraulic Out-of-Reactor Safety
(THORS) facility (Fontana et al.1).

The locations of the thermocoules inside the heaters, the grounded

wire-wrap thermocouples, and the 76.2-mm level duct-wall thermocouples for

THORS bundle 2B are shown in Fig. 4, along with the pin and channel number-

ing convention. Figure 5 illustrates the locations of ungrounded wire-wrap

thermocouples. The large circles in the figures represent the heaters that

simulate the fuel pins; these are identified by the central number. The

small tangent circles represent thermocouple junctions at the indicated

azimuthal position of the wire-wrap spacers. The junctions are located at
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Fig. 2. THORS heater pin (Fontana et al. 1 ).
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Fig. 3. Test section for THORS bundle 2B (Fontana el al.').
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DUCT THERMOCOUPLES

E THERMAL
ELEMENT

THEORETICAL (A,B,C,D,E)
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HEATER NUMBER 8

4
3 in. FROM START 3 4 in. FROM
OF HEATED ZONE START OF

HEATED ZONE
4-WIRE (2-JUNCTION)E

THERMOCOUPLE

Fig. 4. Locations of heater thermocouples, grounded wire-wrap ther-
mocouples, and duct-wall thermocouples in THORS bundle 2B. Thirteen
blocked channels are shown in shaded area (Fontana et al.1).
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ORNL-DWG 77-43279
DUCT SIDE IDENTIFICATION

TLHEMOCOUUPLLE E -- THERMOCOUPLES AT 9, 17 in. LEVELS
AT -21/8,0,5,13-in. LEVELS

VIEW LOOKING UPSTREAM

LOCATIONS OF UNGROUNDED WIRE-WRAP THERMOCOUPLES.
THE SMALL CIRCLES INDICATE THE LOCATION OF THE WRAP FOR
EACH JUNCTION, AND THE NUMBERS IN THE ROD OPPOSITE THEM
INDICATE THE AXIAL POSITIONS.

Fig. 5. Locations of ungrounded wire-wrap thermocouples for THORS
bundle 2B. Twenty-four blocked channels are shown in shaded area (Fontana
et al.').

axial levels indicated by the numbers in the small circles; these levels

have units of inches from the start of the heated zone. The small circles

containing pairs of dots indicate the locations of grounded-junction ther-

mocouples. 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
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the same axial level measures temperatures near the center of the flow

channel. The flow channels, defined by the lines connecting the centers of

the heaters, are identified by the numbers in the triangles. The fuel-pin

simulators have thermal elements attached to the inner surface of the clad-

ding, as indicated by the dots in the large circles labeled A, B, C, etc.

As shown in Fig. 4, testing was conducted with no inlet blockage and

with 13 channels blocked (channels 1 to 6 and 13 to 19); as shown in Fig.

5, testing was conducted with channels 1 to 24 blocked (all but the pe-

ripheral channels). The 13- and the 24-channel inlet blockage plates are

shown in Figs. 6 and 7, 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 (Fig. 7). The 24-channel inlet blockage

plate blocks approximately half of the flow area. Radial heat loss from

the test section was reduced by the use of insulation and guard heaters

controlled to give zero temperature gradient in the insulation as measured

by two thermocouples.

Results and discussion.. During this series of tests the flow was

varied from 0.63 X/s (10 gpm), which is approximately 20% of full flow,

to 3.5 k/s (55 gpm), which is approximately 100% of full flow; all 19 pins

were heated at a uniform rate of 6.6 to 26 kW/m (2 to 8 kW/ft) per pin.

The increase in total pressure drops through the bundle due to the inlet

blockages of up to 50% of the total flow area over this range appears to

be small (see Fig. 8).

Table 1 gives the dimensionless temperature rises, (T - Ti )/(T -
in out

Tin ), at the 76.2-mm (3-in.) level above the start of the heated zone for

no blockage, for a 13-channel inlet blockage, and for a 24-channel inlet

blockage at several radial locations under various sodium flows and pin-

power levels. (Tin is the sodium temperature at the bundle inlet and Tout

is the bulk sodium temperature at the bundle outlet.)

Figure 9 shows the normalized dimensionless temperature rises (aver-

aged for cases 700 to 702 as specified in Table 1) vs axial positions for

all channel thermocouples. These measurements were made in an unblocked

bundle with a total sodium flow of about 3.4 k/s (54 gpm) and powers of 13,

16, and 20 kW/m (4, 5, and 6 kW/ft) per pin.
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PHOTO 79774

Fig. 6. Inlet end of THORS bundle 2B with the 13-channel inlet
blockage plate (Fontana et al. 1 ).
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Fig. 7. Inlet end of THORS bundle 2B with the 24-channel inlet

blockage plate and the inlet shroud (Fontana et al. 1 ).
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Fig. 8. Pressure drop for THORS bundle 2B with no blockage, 13-
channel inlet blockage, and 24-channel inlet blockage (Fontana et al.').

The ratios of [(T - Ti )/(T - T )]bto [(T - T )/(T -
in out in blocked in out

T.in)unblocked for a flow of 3.4 U/s (54 gpm) with all 19 pins heated at

16 kW/m (5 kW/ft) per pin are given in Figs. 10 and 11 for the 13- and 24-

channel inlet blockages, respectively. It may be seen from these figures

that this ratio is generally greater than 1.0 for channels downstream from

the inlet blockage and, due to the increased bypass flow, is less than 1.0

for the unblocked channels (channels 7 to 12 and 20 to 42 for the 13-chan-

nel inlet blockage and channels 25 to 42 for the 24-channel inlet blockage).
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Fig. 9. Dimensionless temperature rise [(T - Tin)/(Tout - Tin)] vs
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heated at 13, 16, and 20 kW/m (4, 5, and 6 kW/ft) per pin with'a flow of
3.4 U/s (54 gpm) (Fontana et al. 1 ).
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Table 1. Comparison of dimensionless temperature rises [(T - T. )/(T - T. )]in out

in THORS bundle 2B with all 19 pins heated, 76 mm (3 in.) downstream r rom He

start of the heated section (152 mm from the inlet blockage)

Flow Power Number (T - Tin)/(Tout - Tin)
Case FloS [kW/m Tout - Tin of _____ _____-_T

No. (gpm)] (kW/ft)] [°C ('F) blockeds 1( 2 )a 2(3) 4(1) 6(2) 10(9) 35(13)channels

700 3.4 (54) 13 (4) 34 (61) 0 0.43 0.34 0.27 0.36 0.34 0.30

701 3.4 (54) 16 (5) 42 (76) 0 0.43 0.34 0.28 0.37 0.35 0.31

702 3.4 (54) 20 (6) 51 (91) 0 0.43 0.34 0.28 0.37 0.35 0.31

717 3.4 (54) 6.6 (2) 17 (30) 13 0.36 0.32 0.35 0.20 0.34 0.36

718 3.4 (54) 13 (4) 34 (61) 13 0.38 0.33 0.36 0.22 0.35 0.35

719 3.4 (54) 16 (5) 42 (76) 13 0.38 0.33 0.35 0.22 0.35 0.36

720 3.4 (54) 16 (5) 42 (76) 13 0.38 0.33 0.35 0.22 0.35 0.36

731 3.4 (54) 16 (5) 42 (76) 13 0.38 0.33 0.35 0.22 0.35 0.36

721 3.4 (54) 20 (6) 51 (91) 13 0.39 0.34 0.35 0.23 0.35 0.35

738 3.4 (54) 6.6 (2) 17 (30) 24 0.57 0.46 0.43 0.45 0.40 0.32

739 3.4 (54) 13 (4) 34 (61) 24 0.56 0.50 0.46 0.43 0.39 0.34

740 3.4 (54) 16 (5) 42 (76) 24 0.56 0.51 0.44 0.42 0.37 0.32

741 3.4 (54) 16 (5) 42 (76) 24 0.56 0.51 0.45 0.42 0.37 0.32

742 3.4 (54) 18 (5.5) 47 (84) 24 0.57 0.51 0.45 0.42 0.37 0.33

747 3.4 (54) 26 (8) 68 (122) 24 0.56 0.51 0.44 0.42 0.37 0.32

732 2.7 (43) 16 (5) 53 (95) 13 0.35 0.32 0.34 0.22 0.33 0.34

751 2.7 (43) 16 (5) 53 (95) 24 0.51 0.47 0.42 0.38 0.33 0.31

733 2.7 (33) 16 (5) 71 (127) 13 0.31 0.30 0.30 0.20 0.29 0.30

754 2.7 (33) 16 (5) 71 (127) 24 0.45 0.44 0.39 0.34 0.29 0.28

734 1.4 (22) 16 (5) 106 (190) 13 0.27 0.28 0.28 0.19 0.25 0.27

753 1.4 (22) 16 (5) 106 (190) 24 0.37 0.38 0.34 0.30 0.25 0.26

736 0.88 (14) 16 (5) 166 (299) 13 0.24 0.26 0.25 0.18 0.23 0.26

735 0.69 (11) 16 (5) 211 (380) 13 0.23 0.26 0.24 0.18 0.18 0.26

752 0.69 (11) 16 (5) 211 (380) 24 0.31 0.34 0.30 0.27 0.20 0.24

aThe first number is the channel number; the number in parentheses is the pin number.

The effect of blockage, as indicated by substantial departures of the ratio

from unity, is limited to about 76 mm (3 in.) downstream from the start of

the heated section, which is 152 mm (6 in.) from the inlet blockage plate

or about five to six equivalent blockage diameters downstream. No exces-

sively high temperatures were observed. The highest temperatures (see

Fig. 11) occurred for a 24-channel blockage with a flow of 3.4 k/s (54 gpm)

in channel 22 (see Fig. 4) at an axial position 51 mm (2 in.) downstream

from the start of the heated section [127 mm (5 in.) from the inlet block-

age]. The ratio at that location was approximately 1.8, thus indicating
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Fig. 10. Ratio of dimensionless temperature increases above the
inlet temperature in THORS bundle 2B with 13-channel inlet blockage
[Tin = %316'C (600-F) with a flow of 3.4 k/s (54 gpm)] (Fontana et al. 1 ).

an 80% increase in the temperature rise over that of the unblocked bundle.

Although the temperature rise for the unblocked bundle at that position was

approximately 3.9%C (7*F), the temperature rise in the blocked bundle was

approximately 7.2%C (13 0 F) - an increase of only 3.3°C (6°F). Temperature

differences resulting from the wire-wrap perturbations (shifting during a

test) in normal bundles are often greater than this.

Figure 12 shows the ratio of the dimensionless temperature rise at

0.69 k/s (11 gpm) to that at 3.4 k/s (54 gpm) for the 13-channel inlet

blockage with all 19 pins heated.
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Fig. 11. Ratio of dimensionless temperature increases above the
inlet temperature in THORS bundle 2B with 24-channel inlet blockage
[Ti = '1\316 0C (600 0 F) with a flow of 3.4 2/s (54 gpm)] (Fontana et al.1).

Figure 13 shows the temperature rises caused by the blockages for a

sodium flow of 3.5 k/s (55 gpm) at a power level of 16 kW/m (5 kW/ft) per

pin. Also shown for comparison are the temperatures measured at the same

points for the no-blockage case. Note that the maximum temperature in-

crease of 7.2 0 C (13*F) found due to inlet blockages was for the 24-channel

blockage. Effects at lower flows were similar.
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BLOCKAGE BLOCKAGE BLOCKAGE

(°C) (OF) (°C) (0 F) (°C) (OF)
76-mm (3-in.) LEVEL
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Fig. 13. Maximum temperature differences (T - Tin) with no blockage
and 13- and 24-channel blockages at the inlet of THORS bundle 2B, 76 mm
upstream from start of heated zone.. Flow = 3.5 U/s (55 gpm), power per
pin = 16 kW/m (5 kW/ft), and T -- T. = 42-C (76-F) (Fontana et al. 1 ).

out in

Results from the duct-wall thermocouples are not considered in this

discussion, since they yielded little information with respect to blockages

except that wall temperatures are slightly reduced as flow is diverted to

the outer channels by centrally located blockages. It is concluded that

centrally located inlet blockages of up to one-half of the flow area of a

19-pin bundle with a 76-mm (3-in.) unheated entrance length do not result

in excessively high temperatures. The temperature increases attributed to

the inlet blockages are of the same magnitude 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

2 17-pin assembly is 152 mm (6 in.) (twice that of these tests), the flow

maldistribution caused by the inlet blockage should be significantly re-

duced in the additional 76 mm, and one would expect correspondingly lower

temperature increases in the FFTF assembly. However, there are two other

differences between the 19-pin experiment and the FFTF assembly which pro-

duce effects that are difficult to extrapolate to the FFTF configuration.

In these tests the fractions of the frontal area covered by the inlet block-

age plates were quite large, amounting to approximately one-half of the
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flow area (in the 19-pin bundle) for the 24-channel inlet blockage. The

fluid velocities around the blockage plate were correspondingly higher

than nominal and may have aided in correcting the flow maldistributions

caused by the blockages. In addition, the proximity of the duct wall in

the 19-pin bundle may have had some influence in diverting the flow inward

behind the blockages in comparison to the relative remoteness of the wall

in an FFTF assembly. These two effects (which probably interact) would

cause these tests to underpredict local temperature rises caused by simi-

larly sized inlet blockages in larger bundles.

However, it is not thought that these effects, extrapolated to a full-

size FFTF bundle, would be sufficient to offset the mitigating effect of

the longer unheated entrance length and the relatively small temperature

increases observed. Fontana et al. 1' 2 conclude that inlet blockages of as

many as 24 channels will not result in excessively high temperatures in

the FFTF 217-pin assembly.

2.1.2 Central blockage of 6 channels in a 19-pin sodium-cooled
bundle

Test section. THORS bundle 3A also simulates the FFTF and the CRBR

configurations. Nineteen electrically heated pins are contained inside a

round duct which has unheated dummy pins along the duct wall. The central

six channels are blocked by a non-heat-generating 6.35-mm-thick (0.25-in.)

stainless steel plate (see Fig. 14 for test section). The pins have a

heated length of 533 mm (21 in.), and the blockage plate is located 381 mm

(15 in.) above the start of the heated zone.

In this series of experiments 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 for selected flow

channels.

The bundle instrumentation layout is shown in Fig. 15. The convention

for identifying thermocouples, heaters, and channels is similar to that of

bundle 2B, except that the positions of the exit rake thermocouples are

indicated by circles containing crosses.



21

ORNL-DWG 73-8793

2
1

2--in. SCHED 40
PIPE TYP 2 NOZZL

DUMMY RODS IN
DUCT WALL - -6--CHANNEL BLOCKAGE

0.078 in.
NOMINAL CLEARANCE

A
.J

TEST SECTION

SECTION A-A

'THERMOCOUPLE
CONNECTOR

Fig. 14. Test section for THORS bundle 3A (Fontana et al.1).

In THORS bundle 3A, the ends of these thermal elements internal to the

heaters were grounded to the inner surface of the cladding at 150 azimuthal

intervals and at 6.35-mm (0.25-in.) axial intervals; thus the junction

formed by two thermal elements and the intervening stainless steel cladding

measured an average of the temperatures at the two junctions. This measure-

ment can be taken as the approximate average temperature along the spiral
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Radial heat loss from the test section was reduced by the use of insu-

lation and guard heaters, which were controlled to give zero temperature

gradient in the insulation next to the test section wall as measured by two

thermocouples in the insulation between the wall and the external guard

heaters.

Results and discussion. Temperature measurements were obtained for

all 19 pins heated at powers of 16.4, 24.6, and 32.8 kW/m (5, 7.5, and 10

kW/ft) with sodium flows of 3.41, 2.73, and 2.04 U/s (54, 43.2, and 32.4

gpm), which is equivalent to 100, 80, and 60% of specific FFTF full flow

for 19 pins. These experiments cover the base case of full flow at FFTF

average power of 24 kW/m (7.3 kW/ft) and CRBR average power of 22 kW/m (6.6

kW/ft). Table 2 summarizes these test conditions.'

Figure 16 shows the central channel temperatures (above inlet tempera-

ture) vs distance from the start of the heated zone for run 101 (33 kW/m,

100% flow). This run is of particular interest because it represents 100%

of FFTF specific flow (3.41 k/s for 19 pins) and a power of 33 kW/m, which

is significantly above the average FFTF linear power density. In these

experiments, temperatures were measured by thermocouples inside the seven

Table 2. Experiments performed with THORS
bundle 3A with all 19 pins heated

Run Flow Power
Run[Z/s (gpm)] [kW/m.(kW/ft)]

101 3.41 (54) 33 (10)

102 3.41 (54) 25 (7.5)

103 3.41 (54) 16 (5)

104 2.73 (43.2) 33 (10)

105 2.73 (43.2) 25 (7.5)

106 2.73 (43.2) 16 (5)

107 2.04 (32.4) 33 (10)

108 2.04 (32.4) 25 (7.5)

109 2.04 (32.4) 16 (5)
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Fig. 16. Temperatures along the central six channels for THORS bun-

dle 3A at 3.4 ./s (54 gpm) and 33 kW/m (10 kW/ft) per pin (Fontana et al.').
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central heaters and by wire-wrap thermocouples in the six central channels.

The temperatures measured by the thermocouples inside the heaters are shown

in Fig. 16 as horizontal lines extending the axial distance between the two

thermal elements that make up the particular thermocouple being plotted.

This distance is usually 6.35 mm (0.25 in.), and the indicated temperature

can be considered as an average along that length. The number near each

line indicates the pin within which that particular thermocouple resides.

The outer cladding surface temperature was computed by subtracting the

temperature drop across the cladding calculated for the given heat flux and

assuming radial heat flow (which should be valid everywhere except directly

underneath the blockage plate). These computed outer cladding surface tem-

peratures are indicated in the figures by the letter c.

Temperatures measured by thermocouples in the wire-wrap spacers are

plotted and labeled so that the first two digits indicate the heater to

which the spacer is attached; the second two digits indicate the axial dis-

tance downstream from the start of the heated zone; and the last digit indi-

cates the channel in which the spacer resides at that particular axial ele-

vation. For example, 0413CH3 refers to heater 4, 13 in. from the start of

the heated zone, channel 3. Grounded-junction thermocouples in the wire-

wrap spacers indicate two temperatures at the same elevation, one near the

heater surface and the other near the center of the flow channel, both of

which are plotted.

The abscissa in Fig. 16 begins at 330 mm (13 in.) from the start of

the heated zone because all information of interest is downstream of this

point. The blockage plate is at the 381-mm (15-in.) level. The estimated

length of the recirculation zone is shown as 51 mm (2 in.), which is about

7 times the radius of the blockage plate, or 12 times the step height of

the blockage plate above the surface of the central pin.

Figure 16 also shows bulk mean temperature rises calculated by heat

balances. At the plane of the blockage, the highest measured temperature

(pin 7 at 16 to 16.25 in.), adjusted to give the external cladding tempera-

ture, is approximately 122*C (220'F) higher than the bulk mean temperature

at that point. For comparison, there should be more realistic temperature

distributions in the same, but unblocked bundle. Since no experimental
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data were available, the ORRIBLE code 3 was used to calculate the axial

temperature distribution of channel 3 (as if it were unblocked); the re-

sult is shown on the second line from the top in Fig. 16. The cladding

outer surface temperatures appear to be about 44%C (80'F) to 100%C (180'F)

above the average temperature of the unblocked channel at the 381- to 432-

mm (15- to 17-in.) level. The hottest temperature measured on the inner

surface of the cladding was about 211%C (380'F) above the 441 0 C (826°F)

inlet temperature and about 150%C (270 0 F) higher than the predicted bulk

mean sodium temperature at the elevation of the thermocouple [406 mm

(16 in.)] for the unblocked case.

Figure 16 also shows the temperatures measured by the ungrounded ther-

mocouples in the wire-wrap spacers in the central six channels: 0413CH3,

0115CH4, 0315CH2, 0619CH4, 0621CH5, and 0521CH3. Also plotted are the

grounded-junction thermocouple readings, which show the radial temperature

difference across the wire-wrap spacers: 0217CH1 and 0719CH6. These indi-

cate that the temperature differentials across the wire wraps are about

8.3 0 C (15°F) at 0217CH1 to 14 0 C (25 0 F) at 0719CH6. Since the ungrounded-

junction thermocouples are in approximately the center of the wire-wrap

spacers, a rough estimate can be made of the sodium channel temperatures by

subtracting one-half the AT obtained from the grounded-junction thermo-

couples (7 to 12*F) from the readings obtained with the ungrounded-junction

thermocouples. Adjusted readings (plotted in Fig. 16) are compared with

ORRIBLE predictions for temperatures in channel 3 in the blocked configura-

tion, which serves as an indicator of the behavior of all six central chan-

nels. The prediction of temperatures downstream from the blockage is satis-

factory for the purpose intended.

Since ORRIBLE 3 has no provisions for calculating recirculating flow

(the wake), predictions obtained with it should not be valid in the re-

circulating zone. If it is assumed that a 5.5 to II°C (10 to 20"F) "film

drop AT" exists between the cladding outer surface and the average channel

sodium temperature, the temperatures of the sodium in the recirculating

zone could be estimated as being in the range enclosed by the two dashed

lines in Fig. 16, which indicates that a blockage of the size tested is

tolerable at full flow and power.
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Figure 17 shows the central channel temperatures for run 104 [33 kW/m

(10 kW/ft), 80% flow]. The descriptive comments concerning Fig. 16 also

apply here except that the temperatures measured were higher because of the

lower flow. The blockage tested can be tolerated at this flow.

Figure 18 shows the central channel temperatures for run 107 [33 kW/m

(10 kW/ft), 60% flow], which is of particular interest because it represents

the most severe condition imposed on the test bundle so far. The cladding

outer surface temperatures in the vicinity of the blockage ranged 44 to

122-C (80 to 220-F) higher than expected for the sodium temperature in the

central channels (represented by channel 3) of the unblocked bundle. The

hottest cladding internal surface temperature was 719*C (1327'F), which is

about 300'C (540'F) higher than the inlet temperature of 418'C (785 0 F).

These results indicate that a non-heat-generating blockage of the size

tested is still acceptable even at 60% nominal flow.

Figure 19 shows the results for run 102 [25 kW/m (7.5 kW/ft), 100%

flow], which represents the full flow and average power conditions for the

FFTF. Note that cladding temperatures are only 156%C (280'F) higher than

the inlet temperature and 83°C (150'F) higher than the anticipated sodium

temperature in channel 3 if it were unblocked.

The temperatures at the exits of selected channels (see Fig. 15) were

measured using the exit rake thermocouples. [Note that the mixing occurred

in the 76-mm (3-in.) unheated length between the end of the heated zone and

the channel exit.] These measurements indicate the magnitude of the influ-

ence of an in-core blockage on the exit temperature profile and should help

indicate the feasibility of detecting the blockage by thermal devices lo-

cated in the exit region.

Figure 20 shows the exit temperature distribution expressed as T - T.in
for the experimental case of 33 kW/m (10 kW/ft) and 100% flow (54 gpm) and

for the pertinent calculated blocked and unblocked cases. The experimental

results for bundle 3A (Fig. 20) show a temperature increase of approximately

17%G (30°F) in the blocked region over the temperature (calculated) in the

unblocked bundle. The ORRIBLE predictions for the blocked bundle show

better agreement at channel 6 (approximately 6°F) than at channel 3 (ap-

proximately 16'F) and poorer agreement in the exterior channels. The poorer
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Fig. 20. Measured and calculated exit temperatures for THORS bundle
3A at 3.4 k/s (54 gpm) and 33 kW/m (10 kW/ft) per pin (Fontana et al.l).

agreement in the exterior channels may be due to steeper temperature gradi-

ents in that region, since ORRIBLE code calculates average channel tempera-

tures, whereas the thermocouples might be in a channel temperature gradient.

Figure 21 shows measured and calculated results for the most severe

case of 33 kW/m (10 kW/ft), 60% flow (33 gpm). Both sets of measurements

imply 17 to 22'C (30 to 40*F) differences between blocked and unblocked

cases.

The FFTF fuel has fission gas plena that are 1070 mm (42 .in.) long.

If THORS bundle 3A had an exit unheated length of 1070 mm, the temperature

distribution as calculated by ORRIBLE would be as shown in Fig. 22.
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Figure 23 shows the exit temperature distribution for the 76- and

1070-mm (3- and 42-in.) unheated zones for the average operating case of

25 kW/m (7.5 kW/ft) and 100% flow.

It was concluded' that excessive temperatures are not generated in

the heater pins as a consequence of a 6.35-mm-long (0.25-in.) non-heat-

generating blockage over an area of six channels in the 19-pin THORS bun-

dle 3A even at 33 kW/m and 60% flow. Since the blockage covers a flow

area of only about 12% of the total area, one would expect the wall effects

on the flow in the vicinity of the blockage to be small. A similar non-

heat-generating blockage would be expected to behave essentially the same

way in a full-size 217-pin FFTF and CRBR fuel assembly and therefore would

not cause excessive temperatures to be generated.
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2.1.3 Edge blockages of 14 channels in 19-pin sodium-cooled
bundles

Test section. THORS bundle 5 has the same fuel configuration as bundle

2B, except that 0.711-mm-diam (0.028-in.) wire-wrap spacers are used to sep-

arate the peripheral pins from the duct wall. The half-size spacers are

used to reduce the flow in the peripheral flow channels and to cause a flat-

ter radial temperature profile across the bundle. The pins have a heated

length of 457 mm (18 in.). A 3.175-mm-thick (0.125-in.) stainless steel

blockage plate is located 102 mm (4 in.) above the start of the heated zone

to block 14 edge and internal channels along the duct wall. The test sec-

tion layout is shown in Fig. 24.

THORS bundle 5 was designed for four flow configurations. Bundle 5A

had the edge blockage plate held flush against the duct wall. Due to early

failure of thermal elements inside the heaters and failure of an important

heater pin (pin 16 as shown in Fig. 25), the test program was curtailed and

the bundle was rebuilt. In the rebuilt bundle (5B), there was a slight

leak between the duct wall and the blockage. In bundle 5B-d, the blockage

plate was intentionally displaced 0.356 mm (0.014 in.) away from flat A of

the duct wall. The blockage plate was then completely removed from the

test section and the bundle designated as bundle 5C.

Four types of temperature instrumentation were used in the bundle:

(1) thermocouples in the helical wire wraps, (2) thermocouples in the flats

of the hexagonal duct to measure duct-wall temperatures, (3) thermal ele-

ments within the heater sheaths (bundles 5B and 5C only), and (4) an exit

thermocouple rake to measure the temperature of the sodium leaving selected

flow channels.

In the instrumentation layout shown in Fig. 25, the large circles

represent the heaters that simulate the fuel pins; these are identified by

the central number. The small tangent circles indicate thermocouple junc-

tions at the indicated azimuthal position of the wire-wrap spacers. The

junctions are located at axial levels indicated by the numbers in the small

circles, which have units of inches from the start of the heated zone. The

1.42-mm-diam (0.056-in.) wire wraps on the seven central pins contained



35

A A

- I
ORNL-DWG 73-4840

N

A-A

222Y32

26

60

-TEST
SECTION
HOUSING

FLOW--

783/4 BLOCKAGE PLATE

CARBON
• /MICROPHONE

PICKUP

BUNDLE
CLAMPING
DUCT

B-8
SHOWING POSITION

OF RAKE TE'S

15'V/32 2,2o

S FLOW HYDROPHONE C-C

21/2 SCHED 40
NOZ TYP 2"

ACOUSTIC
SENSOR

112 ACHED 40

2

HEATEC C

HEATER• DIMENSIONS ARE IN INCHES
I NTERNAL TE S

TE EXT WIRE

Fig. 24. Test section for THORS bundles 5A, 5B, 5B-d, and 5C (Fontana
et al. 2 ).



36

ROTATION OF WIRE WRAP

( THERMOCOUPLE 'JUNCTION

16 5 /POSITIONS IN WIRE WRAP

3 3 - INCHES FROM BEGINNING OF

-8 6 2- HEATED ZONE:(360= 12 in.)

HEATER NUMBER

ORNL-DWG 73-817R2

THERMOCOUPLES
( AT BUNDLE OUTLET

(RAKE)

193/4

O- FLOW DIRECTION
"-UP OUT OF PAPER

E

"BUNDLE INTERNAL BLOCKAGE PLATE
(LOCATED 4in. FROM START OF HEATED ZONE)

Fig. 25. Cross section of THORS bundles 5A, 5B, 5B-d, and 5C show-
ing the outline of the blockage plate in the bundles except 5C and all
test section temperature instrumentation. (The heater-internal thermo-
couples in pins 6, 10, and 15-18 were not operable in bundle 5A) (Fontana
et al. 2 ).

four thermal-element wires that were formed into ungrounded temperature-

measuring junctions at two axial locations. The wire wraps on the 12 pe-

ripheral pins were 0.711 mm (0.028 in.) in diameter, and each contained a

single grounded thermocouple junction. Where 1.42-mm (0.056-in.) spacing

was required (between adjacent pins), the wire wraps were sleeved with sec-

tions of stainless steel tubing [1.40 mm (0.055 in.) in outside diameter
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and 0.229 mm (0.009 in.) in wall thickness]. These sleeves were mechani-

cally attached to the 0.711-mm (0.028-in.) wire wraps by reducing the in-

side diameter at the section ends by a rolling process. The locations of

the duct wall thermocouples are similarly indicated in Fig. 25. The flow

channels, defined by the lines connecting the centers of the heaters, are

identified by the numbers in the triangles. The small circles with inte-

rior crosses indicate channels that are monitored by exit thermocouples.

Bundles 5B, 5B-d, and 5C had thermocouples inside pins 6, 10, 15, 16, 17,

and 18. The axial locations of Chromel-Alumel junctions are given by the

small numbers at the wire locations (in inches downstream from the start

of the heated section).

The bundle was installed from the bottom of the test section housing.

Sodium entered the test section at the bottom, flowed upward, and exited

at the top of the test section housing as shown in Fig. 24.

Results and discussion. Results for bundles 5A, 5B, 5B-d, and 5C were

obtained for base tests at a flow of 2.6 k/s (41 gpm); a sodium inlet tem-

perature of 316 0 C (600'F); and a power rate of 16 kW/m (5 kW/ft) per pin

for all 19 pins. The corresponding bulk sodium temperature rise, T --out

T in, for these conditions was 47%G (85 0 F).

Figure 26 compares the results from all wire-wrap thermocouples. The

numbers by the points indicate the numbers of the channels (see Fig. 25) in

which the thermocouples are located. The blockage plate is in channels 18

to 25 and 37 to 42. The largest temperature measured was at channel 41

at 25 mm (1 in.) downstream from the blockage plate; the dimensionless

temperature had a value of 1.39 at this point. Since the dimensionless

temperature in unblocked bundle 5C was 0.42, the excess due to the block-

age was 1.42 - 0.45 = 0.97; that is, about the same magnitude as the bulk

temperature rise in the bundle. However, these experiments were per-

formed with a bundle having a 457-mm (18-in.) heated length, which, for a

given power and flow, would have an inlet-to-outlet temperature increase

of about one-half that of a reactor having a 914-mm (36-in.) heated zone.

Since the local temperature increase due to the blockage is a function of

local power and flow conditions, it would have the same magnitude in the

experiment as it would for a blockage in the reactor. Since Tout - Tin in



38

ORNL-DWG 74-6876R

0

t

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0 2 4 6 8 10 12 14 16 18

ft
BLOCKAGE END OF HEATED

SECTION
LENGTH ALONG HEATED SECTION (in.)

20

Fig. 26. Normalized temperature rises, (T - Tin)/(To0t - Tin), from
the wire-wrap thermocouples in THORS bundles 5A, 5B, 5B-d (with blockage

plate displaced by 0.014 in.) and 5C (with the blockage plate completely
removed). Flow = 2.6 k/s (41 gpm); uniform power per pin = 16 kW/m (5
kW/ft); T. = 316°C (600'F); and T -oT. = 47 0 C (85 0 F).(Fontana et al. 2 ).

in out in

the reactor is twice that of these experiments, the local temperature ex-

cesses normalized by the T -- T. of the reactor would have one-half theout in

value shown in the figures presented here. Therefore, the local tempera-

ture excess due to the blockage, if it occurred in a reactor having a

Tout - Ti of 167°C (300 0 F), would be 0.95/2 x (167) = 79 0 C (143°F). Thisot in

increase is not of major significance with respect to reactor safety.

The effects of the duct-wall thermocouples on the hexagonal flats (A

and F) adjacent to the blockage plate, compared in Fig. 27, are similar
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Fig. 27. Normalized temperature rises, (T - Tin)/(Tout - Tin), from
the duct-wall thermocouples on hexagonal flats A and F, which are adjacent
to the blockage plate. Flow = 2.6 Z/s (41 gpm); uniform power per pin =
16 kW/m (5 kW/ft); T = 316%C (600'F); and T -- T = 47%C (85'F) (Fon-out in
tana et al. 2 ). in

to those of the wire-wrap thermocouples. For bundles 5A, 5B, and 5B-d,

these temperature rises are consistently higher than the local bulk

sodium temperature downstream of the blockage plate, and, with the excep-

tion of the region immediately downstream of the plate, there appears to be

little variation between the three sets of data. The results from bundle

5C show that the duct-wall temperatures are consistently lower than the

bulk sodium temperature in an unblocked bundle.

The results of the duct-wall thermocouples one flat away from the

blockage plate (B and E) are compared in Fig. 28. The relatively large

temperature rise on flat E (bundles 5A, 5B, and 5B-d) at the 127-mm (5-in.)
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Fig. 28. Normalized temperature rises from the duct-wall thermo-
couples on hexagonal flats B and E, which are near (but not blocked by)
the blockage plate. Flow = 2.6 k/s (41 gpm); uniform power per pin =
16 kW/m (5 kW/ft); T. = 316%C (600*F); T - T. = 47%C (85*F) (Fontana
et al. 2 ). in out in

level is thought to be due to counterclockwise peripheral edge swirl carry-

ing hot fluid from behind the blockage plate to this flat. There is little

variation among the three sets of data for tests with the blockage plate.

The results from bundle 5C show that the blockage plate has little influ-

ence on these temperatures beyond approximately 254 mm (10 in.) downstream

from the start of the heated section.

The effects of the duct-wall thermocouples on the flats opposite the

blockage plate (flats C and D) are compared in Fig. 29. The temperature

rises are consistently lower than that of the bulk sodium, And there is

little variation among the sets of data.
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Fig. 29. Normalized temperature rises from the duct-wall thermo-
couples on hexagonal flats C and D, which are far away from the blockage
plate. Flow = 2.6 U/s (41 gpm); uniform power per pin = 16 kW/m (5 kW/ft);
Tin = 316 0 C (600 0 F); and Tout - Tin = 47%C (85'F) (Fontana et al. 2 ).

The results of all duct-wall thermocouples at the 381-mm (15-in.)

level are compared in Fig. 30, and the results of the exit rake thermo-

couples are compared in Fig. 31. Both show a higher temperature rise down-

stream of the blockage plate with little effect of displacement of the

plate. The slightly higher temperatures seen in the unblocked bundle (5C)

at the previously blocked positions may be due to normal bundle distortion

resulting from uneven spacing from the walls by the helical spacer wires.

The results of the heater-internal thermocouples for THORS bundles 5B,

5B-d, and 5C are given in Table .3. A comparison of the test results from

bundles 5B and 5B-d reveals that the temperature rises are slightly, but not

significantly, lower when the blockage plate is intentionally displaced 0.36

mm (0.014 in.).
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Fig. 30. Normalized temperature rises from all duct-wall thermo-

couples at the 381-mm (15-in.) level in THORS bundles 5A, 5B, 5B-d, (with

the blockage plate displaced by 0.014 in.), and 5C (with the blockage

plate completely removed). Flow = 2.6 k (41 gpm); uniform power per pin

16 kW/m (5 kW/ft); Tin = 316'C (600*F); and Tout -Tin = 47C (85'F)

(Fontana et al. 2 ). iF

Temperature rise vs flow for three selected wire-wrap thermocouples is

shown in Figs. 32 to 34. These results are for uniform pin power, with most

data taken at 16.4 kW/m (5 kW/ft) per pin. The data at 0.505 U/s (8 gpm)

and 0.252 U/s (4 gpm) were taken at 12 kW/m (3.6 kW/ft) per pin; the data

at 0.126 k/s (2 gpm) were taken at 5.9 kW/m (1.8 kW/ft) per pin. Figure

32 compares the results of the wire-wrap thermocouples at the 127-mm (5-in.)

level (25.4 mm downstream from the blockage plate) on pin 17. Since this

thermocouple was in channel 41 (see Fig. 25), its temperature immediately

downstream from the blockage plate would be strongly influenced by any

leakage around the edge of the plate. For this thermocouple, the differ-

ence between the limited results from bundle 5A and the results from bundle
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Fig. 31. Normalized temperature rises from the exit-rake thermo-
couples in THORS bundles 5A, 5B, 5B-d, and 5C. Flow = 2.6 k/s (41 gpm);
uniform power per pin = 16 kW/m (5 kW/ft); Tin = 316%C (600'F); and
T -- T. = 47%C (85'F) (Fontana et al. 2 ).
out in

5B, which had the same nominal configurations, is about the same as the

difference between the results of bundle 5B and bundle 5B-d. The results

from the two blocked bundles (5B and 5B-d) for which low-flow data exist

show a slight temperature maximum at about one-third the nominal flow of

2.6 £/s (41 gpm). The unblocked bundle (5C) shows a flat profile that

tapers off at very low flows, where extraneous effects (heat losses, axial

conduction) become significant.

Figure 33 compares analogous results for the wire-wrap thermocouple at

the same axial level on pin 15. This thermocouple was in channel 20, which

is an internal channel in the approximate center of the region downstream

from the blockage plate. These results are similar to those shown in Fig.

32, except that the temperature rises in bundle 5B-d are slightly lower
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Table 3. Dimensionless temperature rises, (T - Tin)/
(Tout - Tin), from heater-internal thermcouples

in THORS bundles 5B, 5B-d, and 5C

Flow = 2.6 V/s (41 gpm), uniform power per pin

16 kW/m (5 kW/ft), T. = 316 0 C (600 0 F), T -- T =
47-C (85 0 F) in out in

Axial location Pin (T - Tin)/(Tout - Tin)
(inches from start No.

of heated section) Bundle 5B Bundle 5B-d Bundle 5C

3.0-3.5 6 0.75 0.72 .0.73
16 0.75 0.74 0.72
18 0.79 0.77 0.72

3.5-4.0 6 0.98 0.98 0.74
15 0.92 0.99 0.71
16 0.95 0.90 0.77
18 0.95 0.96 0.74

4.0-4.5 6 1.58 1.66 0.76
15 1 . 4 5 a 1.58a 0.80
16 1.55a

18 1.12 0.99 0.76

4.5-5.0 6 1.52 1.49 0.78
15 1.40a 1.47 0.81
16 1.55
17 1.59 1.04 0.84

18 1.11 0.91 0.76

10.0-10.5 10 0.93 0.96 0.99

10.5-11.0 10 0.97 0.98 1.02

11.0-11.5 10 1.04 1.05 1.07

11.5-12.0 10 1.06

Standard deviation >1.0°F.

than those obtained with bundle 5B. This indicates that the slight leakage

in bundle 5B was as effective in reducing this temperature rise as was the

intentional leakage in bundle 5B-d.

Figure 34 compares the results obtained from the wire-wrap thermocouple

at the 178-mm (7-in.) level on pin 6. This thermocouple was in channel 21,

an internal channel adjacent to channel 20. The results from bundles 5B

and 5B-d are essentially identical and not significantly lower than the
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limited results obtained from bundle 5A. The maximum temperature rise at

approximately one-third nominal flow observed at the 127-mm (5-in.) level

is barely discernible at the 178-mm level.

It is possible that the 127-mm level is in the wake (recirculation

zone) region, while the 178-mm level is in the far wake region (downstream

of the recirculation zone behind the blockage). Leakage past the blockage

plate would affect the temperatures in the wake region much more strongly

than in the far-wake region.

The maximum temperature excess caused by the blockage measured in all

experiments was on the order of the Tout - Tin in the pin bundle. Since

the local effect of the blockage would be of the same magnitude in the

reactor under the same local conditions of power and flow and the heated

zone of the reactor is twice as long as that used in theseexperiments (36

vs 18 in.), the Tout - T.in in the reactor is twice that of the experiments.

Therefore, the normalized temperature excesses reported here must be divided

by 2 if normalization to reactor conditions is to be realized.

Fontana et al.2 concluded that the 14-channel edge blockage against

the duct wall, which blocked one-third of the flow area, did not cause ex-

cessive temperature increases from the standpoint of reactor safety. How-

ever, it should be emphasized that these experiments were performed with

full-size pins and spacers and were intended to represent local flow condi-

tions (as much as possible within the constraints of a 19-pin assembly).

Therefore, these results cannot be used to infer that a blockage covering

one-third of the flow area of a fuel assembly would behave similarly. It

would be more relevant to compare the experimental blockage condition to an

in-core blockage that extends from the duct to the centerline of the second

row of pins and then laterally over a distance of three pins measured from

the corner defined by the intersection of two duct flats.

2.2 THORS Water Mockup of a Three-Scale 19-Pin Bundle

The THORS water mockup is a three-scale water-cooled model of the THORS

facility.2 Blockage tests have been performed by Thomas2 to determine the

effect of various blockage geometries on (1) heat transfer coefficient dis-

tributions along the pin surface; (2) flow patterns in the vicinity of a
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blockage (i.e., the extent of regions of recirculation); (3) mass exchange

rate between the wake zone behind the blockage and the free stream; and (4)

pressure drop in the pin bundle. The advantages of using water for such

tests are that the shroud can be fabricated from clear plastic, thus per-

mitting flow visualization studies; mass exchange rate may be determined

using salt solution as tracer; and water is much easier to work with than

liquid sodium. However, care must be taken in interpreting the results in

terms of possible consequences of a flow blockage in a sodium-cooled system.

2.2.1 Test section

To measure distributions of the local heat transfer coefficient up-

stream and downstream of the blockage, a 19-pin bundle was enclosed in a

Plexiglas shroud of a hexagonal cross section. One pin was an A-nickel

tube that was resistance heated to achieve heat fluxes of approximately

1600 kW/m 2 (5 x l0 Btu hr- 1 ft- 2 ), yielding water film-temperature differ-

ences of approximately 78%C (140*F); the remaining 18 pins were constructed

of Plexiglas. The heated pin could be positioned at either the central or

a corner position in the bundle. Blockage plates used in this study are

illustrated in Fig. 35. Six thermocouples at each of three axial stations

were utilized to measure the bulk water temperature in channels near the

central heated pin. A traversing thermocouple assembly was used to measure

the inner wall temperature of the A-nickel pin at any desired axial or cir-

cumferential position. Local heat transfer coefficients were calculated

from the derived film-temperature differences and heat flux.

Demineralized water was circulated through the test section by a cen-

trifugal pump at the rate of 31.5 U/s (500 gpm), with the flow measured by

a shedding-vortex flowmeter. Flow blockages in the test section were simu-

lated by inserting Plexiglas blockage plates in the bundle.

The Plexiglas shroud assembly containing the 19-pin bundle was 1370 mm

(54 in.) long with an external cross section of 152 mm (6 in.) x 165 mm

(6.5 in.). Attached to the lower (upstream) end of the shroud was a 762-mm-

long (30-in.), 127-mm-diam (5-in.) stainless steel tee that contained a

flow redistribution sieve plate and a 76-mm-long (3-in.) Plexiglas transi-

tion piece to change the flow cross section from circular to hexagonal.

The upper (downstream) end of the shroud had a similar tee which was 305 mm
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(12 in.) long. The blockage plate was generally located in the middle of

the pin length.

2.2.2 Results and discussion

Conditions for the heat transfer studies with edge channel blockages

are summarized in Table 4. Figure 36 shows the local heat transfer coeffi-

cient and flow pattern around a 14-channel edge blockage at a Reynolds num-

ber of 2.5 X 104 (TBM is the bulk mean temperature at the blockage). Flow

visualization studies with injected air indicated a strong wake downstream

of the blockage plate. Figure 37 shows axial variations of heat transfer

coefficient and flow patterns around the 14-channel edge blockage plate at

the highest flow achieved in the edge blockage tests (mean water velocity =

28.1 fps and Reynolds number = 9.40 x 104). The downstream end of the wake

NRe = 2.5 X 104

V = 10 ft/sec
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Fig. 36. Local heat transfer coefficient and flow pattern with a
14-channel edge blockage in THORS water mockup at a Reynolds number of
2.5 X 104 (Fontana et al. 2 ).



Table 4.- Test performed in THORS water mockup with an edge blockage

Test Number of Average Reynolds Heat flux
No. channels velocity TBM 2 1

blocked [m/s (fps)] No. [G ( 0 F)] [W m- (Btu hr ft 2 )]

x 10, x 104

59 14 3.05 (10.0) 2.6 .38.3 (69.0) 15.5 (4.9)

60 14 8.56 (28.1) 9.4 53.2 (95.7) 21.4 (6.8)

62a 14 3.14 (10.3) 2.6 34.4 (62.0) 23.7 (7.5)

68 24 1.26 (4.15) 1.31 49.3 (88.8) 4.29 (1.36)

69 24 0.75 (2.45) 0.82 50.6 (91.0) 4.29 (1.36)

70 24 2.29 (7.50) 2.29 45.3 (81.5) 5.77 (1.83)

71 5 2.76 (9.05) 2.67 45.4 (81.8) 20.5 (6.50)

72 5 1.37 (4.50) 1.38 46.6 (83.8) 14.8 (4.69)

73 5 5.03 (16.5) 4.81 44.4 (80.0) 27.0 (8.56)

74 5 7.62 (25.0) 7.39 45.5 (81.9) 71.6 (22.7)

aThere was a sizable leak between the blockage plate and the shroud walls.

L1
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Fig. 37. Local heat transfer coefficient and flow pattern with a
14-channel edge blockage in THORS water mockup at Reynolds number of

9.40 x 104 (Fontana et al. 2 ).

region is clearly identifiable by the substantial increase in the heat

transfer coefficient. The most pronounced feature of the local heat trans-

fer measurements is the substantial decrease in the coefficient downstream

of the plate [hl and h 2 4 are heat transfer coefficients measured 25.4 mm

(1 in.) and 610 mm (24 in.) downstream of the blockage plate, respectively]

to the heat transfer coefficient 203 mm (8 in.) upstream of the plate (h- 8):

Reynolds
number

1.14 x 104

3.04 x 104

3.95 x 104

9.40 x 104

Velocity
[m/s (fps)]

1.4 (4.6)

3.0 (10.0)

6.1 (20.0)

8.6 (28.1)

hi/h- 8

0.50

0.42

0.34

0.30

h 2 4 /h-8

0.64

0.72

0.68

0.65
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As velocity increases, the effect of the blockage plate on the heat trans-

fer coefficient within 25.4 mm (1 in.) of the plate is markedly increased;

however, at 610 mm downstream from the blockage, the heat transfer coeffi-

cient had recovered up to 64 to 72% of the original value, showing no

clear-cut trend with velocity.

Average heat transfer coefficients for the tests with a 14-channel

edge blockage are summarized in Fig. 38 for Reynolds numbers from 1.14 x

10' to 9.40 x 104. This figure again illustrates the marked decrease in

the heat transfer coefficient in the vicinity of the blockage plate (the

wake region) and the slow recovery of the heat transfer coefficient in the

far-wake region.

At the end of test 60, a slight leak developed between the blockage

plate and the channel wall approximately 1.5 pin diameters from the cen-

terline of the heater corner pin. For test 62, this leak was deliberately
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Fig. 38. Average heat transfer coefficients with a 14-channel edge
blockage in THORS water mockup (Fontana et al. 2 ).
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enlarged by forcing the plate away from the channel wall with a machine

screw. Although the sealer compound had pulled loose from the blockage

plate for this test, it remained fixed to the plate on the side toward the

heater tube so that the leakage jet was diverted from the heated tube.

Flow visualization studies (Fig. 39) clearly showed the jet, but apparently

it was not strong enough to completely destroy the recirculating regions

observed in previous tests with no leaks. Furthermore, there appeared to

be multiple recirculation zones behind the blockage plate, and there was a

marked increase in the heat transfer coefficient in the vicinity of the

reattachment point (i.e., where the free stream flow contacts the surface).

At the conclusion of test 62, the edge blockage plate was removed and

the pin bundle returned to the reference condition. The circumferential

variation of the heat transfer coefficient for the unblocked reference bun-

dle for various locations along the heated pin is shown in Fig. 40. For

NRe = 2.60 x 104

V = 10.3 ft/sec
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Fig. 39. Effect of edge seal leakage on flow pattern and heat
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convenience, the locations (--6, 0, +3, +9, +12, and +24 in.) are given in

Fig. 40 with respect to the location of the edge blockage plate when it was

in place. The figure also shows the locations of the channel corner and

the spacer wires. Near the bundle inlet, the channel corner exerts a major

influence on the circumferential variation of the heat transfer coefficient;

near the bundle exit, the variation becomes much smaller.

The circumferential variation in the heat transfer coefficient in the

presence of a 14-channel edge blockage plate is illustrated in Fig. 41,

which shows results of two different tests run under substantially the same

conditions. In one test, temperatures were measured every 150 of the cir-

cumference. Except for the traverse 152 mm (6 in.) upstream of the blockage
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2.6 x 104 and water velocity of 3.05 m/s (10 ft/s) (Fontana et al. 2 ).

plate, the agreement is quite satisfactory. As was the case in the un-

blocked reference bundle measurements (Fig. 40), the channel corner seemed

to have some influence on the local heat transfer coefficient, and, except

for the traverse made 25 mm (1 in.) downstream of the blockage, the circum-

ferential variations for the blocked and unblocked cases were somewhat

similar.

Three tests were made with a 24-channel edge blockage plate; the

local heat transfer coefficients and flow patterns are shown in Figs. 42

to 44. In contrast to the tests with the 14-channel blockage, there was
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a pronounced peak in the heat transfer coefficient at approximately 305 mm

(12 in.) downstream of the blockage plate. According to the results of

the flow visualization studies, this region corresponded to locations along

the heated pin where reattachment was taking place.

Four tests were made with a 5-channel edge blockage plate. Figures

45 to 48 show axial variations of heat transfer coefficients and flow pat-

terns in the vicinity of the blockage for these tests. Tests using a 5-

channel edge blockage plate (blocking approximately 13% of the flow area)

demonstrated that the local heat coefficient was somewhat uniform along

the heated pin except for the region within 25 or 50 mm (1 or 2 in.) up-

stream and downstream of the blockage. The maxima in the values of the

local heat transfer coefficient were closely correlated with regions where

flow visualization indicated a strong swirling motion around the heated pin.

The greatest effect of this swirling motion was observed at the lowest ve-

locity, 1.4 m/s (4.5 fps), where flow visualization (Fig. 45) indicated the
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greatest disparity in the recirculating flow region in the channels adjacent

to the duct wall.

Pressure drop was measured for the bundle with no blockage and with

different central and edge blockage plates. As can be seen from Figs. 49

and 50, pressure drop results from use of edge and central blockages, al-

though greater than those without, were parallel to those for the bundle

with no blockage. The edge blockage plate, which blocked one-third of the

flow area, caused an approximately 60% increase in pressure drop, while

*the plate that blocked 60% of the area caused an approximately 230% in-

crease. Figure 51 shows the ratio of the total pressure drop in blocked

bundles to that in the unblocked bundle in the THORS water mockup.
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Fig. 49. Pressure drop with edge blockages compared to that for the
unblocked reference bundle in THORS water mockup (Fontana et al. 2 ).
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In order to determine the rate of mass exchange between the wake and

the mass flow, tests were conducted in which salt solution was injected

into the system. Conductivity probes were located at positions along the

channel walls for edge blockages (Fig. 52) and at distances of 25, 127, 203,

and 305 mm (1, 5, 8, and 12 in.) from the plate along the central pin for

central blockage. When edge blockage plates were used, the probes were

two 0.762-mm-diam (0.030-in.) nickel wires spaced 3.18 mm (0.125 in.) apart

and projecting %1.59 mm (0.0625 in.) into the recirculating stream from

the walls. When central blockage plates were used the probes were two

0.508-mm-diam (0.020-in.) Chromel-C wires spaced %3.18 mm (0.125 in.) apart,
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a function of time for different probe locations in THORS water mockup
(Fontana et al. 2 ).
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embedded in the central pin, and projecting %3.18 mm into the circulating

stream. Output from the probes was recorded simultaneously.

The procedure followed in these tests was to adjust the salt concentra-

tion so that at least one probe in the set was producing a reading of "full

scale." At this time, salt injection was stopped and the salt concentra-

tion in the recirculation zone allowed to decay. Over 100 tests were made

at different velocities and with different blockage plates. Duplicate tests

agreed to within ±30%, and, of over 100 tests, more than 92% yielded a good

exponential decay. The most common departure from an exponential decay was

a break in the decay curve for probes 3 and 4 as illustrated in the lower

portion of Fig. 52. However, the decay curve before and after the break has

substantially the same slope.

Figure 52 shows salt concentration decay as a function of time for dif-

ferent probe locations in the wake and for 5- and 24-channel edge blockages.

The observed half-lives ranged ±66% around the mean for the 5-channel block-

age and ±40% for the 24-channel blockage.

Conductivity (in arbitrary units) as a function of time is shown in

Fig. 53 for 24-channel edge and central blockages with velocity as a param-

eter. The conductivity decayed exponentially with time for both blockages,

and, as expected, the decay was much more rapid at high velocity than at

low. Decay appeared to be more rapid with the central blockage than with

the edge blockage.

Decay of half-life is shown as a function of velocity for three differ-

ent edge blockages and for the 24-channel central blockage in Figs. 54 and

55, respectively.

Blockages used in this study were arbitrarily defined by the lengths

kt and k illustrated in Fig. 56; these two dimensions represent the larg-

est blockage dimensions at right angles to each other. A characteristic

length for each blockage was then calculated by taking the geometric mean

of the two dimensions Yrt77 . Values for each blockage are given in Table
a W

5. Values of the half-life for salt decay behind different blockages are

given in Tables 6 to 9, where V is the mean coolant velocity.

Figure 57 shows the dimensionless mean residence time, TV/vk77,

for fluid behind blockages in pin bundles as a function of Reynolds number
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Table 5. Characteristic lengths for flow blockages 2

Number of Fraction Length [mm (in.)]
Blockage channels of area

type blocked blocked P k Ak

Edge 5 0.13 38.1 (1.50) 25.4 (1.00) 31.0 (1.22)

Edge 14 0.37 95.3 (3.75) 42.9 (1.69) 64.0 (2.52)

Edge 24 0.60 95.3 (3.75) 69.9 (2.75) 81.5 (3.21)

Central 6 0.13 36.6 (1.44) 39.4 (1.55) 37.8 (1.49)

Central, 24 0.62 79.5 (3.13) 79.5 (3.13) 79.5 (3.13)
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Table 6. Half-life for decay of salt solution
behind a 24-channel edge blockage

2

Velocity T1 / 2 (sec) at probe locationa /kkT V

[m/s (fps)] 1 2 3 4 5 6 V

0.76 (2.5) 1.66 2.23 1.53 2.05 2.23 1.33 7.24 x 104

i.37 (4.5) 0.93 1.60 1.10 1.06 1.05 0.92 1.30 x 105

2.29 (7.5) 0.53 0.62 NA 0.62 0.75 NAb 2.17 x l10

3.05 (10.0) 0.40 0.49 0.27 0.30 0.46 0.38 2.90 x 10'

asee Fig. 52 for probe location.

bNA = not available.

Table 7. Half-life for decay of salt solution
behind a 14-channel edge blockage

2

Velocity TI/ 2 (sec) at probe locationa A az V

[m/s (fps)] 1 2 4 5

1.07 (3.5) 1.34 1.02 1.05 NAb 6.66 X 104

1.46 (4.8) 1.00 0.77 NAb NAb 9.13 x 104

2.29 (7.5) 0.77 0.50 0.55 NAb 1.43 x l0'

3.05 (10.0) 0.33 0.38 NAb NAb 1.90 x l05

3.96 (13.0) 0.40 0.30 0.30 NAb 2.47 x 10'

6.64 (21.8) 0.22 0.16 0.19 0.22 4.15 x l0

aSee Fig. 52 for probe location.

bNA = not available.

Table 8. Half-life for decay of salt solution
behind a 5-channel edge blockage

2

Velocity T /z (sec) at probe locationa AXzo V

[m/s (fps)] 1 2 4 5 V

0.76 (2.5) 0.37 0.35 0.53 0.43 2.74 x 104

1.37 (4.5) 0.25 0.22 0.28 0.30 4.95 X 104

2.74 (9.0) 0.12 0.090 0.17 0.21 9.88 X 104

4.88 (16.0) 0.085 0.080 0.10 0.10 1.76 x l05

7.62 (25.0) 0.043 0.052 0.055 0.08 2.75 x 105

asee Fig. 52 for probe location.
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Table 9. Half-life for decay of salt solution
behind a 24-channel central blockage

2

Velocity Ti/2 (sec) at probe locationa XzV V

[m/s (fps)] 1 2 3 4V

0.50 (1.64) 0.80 0.90 0.73 1.17 4.62 x 104

0.90 (2.96) 0.50 0.45 0.43 NAb 8.36 X 104

1.51 (4.97) 0.34 0.31 NAb 0.18 1.40 x l0'

2.10 (6.90) 0.18 0.18 NAb NA 1.95 x 10

3.05 (10.0) 0.16 NAb NAb NAb 2.83 x 10'

aprobes were located on central pin at the following

distances from the blockage plate: 1 = 1 in., 2 = 5 in.,
3 = 8 in., and 4 = 12 in.

bNA = not available.
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for the results of the present study as well as for those of Kirsch and

Schleisiek.5 In Fig. 57, V represents mean coolant velocity and T is the

mean coolant residence time in the wake, which is defined in Eq. (8) of

Section 2.3. Several items are notable about these results: (1) The char-

acteristic length /Q Z seems to be a reasonable definition for use in

correlating present results, and (2) Kirsch and .Schleisiek's results for

sodium and water are substantially indistinguishable. 5

The axial length of the wake L determined by introducing air bubbles

into the system with and without pins is shown in Fig. 58. Within the

scatter of the results, the pins appeared to have little effect on the wake
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length when it was made dimensionless with the characteristic length v/k 9.

For both edge and central blockages, there was a slight increase in wake

length with Reynolds number.

Sheppard4 measured the axial pressure distribution and residence time

for water flow in a hexagonal duct (no pins) with a permeable blockage. He

concluded that when jet velocity is increased through the drilled hole in

the blockage plate, the residence time in the wake is reduced.

2.3 Blockages in Annuli

2.3.1 Thermal-hydraulic studies

Kirsch and Schleisiek5 measured the temperature distribution in a

sodium-cooled annulus with a blockage. Temperature measurements were also

obtained in the same test section using water as the coolant.

Test section. Figure 59 shows their test section of an annulus with a

blockage. An induction-heated tube having an inner diameter of 12 mm (0.47

in.) contained a displacement plug having an outer diamter of 8.2 mm (0.32

in.) with a special profile forming 6 channels whose dimensions were simi-

lar to those of a fuel assembly. Four of the channels were completely

blocked by a plate. This blockage roughly corresponds to the blockage of

12 channels in a fuel assembly if the sizes are compared on the basis of

the distance between the center of the blockage and its outer edge.

The temperatures were measured at various axial positions and channels.

Thermocouples of 0.5 mm (0.02 in.) diameter were inserted through the

outer tube into the centers of the channels and fixed with high-temperature

solder. Additional l-mm-diam thermocouples were used to measure the inlet

and outlet temperatures of the test section. The sodium velocity was mea-

sured by means of a permanent magnetic flowmeter.

The heated length of the test section was 500 mm (19.7 in.) and the

blockage was located in approximately the center of the heated section,

making inlet effects minimal. The high-frequency generator operated at

approximately 600 kHz. At this frequency, the depth of penetration of

the current into stainless steel was about 0.5 mm (0.02 in.); and, conse-

quently, the power generated directly in the sodium was less than 1% and

could be ignored.
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Results and discussion. Figure 60 shows a typical example of the axial

and azimuthal temperature distributions measured in sodium in the region of

the blockage. The test conditions were as follows: sodium velocity in the

undisturbed region U was 3.05 m/s (10 fps) and heat flux ý was 173 W/cm2

(5.48 X 105 Btu/hr-ft 2 ). In the center of the wake the temperature in-

creases axially in the opposite direction to that of the main flow. The

maximum temperature is encountered immediately behind the blockage, where

the azimuthal temperature distribution shows a rather flat shape. For com-

parison, second- and third-order parabolas used as temperature distributions

for theoretical studies on local boiling in bundle geometries are included

in the drawing. Further downstream of the blockage, there was a slight

decrease of temperature in the center of the wake relative to the boundary

areas.

This temperature curve indicates that there was a backward flow in the

wake, which was confirmed by observing the flow pattern of water in a glass

model to which a small amount of air had been mixed. Downstream of the

blockage, two vortices, rotating in opposite directions, were formed. The

paths of the air bubbles show a relatively slow backward flow in the center

of the wake, while there is an intensive exchange of mass on the side facing
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the main coolant. As a result, the energy transport was so good that an in-

crease in wake temperature of only 48%C relative to the mean coolant tem-

perature was measured.

The wake length L can be determined from the axial temperature distri-

bution. The downstream end of the zone is defined as that point of the

axial temperature curve where de/dz = 0 (e represents temperature and z is

the axial coordinate). In the example shown, the length is 68 mm (2.7 in.).

Figure 61 shows the wavelength vs sodium velocity U. Although the measured

values scatter by ±10%, a slight increase in length for a given increase in

sodium velocity is apparent.

As shown by the experimental results, the geometry of the test section

does not impede the formation of a recirculation zone. Hence, it may be

assumed that a local blockage in an actual pin bundle will also cause re-

circulating flow behind the blockage.

The mass exchange per unit time between the wake behind the blockage

and the surrounding free stream can be evaluated by means of temperature

(or salt concentration) measurements. To correlate their data, Kirsch and

Schleisiek5 performed the following derivations. Let the total surface of
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the wake in contact with the outer heated tube of the test assembly be F

and the corresponding mean wake thickness be b m. Let the bulk of the wake

with mass M = Fbmp be completely mixed. The mass exchange rate between the

wake and the free stream is m. The heat added through the area F increases

the temperature in the wake, while the exchange of mass m decreases it.

For a short time interval dt, the following relation holds for the increase

in temperature in the wake:

Fcdt = Mc p(d6) , (1)

where c is heat flux, c is specific heat of fluid, and e is instantaneousP

fluid temperature in wake,

dO = F- (2)
dt Mc

p

The amount m of coolant, with the temperature of the main coolant flow 6o,

flows into the wake as a result of the mass exchange. The wake mean tem-

perature is reduced:

mc pdt(e - 00) = -Mc p(d8) (3)

dO = r(B - e0) (4)
dt M (

Combining Eqs. (2) and (4) yields

&3 F_• m e 0(5
dt Mc M"

It is not necessary to solve this equation. What is of interest is the

steady-state temperature difference at a constant heat flux density 4.
This condition implies that

de
dt =
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and it thus follows from Eq. (5) that

F =- m
Mc = (e -- e 0) (6)

p

M and F are related by

M = Fbm P (7)

Equations (6) and (7) provide the relation for the residence time T in the

wake:

b mpc p( - 0o)M T = mp (8)

m

In principle, it is also possible to calculate the residence time from the

decrease in the temperature after the power shutoff. In that case, c is

set to 0 in Eq. (5). The solution of the differential equation:

dO a = - M( - o) (9)

dt M

with the initial condition 0 = 0 at t = 0 is
max

0 - 0 - (m/M)t -t/T=mx- e e =e (10)

max

This relation can be used to calculate the residence time, with limitations,

because 00 is not constant during the decrease of 0 and the heat storage

capacity of the tube has not been taken into account.

In the derivation of the relation for the residence time, 0 denotes

the mean coolant temperature in the wake, which must be determined from the

measured temperature distribution by integration in the axial and azimuthal

directions. However, the experiments have shown that the shape of the di-

mensionless temperature field is independent of velocity and heat flux.

Hence, it is possible, in principle, to determine correction factors for

each thermocouple from one experiment in such a way that, for all other ex-

periments, the mean coolant temperature can be determined by multiplying a
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single temperature difference by the respective correction factor. Since

the experiments served to provide the dependence of the residence time on

the parameters mentioned above, no general integration of the temperatures

was performed. The temperature reading of certain thermocouples was in-

serted in Eq. (8) as e - 00.

Figure 62 shows the residence time determined with thermocouples 2 and

4 in the first axial plane of measurement immediately downstream of the

blockage as a function of coolant velocity U. With increasing velocity,

there is an increase in turbulence and thus a decrease in the residence

time. The curve roughly follows the shape of a hyperbola.

The temperature distribution was also determined with the same test

section using water as coolant. The residence time obtained from this

experiment is plotted in Fig. 62 (dashed line). The residence times for

water and sodium are in good agreement. Kirsch and Schleisiek concluded

that molecular heat conduction does not play a measurable part in energy
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transport in the wake. The only factor determining the temperature dis-

tribution is the turbulent recirculating flow. This means that the results

of experiments in water can be extrapolated to sodium by means of Eq. (8).

2.3.2 Heat transfer in the wake

Test section. Schleisiek6 measured the sodium and the wall tempera-

tures in a similar annulus with a blockage as shown in Fig. 63. The outer
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Fig. 63. Test section of an annulus with a blockage of 75% of flow
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tube of the annulus had an inside diameter of 21 mm (0.83 in.) and a heated

length of 260 mm (10.2 in.). A plug was located in the center of the tube,

thus forming an annulus consisting of 16 channels with either sodium or

water flowing through. A 1-mm-thick plate was mounted in the lower third

of the heated zone to block a total of 12 channels (75% of the flow area).

The outer tube was made of ultrapure nickel, while the inner plug and the

blockage plate were made of stainless steel.

Twenty thermocouples (TE 1 to 20) were at various axial and radial

locations in the test section (Fig. 63). TE 1 was used to measure the test

section inlet temperature, while TE 16 to 20 (all 1 mm in diameter, nonin-

sulated) gave the temperature at different points at the test section out-

let. The 0.5-mm-diam (0.02-in.) thermocouples in the heated zone, TE 3 to

15, had sensing heads soldered to the sheath. TE 4 and TE 9 were used for

measuring the wall temperature - TE 4 at the center of the test section im-

mediately downstream of the blockage and TE 9 in roughly the middle of the

recirculating flow. The thermocouples for measuring the sodium tempera-

tures passed through the plug and extended from the inside right into the

center of the channels. They were located on three different planes at

distances of 3, 28, and 68 mm (0.12, 1.1, and 2.7 in.) from the blockage,

respectively. Thermocouple 3 was used to measure the coolant temperature

directly upstream of the blockage.

Two pairs of thermocouples (TE 4/TE 5 and TE 9/TE 11) were arranged in

the test section in such a way that the heat transfer coefficient could be

measured. The wall thermocouples (TE 4 and TE 9) were embedded in the

outer tube and soldered in position at a depth of 0.65 mm. Since the high-

frequency current only penetrated a few tenths of a millimeter into the

test tube, the inner wall temperature could be determined from the measured

wall temperature by the simple equation for the thermal conduction in the

cylinder.

Results and discussion. The Nusselt number in the wake behind the.

blockage is defined as

4Dh

Nu = KT (11)_AT '
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where ý is the pin heat flux, K is the fluid thermal conductivity, AT is

the temperature difference between the tube wall and the fluid, and Dh is

the hydraulic diameter.

Figure 64 shows the Nusselt numbers calculated from various tests as

a function of the Peclet number. A widely used relation for the heat trans-

fer of liquid metal flow in tubes,

Nu = 5 + 0.025 Pe0
.
8

(12)

is also included for comparison.

The measured values are in the range 40 < Pe < 130. According to the

above equation, the curve here is very flat; a further reduction in the

Peclet number does not produce any major changes in the Nusselt number.

The experiments indicate that Nusselt numbers of at least 4 to 5 can be

expected for liquid-metal heat transfer in the wake.

The water tests Schleisiek employed for calculating the heat transfer

were those in which the inner wall temperature was kept below 100%C to pre-

vent boiling. The results are plotted in Fig. 65 as a function of Reynolds

number in the form Nu/Pr'0 3 3 ; the Reynolds number is calculated with the
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wake behind the blockage with water

velocity relative to both the total and the narrowest cross section. Com-

parison with the Colburn relation, which is also plotted,

Nu 0.025 Reo'8 Pr°'33 (13)

shows that the measured values are above or below the standard values, de-

pending on the Reynolds number selected. Correlation of the heat transfer

coefficients thus poses considerable difficulties, because the local Rey-

nolds numbers are not known and selection of the total or narrowest cross

section as a reference parameter is arbitrary. This might also explain

the contradictory results obtained by other authors, some of whom report

improvements and some a deterioration of the heat transfer in the wake.

The dependence of the heat transfer coefficients measured here on the Rey-

nolds number can be given as approximately Re°' 8 , which corresponds to the

Colburn correlation. Figure 65 also shows an empirical correlation given

by Van Erp and Chawlal 0 for heat transfer downstream of blockages in a
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water-cooled 19-pin bundle. Their correlation gives much higher values

than Schleisiek's and is characterized by a weaker dependence on the Rey-

nolds number (Re 0
.

2 8 ).

2.4 Blockages in Simulated SNR Fuel Assemblies

The German sodium-cooled fast breeder reactor (SNR) has 169 pins in

each of its fuel assemblies. The pins have outside diameters of 6.0 mm

(0.236 in.) and are held in position by grid spacers. The distance between

adjacent pin centers is 7.9 mm (0.311 in.). One major difference between

the CRBR and the SNR fuel assemblies is that wire-wrap spacers are used in

the .former and grid spacers in the latter.

2.4.1 Phenomenological flow distributions in the wake

Test section. Basmer, Kirsch, and Schultheiss 7 performed wake-pattern

studies in one-half of the 169-pin bundle using air bubbles for flow visual-

ization in water. One side of the bundle was closed by a Plexiglas plate

for observation as shown in Figs. 66 and 67. The transparent plate was

either smooth or had a half-pin profile on the side facing the bundle.

Both solid and perforated blockages of 41% of total flow area, located

either in the center or attached to the wall of the bundle, were used. The

test section was about 600 mm (23.6 in.) long, which is 116 times the

hydraulic diameter of the SNR pin bundle. The blockage plate was axially

located at approximately one-third of this length downstream from the test

section entrance; thus, the flow was fully developed before reaching the

blockage. Films taken at about 100 frames/sec and photographs with 1/1000

to 1/125 exposure time were obtained.

Results and discussion. Results obtained for the Reynolds number

(UDh/v) in the range of 2 x 104 to 3.2 X 104 indicated:

1. The Reynolds number dependence on the wake dimensions behind the

blockage is small. For the central blockage (as shown in Fig. 66), the

ratio of the wake length to diameter over the maximum blockage dimension

is L/D = 1.5 • 2.0. For the edge blockage attached to the duct wall of the

pin bundle (shown in Fig. 67), L/D = 2.4 0 3.0.
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84

ORNL-DWG 77-13289
0 50 mm

Fig. 67. Cross section in one-half of a 169-pin SNR bundle with an

edge blockage (Basmer, Kirsch, and Schultheiss 7 ).

2. At the same water fluid velocity U and blockage size, the ratio

of L/D appears to be unchanged whether or not there are fuel pins.

3. Two profiles of the Plexiglas plate (Fig. 66) show no significant

difference in the wake dimensions or flow behavior.

4. For the blockage with a hole in the center of each channel (Fig.

68), the wake is shifted further downstream. However, as the perforated

area increases to about 15% of the total blockage plate, the quasi-steady

recirculation flow disappears and is replaced by a limited pulsation zone

in which return flows temporarily occur. Sketches of the wake under var-

ious blockage conditions are shown in Fig. 69.

2.4.2 Thermal-hydraulic studies

Kirsch8 obtained pressure, salt concentration, and temperature measure-

ments in a 169-pin water-cooled bundle with various sizes of blockages. The

dimensions of the wake and the mass exchange rate between the wake and the

main flow were determined.

Test section. Figure 70 shows various shapes and radial locations of

the blockages used for pressure measurements. All blockage plates were im-

permeable except blockage 3, which had a l-mm-diam (0.04-in.) hole at the
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center of each blocked channel (Fig. 70) to provide a residual flow. The

1.5-mm-diam (0.059-in.) pressure-measuring holes are fixed at the same

axial plane and are shown on pins 1 to 15 in Fig. 70. The blockage plates

could be moved axially to enable pressure profiles to be taken anywhere

upstream and downstream of the blockage.

For the concentration measurements, the KCI solution was steadily in-

jected into the wake until time t = 0. The decay of KCI concentrations in

the wake was then determined by measuring the electrical conductivity in

water. Figure 71 shows the design of the injector and the test probe.

Figure 72 shows the test section of a 169-pin bundle used for tem-

perature measurements. This bundle, which has the same dimensions as an

SNR fuel assembly, contains a central blockage with B 0.147 (Fig. 70).

Since the region downstream of this blockage has to be free of spacers

because of the presence of thermocouples,. the axial layout is not exactly

the same as in the SNR.
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The 169 pins were heated by ac electrical resistance wires over a

length of 0.7 m (0.1 m upstream and 0.6 m downstream of the blockage).

Twelve heated pins contained three thermocouples each, as shown in Fig.

73. These thermocouples, located in the wake region, were soldered into

grooves in the cladding of the pins in order to disturb the flow as little

as possible. Because the cladding has a wall thickness of only 0.45 mm

(0.018 in.), thermocouples with an outer diameter of 0.25 mm were used.

The ends of the thermocouples were bent out of the pin cladding so that

they protruded into the center of the channels.

ORNL-DWG 77-13295

E E
E E

700

T12 T T2 T32 T33T3

E E
XIf II0

*DAMAGED THERMOCOUPLES
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The temperatures were measured at six axial locations (10, 20, 40, 60,

80, and 100 mm downstream of. the blockage). Despite great care during

assembly, only 27 of the 36 thermocouples in the wake region were still

intact when the measurements were performed (the damaged thermocouples

are marked with asterisks in Fig. 73). However, the remaining 27 gave a

good picture of the temperature distribution in the wake.

Results and discussion. Pressure measurements were obtained at

1.3 x 104 < Re = UDh /v < l0 (with the lower limit for a water temperature

of 20°C and flow of 11.1 m/s and the higher one for a temperature of 90°C

and a flow of 27.8 m/s). The dimensionless pressure rise, (P - Pcenter)V

[(p/2)U2 ], downstream of blockage 1 (see Fig. 70) is plotted in Fig. 74.

Its dependence on the Reynolds number is small and practically negligible
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within the range of the Reynolds numbers investigated. The same trend

was observed for other blockages examined. Figure 75 shows the axial

and radial pressure distributions for the central blockage at Re = 1.86 x

104. The point of the maximum pressure gradient is at the radial boundary

of the wake. The axial length of the wake, which is assumed to be where

the pressure profile no longer changes, is approximately 90 mm (Fig. 75).

Figures 76 to 78 show the estimated wake boundary for blockages 1 to 4

(defined in Fig. 70). Table 10 gives the wake length L, the maximum radial

dimension of the wake B, and the wake volume Vwk (see Fig. 79). From these

results, Kirsch arrived at the following conclusions:

1. For a fixed geometry, the dimensions of the wake in the range in-

vestigated are independent of Reynolds number.

2. When the fraction of the area blocked (3) is increased, the ratio

between the length of the wake and the diameter of the blockage (L/D) de-

creases.

3. The ratio between the maximum radial dimension of the wake and the

diameter of the blockage (B/D) also decreases as 1 increases, so that the

wake becomes "slimmer."

4. The formation of a wake in a bundle geometry is qualitatively the

same as in a geometry without pins.

Table 10. Dimensions and volume of the wake determined from the
measurements of pressure distribution in a 169-pin SNR bundle

Blockage 1 2 3 4

1 0.147 0.411 0.411 0.411

L, mm 77 ± 5 112 ± 8 107 ± 5 174 ± 5

B, mm 80 ± 2 96 ±2 90 ±2 95± 2

L/D 1.84 ± 0.12 1.65 ± 0.12 1.57 ± 0.10 2.56 ± 0.08

B/D 1.90 ± 0.05 1.40 ± 0.03 1.32 ± 0.03 1.39 ± 0.03

Vwk, cm 3 137 ± 12 298 ±25 238 ±20 470 ±40
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Fig. 77. Wake boundary for blockage 3 (see Fig. 70) (Kirsch8 ).

Kirsch introduced C as the concentration (mass fraction) of KCl in the

water and divided the wake region into inner and outer regions (i.e., ad-

jacent to the surrounding free stream): C = C. in the main flow; C =

C1 (t) in the outer region of the wake adjacent to the surrounding free

stream with mass M1; and C = C 2 (t) in the inner core of the wake with

mass M2 .
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The concentration distribution was assumed to remain similar through-

out the decay process,

C 2 - C = a(C1 - C.) , (14)

where "a" is a proportionality constant that is independent of time and

greater than unity.

Making a mass balance of KC1 in the wake yields

!(C - C1 ) = d(MlCG + M2 C2 )/dt . (15)

Substituting Eq. (14) into Eq. (15) and integrating with respect to time

t yields

( m
C1  C. = (Ci - C- ) exp M + a M2t

(16)

= (C1 -- C)max exp (-t/T)

It should be noted that since "a" is greater than 1, T [= (Mi + aM2 )/

m] is larger than actual T [= M/m (Mi + M2 )/m]. From concentration mea-

surements, the value of T is determined from Eq. (16). A fictitious mass
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exchange rate m = M/T which is somewhat smaller than the actual mass ex-

change rate of m = M/T can then be obtained. The dimensionless values of

m /M are presented in Table 11 for various blockages (described in Fig. 70),

where A is the total mass flow in the test section.

The coolant temperature in the wake can now be calculated with the

following assumptions:

1. The heat conduction in the blockage area can be neglected.

2. The temperature in the main flow can be averaged over the w

length to give a constant value Too.

3. The temperature in the outer wake region of mass MI adjaceni

the main flow has a value T1 .

4. The temperature inside the inner wake region of mass M2 has

value T 2 .

5. The average temperature in the wake is Twk = (MIT 1 + M2 T2 )/

(MI + M2 ).

ake

t to

a

Using the above assumptions, Kirsch made an energy balance Q for the

heat transfer from the fuel pins to the fluid in the wake and for the heat

transferred through the outer wake region to the surrounding free stream

through the mass exchange m:

Q = !C (T1 - Too)P (17)

Kirsch introduced a temperature proportionality constant AT such that

T2 - TC = AT (T -T

where AT is greater than unity.

Table 11. Results of salt concentration measurements

in a 169-pin SNR bundle

(18)

Blockage 1 2 3 4

0.147 0.411 0.411 0.411

= m /N 0.032 ± 0.002 0.059 ± 0.004 0.055 ± 0.020 0.070 ± 0.025
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Substituting Eq. (18) and the definition of Twk into Eq. (17) yields

"= M Cp (Twk - T) (19)

where mT = m[(MI + M2 )/(MI + ATM2)]. Rearranging the terms in Eq. (19)

yields

Twk = T +--- (20)
mTG

The average sodium temperatures in the wake behind the four blockages

(see Fig. 70) were calculated from Eq. (20) and are presented in Table 12.

The blockages are assumed to be located axially in the core center (at maxi-

mum axial pin power) of an SNR fuel assembly, the volume of the wake Vwk is

taken from Table 10, and mT is approximated by the value of m given in

Table 11. The temperatures thus calculated for all four blockages are lower

than the sodium boiling temperature of approximately 1000'C.

Table 12. Average sodium temperature in the wake behind the
blockage in the SNR fuel assembly at the highest power

Blockage 1 2 3 4

S 0.147 0.411 0.411 0.411

T , OC 478 489 489 489

Twk, OC 710 ± 30 800 ± 50 760 ± 170 900 ± 280

The temperature distributions in the wake were measured in 10 tests,

each at a different flow (11 to 28 k/s) and at a different water tempera-

ture (20, 60, and 90%C). The Reynolds number (Re) in the bundle was in

the range of 1.35 x 104 to 9.61 x 104, thus approaching the Reynolds number

in the SNR fuel assembly (Re u 105). The power absorbed by the bundle was

limited by the energy supply available; in all the experiments it was
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4.61 ± 0.04 kW/m per pin (15.1 ± 0.013 kW/ft) with the margin of error

causing the fluctuations between the individual experiments.

Figures 80 and 81 show the measured temperature increases (above the

inlet temperature) at various distances downstream of the blockage for the

lowest and highest Reynolds number (Rem = 1.35 X 104 and 9.61 x 104).
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Fig. 80. Temperature rises above inlet temperature behind a central

blockage in a 169-pin SNR bundle at Reynolds number of 1.35 X 104 (Kirsch8 ).
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blockage in a 169-pin SNR bundle at Reynolds number of 9.61 X 104 (Kirsch 8 ).

Throughout the range investigated (104 ý Re { l0, the nondimensional tem-

peratures 0. are independent of the Reynolds number; that is, ei = (T. -

TB/T out - T in), where TB = bulk mean temperature at the blockage.

Figure 82 shows the dimensionless temperatures 04 and 6is for thermo-

couples T4 and T19 (see Fig. 73) as a function of Reynolds number Re. A

similar trend was found for all other thermocouples.

The temperature distribution in the wake is shown in Fig. 83, where

the values of 0 calculated from measured data are plotted for Re = 9.61 x

104. It can be seen that the temperature at the center of the wake rises
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axially toward the blockage. The temperature peak is located immediately

downstream and near the outer edge of the blockage rather than at the cen-

ter; this can be accounted for by the flow pattern, since downstream of

the blockage the fluid flows radially outward from the center and is fur-

ther heated up in the process.

2.5 Miscellaneous Results

2.5.1 Six-channel blockage in a 7-pin sodium-cooled bundle

Daigo et al.9 measured surface temperatures of fuel pins in a 7-pin

sodium-cooled electrically heated bundle with the central six channels

blocked by a plate. Results were obtained at sodium velocity in the range

of 0.37 to 5.00 m/s (1.2 to 16.4 fps) with a power level in the range of

0.85 to 12.7 kW/m (0.26 to 3.87 kW/ft) per pin.

Test section. Figure 84 shows the test section with a local blockage

at the spacer grid. The seven electrically heated pins are enclosed in a

hexagonal duct with an inner flat-to-flat distance of 24 mm (0.94 in.).

The dimensions and configuration of the pins are similar to those of the

fuel assembly of MONJU, the Japanese prototype LMFBR, except that the

heated length is 450 mm (17.7 in.) rather than 900 mm (35.4 in.). Each

pin has an outer diameter of 6.5 mm (0.26 in.) and the distance between

pin centers is 7.9 mm (0.31 in.). The pitch-to-diameter ratio is 1.22.

The central six channels are blocked by a non-heat-generating 0.5-mm-thick

(0.02 in.) stainless steel plate which is welded on the upstream side of

the grid 350 mm (13.8 in.) from the start of the heated zone. A detailed

description of the blockage and the grid spacers is shown in Fig. 85. The

grid spacer consists of stainless steel tubes with an outer radius of

3.95 mm (0.16 in.) and a height of 5 mm (0.2 in.). The blockage and the

grid spacer cover 42% of the total flow area. Sodium enters through a

nozzle and flows upward in the bundle. To maintain a minimum heat loss,

the outer wall of the test tube is insulated and a guard heater is used.

The pin surface temperatures are measured by 0.3-mm-diam (0.01-in.)

Chromel-Alumel thermocouples embedded in the surface of each pin. The hot
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junctions of the thermocouples are grounded and are located at the blockage

and 15 and 50 mm (0.59 and 2.0 in.) downstream from the blockage.

Results and discussion. Figure 86 shows the longitudinal wall tempera-

ture distribution behind the blockage. The ordinate is the temperature dif-

ference between the wall and the bulk coolant at the blockage location; the

abscissa is distance downstream from the blockage. The highest wall tem-

perature (as shown in Fig. 86) was measured on the surface of the central

pin at the blockage. The temperature decreases with the distance down-

stream from the blockage. Daigo et al. assumed that the temperature rise

downstream from the blockage was due to the stagnation of coolant flow
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caused by the grid spacer, which prevented the mass exchange between the

blocked channel and the outer normal channels.

Figure 87 shows the measured circumferential wall temperature distri-

bution at the blockage and 15 and 50 mm downstream from the blockage. The

temperature peak occurred on the surface of the outer pin facing the edge

of the blocked channel and 15 mm downstream of the blockage. The coolant

is further heated when it is flowing radially from the center of the block-

age to its edge. At 50 mm downstream of the blockage, however, no tempera-

ture rise was observed at the edge of the blocked channel. The axial length
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of the wake was estimated to be in the range of 20 to 25 mm (0.079 to

0.098 in.).

Figures 88 and 89 show the effect of linear heat rate on wall-tempera-

ture rise behind the blockage under constant flow velocity. As shown, the

wall temperature increases linearly with the increase of linear heat rate.

The heat transfer coefficient is therefore constant both at the blockage

position and 15 mm downstream.

Figure 90 shows the Nusselt number at the blockage position and 15 and

50 mm downstream of the blockage. The wall temperatures were measured on

the surface of the central pin facing the outer pin. The bulk coolant

temperatures across the cross section at the same axial positions where

the wall temperatures were measured were calculated from the measured in-

let and outlet temperatures and the distance between the start of the
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heated section and the measuring point. The experimental results for a

normal 7-pin bundle with wire-wrap spacers are also shown in Fig. 90. As

shown, the Nusselt number is higher with higher flow velocity. In the

figure, U is the coolant flow velocity through the normal section, and

UB is the velocity through the narrowest flow section. The Nusselt number

obtained at the blockage position is lower than that obtained in the normal

pin bundle. The Nusselt number at 50 mm downstream from the blockage agrees

well with that obtained in the normal pin bundle with wire-wrap spacers.
Daigo et al.9 concluded that if the experimental results are extrap-

olated to the fuel assembly conditions of the MONJU (Japanese LMFBR) (with

a linear heat rate of 40 kW/m and a sodium velocity of 5 m/s), the wall

temperature rise due to a 6-channel blockage would be less than 130'C.
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2.5.2 Four-channel blockage in a 19-pin water-cooled bundle

Van Erp and Chawla1 0 obtained temperature measurements in a water-

cooled 19-pin bundle with a 4-channel blockage (1 channel plus its adjacent

3 channels).

Test section. The experiments were performed at Argonne National Lab-

oratory (ANL) as part of the fission-gas release program and utilized a

test section comprising a hexagonal array of 19 electrically heated,

water-cooled, thin-walled pins in an equilateral triangular arrangement

which simulated part of an LMFBR assembly. The outer diameter and length

of the pins were 6.35 mm (0.250 in.) and 1830 mm (72 in.), respectively.

The pins were spaced by 1.27-mm (0.05-in.) wires at a pitch of 7.68 mm

(0.3025 in.) and an axial pitch of 305 mm (12 in.). Thermocouples were

installed inside the pins in representative channels at various axial

locations, both in the coolant (protruding through the pin wall and in-

sulated from it, with a time constant of approximately 2 msec) and spot

welded onto the pin wall.

Results and discussion. The 4-channel flow blockage was studied by

heating the test section uniformly (maximum heat flux approximately 20

W/cm 2 ) and recording the steady-state values of the coolant and pin-wall

temperatures at various axial locations, both in channels behind the block-

age and in unblocked channels. It was found that the heat transfer coeffi-

cient in the central channel of the blocked region at an axial location

6.35 mm (0.25 in.) downstream from the blockage, as determined from coolant

and pin-wall temperatures, can be represented by

Nu = (9.58) Re°' 2 8pr0.33 (21)

The heat transfer coefficient in unblocked channels was experimentally

found to follow the expression

Nu = (0.041) Re°'Pro' . (22)

For coolant velocities less than approximately 9.1 m/s (30 fps), the

local heat transfer coefficient for the blocked case was higher than that

of the unblocked case, whereas the opposite occurred for coolant velocities
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greater than approximately 9.1 m/s. Equation (21) is shown in Fig. 65

along with Schleisiek's results.

2.5.3 Velocity profiles in a 39-pin air bundle with 1- and
4-channel blockages

Vegter et al.11 measured velocity distributions in a 39-pin air-cooled

bundle with 1- and 4-channel blockages. The bundle is a one-sixth portion

of an 11:1 scale 217-pin LMFBR fuel assembly using grid spacers, as shown

in Figs. 91 and 92. Velocity profiles upstream and downstream of the

blockage, excluding the wake region, were obtained at a Reynolds number

of 71,000.

Test section. The test section consisted of a 5720-mm-long ( 2 25-in.)

air flow duct scaled 11:1 over present design parameters for an LMFBR

assembly without wire-wrap spacers. The simulated fuel pins had an out-

side diameter of 63.5 mm (2.5 in.) and a pin pitch of 79.8 mm (3.14 in.).

Three grid spacers were axially located to hold the pins as shown in Fig.

93.
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Fig. 91. A 217-pin bundle with one-sixth of its cross section super-
imposed (Vegter et al.1 1 ).
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Fig. 92. Test section with blockage locations (dimensions in inches)
(Vegter et al.1 1 ).
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The three numbered pins in Fig. 92 housed 1.59-mm-diam (0.0625-in.)

pitot-static probes that could be raised and lowered from outside the up-

stream entrance to the duct. These instrumented pins could also be rotated

and moved axially in and out of the duct to provide considerable measure-

ment flexibility.

Two different blockages were inserted into the test section as shown

in Fig. 92 at the radial positions indicated by the cross-hatching. Con-

figuration A blocks one channel and configuration B blocks the same and

three adjacent channels. Figure 94 shows the dimensions of the blockage

plates, which were made of 6.35-mm-thick (0.25-in.) plastic.

Results and discussion. The experimentally determined velocities were

normalized with respect to the mean velocity through the pin bundle with a
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Fig. 94. Blockage dimensions (Vegter et al.11).
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Reynolds number of 71,000, which is comparable to that of an LMFBR fuel

assembly design. Figure 95 shows the transverse velocity profile down-

stream of the 1-channel blockage, and Fig. 96 shows the transverse velocity

profile downstream of the 4-channel blockage (positive angle in clockwise

direction). The axial velocity distributions downstream of these two

blockages are shown in Fig. 97.

For blockages approximated as disks with radii of a = 23 mm (0.91 in.)

for configuration A, and b = 58 mm (2.28 in.) for configuration B (Fig. 94),

Vegter et al.11 obtained the following wake lengths: L/a = 5.8 ± 0.5 for

1-channel blockage and L/b = 5.1 ± 0.25 for 4-channel blockage, where L

is measured from the upstream face of the blockage. These results are in

good agreement with Carmody's1 2 disk value of 5.2 and indicate that the

presence of pins or grid spacers does not appear to affect the wake length

behind the blockage.

ORNL-DWG 77-13317

0

.J

LU
N

n-

0z

1.4

1.3

1.2

1.1

1.0

0.9

0.8'

0.7

0.6

0.54

0.4

0.3{

0.2

0.1

-10 -5 0 5
ANGLE (degrees from blockage centroid)

Fig. 95. Transverse velocity profile downstream of a 1-channel

blockage (configuration A in Fig. 92) (Vegter et al.11).



ORNL-DWG 77-13319
1.3

ORNL-DWG 77-13318

0.9
I I I I I

- INCHES DOWNSTREAM FROM
REAR OF BLOCKAGE

1.2

1.1

1.0

0.8 --

o 9.94
o 10.94
o 11.94

* 12.94
o 19.940.7 --

D

0.6

U
0

0.5

N 0.4

O 0.3

2

o.2

H

>- 0.8

0
1 0.7

w

w 0.6
N
-j

• 0.5
0:
0
z

0.4

0.3

0.2

0.1

H
H

0.11-

n I I I I I
-30 -20 -10 0 10 20 30

ANGLE (degree)

Fig. 96. Transverse velocity profile

downstream of a 4-channel blockage (con-

figuration B in Fig. 92) (Vegter et al.1 1 ).

-20 -10 0 10 20 30 40 50 60 7

DISTANCE DOWNSTREAM FROM REAR OF BLOCKAGE (in.)

Fig. 97. Axial velocity distribution downstream
of the small (1-channel) and the large (4-channel)
blockages (Vegter et al.11).



115

2.5.4 Studies of wakes behind blockages without pins

Some investigations 7 ' 8 ', 1 have shown that the wakes behind a blockage

without pins are qualitatively similar to those with pins in the fuel assem-

blies. Carmody12 investigated the wake characteristics behind a disk nor-

mal to an air stream at Re = 2UR/v = 7 X 104, with U being the velocity

upstream of the disk and R being the disk radius. Two 6.35-mm-thick

(0.25-in.) brass disks were used as test specimens with the sharp-edge up-

stream face in a recirculating air tunnel. The air velocity was 7.6 m/s

(25 fps) for a 152-mm-diam (6-in.) disk and 23 m/s (75 fps) for a 51-mm-

diam (2-in.) disk. Hot-wire anemometer and pressure probes were used to

measure the velocity, turbulence intensity, and pressure. Figure 98 shows

the orientation of the disk used in Carmody's experiment (x is the axial

distance starting at the upstream surface of the disk). Figure 99 illus-

trates the dimensionless axial velocity u/U distributions. The recircu-

lation zone is located at an x/2R ratio of less than 3. Figure 100 shows

the distribution of the stream function p (= •rur dr). The wake length L

is approximately equal to 5.2R. This result compares favorably with the

result of Vegter et al.11 for blockage in the pin bundle, as described in

Sect. 2.5.3. It also supports the results of Basmer, Kirsch, and Schul-

theiss,7 which indicate that the wake length appears to be unchanged whether
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the pins are present or not, at least for the pin bundles using grid

spacers.

Castro 1 3 examined the wake formed behind a two-dimensional perforated

plate normal to an air stream at 2.5 x 104 < Re = Uki/V < 9.0 X 104, where

U is the free stream velocity ahead of the plate and kj is the plate chord

length [41 mm (1.63 in.)]. Figure 101 shows details of the plate. By

varying the hole diameter of the plate, a range of porosity (a = open area/

total plate area) of 0 to 0.645 was achieved. A hot-wire anemometer was

used to measure the velocities and turbulence intensities. It was found

that for a porous plate (a > 0), the bleed air will move the recirculation-

zone downstream from the blockage plate as shown in Fig. 102; the larger

the porosity, the further downstream the recirculation zone will be moved.

In the experiment performed by Basmer, Kirsch, and Schultheiss 7 (see
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Fig. 102. The effect of a on the near wake. X, points of maximum
turbulence intensity; ------, bleed air, 0; stagnation points. (a) a = 0.
(b) a = 0.182. (c) a = 0.252. (d) a = 0.305. a is the ratio of the
open area to the total plate area (Castro 1 3 ).

Sect. 2.4.1) for the wake formed behind the blockage in the presence of

pins, the same phenomenon was qualitatively observed. However, Fig. 102

shows the presence of the recirculation zone even at porosity a = 0.305.

For a blockage with fuel pins, 7,8 the recirculation zone ceased to exist at

a > 0.15. The presence of fuel pins appears to have some effect on the

existence of the recirculation zone behind a porous blockage.
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3. THEORETICAL BLOCKAGE STUDIES

There are a few theoretical studies on blockage effects. The results

are presented, along with some general computer codes that have been par-

tially successful in solving blockage problems.

3.1 Results and Discussions

Fauske14,15 predicted that a planar blockage extending radially over

50% of the cross section of an FFTF fuel assembly at the midcore would

cause a 5 to 10% flow reduction that would be detectable by sensors at the

assembly outlet. Assuming that the local sodium boiling takes place in

the wake downstream of the blockage, Fauske calculated the transient

boiling process considering the lifetime of a single bubble. Typical one-

dimensional cylindrical vapor-bubble growth and collapse histories for the

central channel of the wake are shown in Fig. 103 for various initial super-

heats. The values of the bubble lifetimes in Fig. 103 can be considered as

upper limits because the substantial effects of radial subcooling in the

wake and the frictional and gravitational forces were neglected in the cal-

culations. Fauske concluded that local dryout is unlikely during the life-

time of the bubble because a thin (%O.15-mm-thick) liquid layer remains on
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the fuel-pin surface and will maintain cooling for 0.2 to 0.3 sec. Even

if the breakup of the liquid film occurs, the cladding temperature will

only be increased by 17 to 2200 (30 to 40'F), and cladding rewetting will

take place as the bubble collapses. Furthermore, in the case of little or

no superheating, which may occur after the generation of the first few bub-

bles, the large amount of subcooling in the wake prevents the steady-state

vapor velocity from exceeding the flooding velocity. Fauske concluded that

dryout, overheating of the cladding, and release of molten fuel are very

unlikely, even for a blockage large enough to be detected.

Gast and Schmidt16 stated that a blockage of 30% of the flow area in

an SNR fuel assembly would result in a 5% flow reduction.

Sha17 studied the inlet-flow redistribution due to a blockage located

around the center pin and at various axial locations in a 19-pin bundle.

Computer code THI3D (Thermal-Hydraulic-Interaction Multichannel Computer

Program) was used to solve these boundary-value problems with a pressure-

drop boundary condition. Figure 104 shows the blocked central channel (3)

and other unblocked adjacent channels. The channel height of 914 mm (36

in.) is divided into 18 equal increments, which are numbered in ascending
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order from bottom to top. Flow blockage is simulated by varying the flow

area of the central pin from 0 to 90%. The blockage locations correspond-

ing to steps 1, 6, 9, 13, and 18 are designated as inlet, one-third lower

core, midcore, two-thirds upper core, and outlet blockage, respectively.

All channel geometry and fluid parameters are typical of LMFBR fuel assem-

blies. Axial cosine and radial uniform heat generation are assumed. Fig-

ure 105 presents normalized-core-averaged inlet-mass-velocity (MR2) distri-

butions along A-A (see Fig. 104) of the inlet, midcore, and outlet blockage

locations, along with normalized inlet-mass-velocity distributions at
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various locations along the central pin vs the degree of partial flow block-

age. It should be noted that THI3D does not investigate the recirculating

flow in the wake.

Crawford, Marr, and Padilla investigated a planar-type blockage

located near the core midplane. The wake length was assumed to be two to

three blockage diameters and to be independent of the coolant velocity.

Enhanced coolant mixing due to wire-wrap spacers was neglected. Typical

results calculated for the maximum coolant temperature increase in the

wake region downstream of the blockage are shown in Fig. 106 for an FFTF

fuel assembly as a function of the number of flow channels blocked (per-

cent blockage = number of blocked flow channels/434).

Marr and Crawford 1 modeled the blockage formed by fuel debris from

failed pins with a porous heat-generating bed. One-dimensional heat flow

and constant thermophysical properties were assumed, and computer code

PORPLUG was developed to solve the problem. Parametric studies were per-

formed. The minimum thickness of the porous bed that will result in

sodium boiling is shown as a function of particle diameter D and bed

porosity E in Fig. 107. Since the fuel debris may consist of particle

diameters between 100 to 1000 pm (with an average effective particle diam-

eter between 500 to 600 pm) and a bed porosity between 0.35 to 0.45, Marr

and Crawford concluded that at least 2 to 5 g of fuel per channel would be
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Fig. 106. Coolant temperature increase downstream of a blockage
(Crawford, Marr, and Padilla' 8 ).
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Fig. 107. Maximum allowable blockage thickness for various bed
porosities and particle sizes (Marr and Crawford1 9 ).

required to produce coolant boiling, and steady-state temperatures within

the porous medium would be attained a few seconds after blockage initiation.

Scott and Williams investigated flow blockage in an LMFBR using a

version of the TART computer code. They found that in the absence of pro-

tective action, sodium boiling would not occur behind blockages that allow

30% or more of the normal coolant flow to pass through a fuel assembly.

Bishop, Graham, and Zoubek21 studied the hydrodynamic characteristics

of a wake and concluded that the wake behind an internal blockage in a fuel

assembly has a significantly shorter length, smaller volume, higher average

turbulence intensity, and higher entrained flow than the wake formed behind

an edge blockage having the same cross-sectional area.

Baker, MacFarlane, and Marchaterre22 calculated the accident sequences

for the FFTF and a representative 1000-MW(e) LMFBR using the ANL SASlA code.

The results indicate that in the very unlikely event of a full fuel-assem-

bly blockage, there is a minimum of 0.7 sec before sodium boiling could

begin. After boiling initiation, it is expected that there would be a gen-

eral expulsion of coolant from the assembly; however, a residual film of

sodium will remain and provide cooling for an additional period of time.

After film dryout, it is assumed that there is complete vapor blanketing of

the fuel assembly. After blanketing, about 3.7 sec is required to melt 50%

of the fuel pin cross-sectional area at the hottest point and about 5 sec

to melt 50% of the fuel in a single assembly. Their calculations show that
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considerable time is available for protective action even in the very un-

likely event of a full fuel-assembly blockage.

Van Erp and Judd23 pointed out that sudden complete insulation of an

LMFBR fuel pin operating at maximum normal power would lead to 20% fuel

melting in 4.5 sec at the core midplane. For blockages in a fuel assembly,

a flow reduction of 50% at full power would probably not cause cladding

failure, while a flow reduction of about 65% or more would cause sodium

boiling, cladding failure, and fuel melting.

Teague24 stated that the flow would be reduced to one-half its normal

value provided 90% of the inlet flow area is blocked in a PFR (British pro-

totype LMFBR) assembly. Teague also pointed out that the wake temperature

was extremely sensitive to the coolant seepage rate through a porous block-

age, and no boiling would occur in an inert porous blockage provided a flow

about 1% of normal flow was available for every 1-cm thickness of the block-

age. For heat-generating fissile blockages, the required seepage flow to

prevent coolant boiling would be about two to three times greater.

Judd25 indicated that an area of approximately 1 cm2 of the fuel pin

surface had to be completely blocked in order to melt fuel in a 40-kW/m

(12.2-kW/ft) pin. The occurrence of such a blockage is unlikely.

3.2 Computer Codes

Some general computer codes have been developed to obtain temperature

and flow distributions in the wake behind a blockage,26-3' but, due to the

complexity of the problem, successful simulation has been only partially

achieved. Following are brief descriptions of these codes and comparisons

between their results and the experimental data.

3.2.1 SABRE

Computer code SABRE (Subchannel Analysis of Blockage in Reactor Ele-

ments), developed by Spalding's team,26 solves elliptic equations for a

solid or a porous blockage located at any point in the pin bundle. The

axial and lateral velocities, pressure, and temperature distributions in

the bundles are calculated. However, the present SABRE code assumes the

pins to be separated by grid spacers; these are not specifically modeled,
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but their effect on pressure drop can be simulated by suitable choice of

friction factor.

The control volumes are formed between pins as shown in Figs. 108 and

109. The z coordinate is in the axial direction, while x and y coordinates

are in the transverse direction. Pressure and temperature nodes are located

along the centerlines of channels as well as the axial velocity W nodes

located halfway between the pressure (or temperature) nodes. The nodes for

transverse velocities (U and V in Fig. 108) are placed along the center-

lines of the gaps between fuel pins. The conservation of mass, momentum,

and energy for each control volume provides a set of simultaneous equations,

which are solved iteratively using the boundary conditions specified to

yield dependent variables of P, T, U, V, and W (P is pressure and T is tem-

perature). Empirical expressions have been used to approximate the flow

resistances through the channels and gaps and the blockage that is intro-

duced into the momentum equations as a sink term representing friction.

ORNL-DWG 77-13329
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Fig. 108. A sketch of W and P cells and surrounding velocity nodes
used in SABRE code (Gosman et al. 26).
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Fig. 109. Axes and channels used in SABRE code (Gosman et al. 2 6 ).

Figure 110 shows a comparison of the SABRE axial velocity calculations with

the water experiment in a 600 sector of a large-scale pin bundle. Good

agreement exists between calculations and experiments for the size of the

wake behind the blockage as well as the actual flow values.

Herbert and Kirsch27 used the SABRE code to calculate temperature pro-

files in the wake behind a solid non-heat-generating blockage. Their re-

sults are compared with temperature measurements taken in a simulated water-

cooled 169-pin SNR bundle. Figure 111 shows the temperature profiles at

three axial locations behind a 14.7% central blockage plate (see Fig. 70)

about 10 mm thick, where A6 is the difference between the local temperature

and the bundle inlet temperature. The SABRE result is generally lower than

the measured one, but the shape of the temperature profile is represented

fairly well by the calculated results. Figure 112 shows the temperature
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profiles behind a 41% central blockage plate (Fig. 70). Again, the SABRE

results predict somewhat lower temperatures than the measured ones. How-

ever, the SABRE code yields a maximum temperature at about 40 mm downstream

from the blockage in the core of the wake and thus disagrees with the ex-

perimental data in which the maximum wake temperature is located directly

behind the blockage and radially near its edge (as shown in Fig. 112 at

approximately Z 10ý..,mm).. Figure 113 shows the temperature-profiles behind

an edge blockage:' plate-that blocks 47% of the flow area (Fig. 70). In this

case, the greatest discrepancy between measured and SABRE calculated values

is found. First, the maximum temperature in the wake is again obtained by

.:.the SABRE code in the core of the wake, which is'about 40 mm downstream of

the blockage, while the experimental data indicate that the maximum tem-

perature is about 10 mm downstream and near the outer edge of the blockage.

Second,' the. increase in temperature at Z 10 mm toward the edge of the

blockage iststeeper, for the measured than for the calculated profile by

SABRE.'

In spite of the fact that some discrepancies do exist between the

SABRE calculations and experimental results and some parameters used in

calculations are not well known, it is felt that the SABRE code is a useful

tool for safety investigations on blockages in pin bundles using grid

spacers.

3.2.2 WAKE

28
Using the techniques and the code developed by Gosman et al., 8 the

computer code WAKE 2 9,30 solves the momentum, energy, and mass conservation

equations coupled to a two-equation (turbulent kinetic energy and the' tur-

bulence dissipation rate) model for the flow behind a blockage. WAKE is a

two-dimensional axisymmetric code in. which the fuel assembly is represented

by a cylinder having the same hydraulic diameter as the assembly including

fuel pins and the blockage is represented by a central circular disk of any

thickness. Thus, the main approximation in the WAKE code results from ne-

glect of physical representation of the fuel pins, and the power produced

by fuel pins is approximated by a uniformly distributed heat source in the

fluid to produce the same power. Furthermore, the flow resistance in the

radial direction due to fuel pins is approximated by using an anisotropic
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viscosity. Figure 114 illustrates a geometric model used in WAKE.29 It

should be noted that the wake behind an edge blockage or any non-axisym-

metric blockage cannot be studied by using the WAKE code.

A comparison between the results calculated by WAKE and SABRE (given

by Gregory and Lord 29) is presented in Table 13 for the PFR (British proto-

type LMFBR) fuel assembly. The WAKE code tends to obtain a higher tempera-

ture than the SABRE code, but its difference is within 20%. Table 14 pre-

sents Gregory and Lord's results for the maximum and mean wake temperature

rises above the free stream temperature for various sizes of impermeable

blockages. The ratio of these two temperature rises is in the range of 1.5

to 2.0.

Gregory and Lord 3 0 also performed calculations for blockages of uni-

form and nonuniform porosities. Figure 115 shows the maximum wake tempera-

ture rises normalized to the corresponding maximum for an impermeable

blockage, both for a blockage with a hole in the center and for a uniform-

porosity blockage. As shown, the maximum temperature rise behind a uni-

form-porosity blockage can be approximately 50% higher than that behind an

impermeable blockage of the same size. Gregory and Lord concluded that a

60 to 70 channel central blockage with homogeneous porosity could initiate

ORNL-DWG 77-13335
WALL BOUNDARY •=CONSTANT E=0

INLET
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Fig. 114. Geometric model used in WAKE code (Gregory and Lord 2 9 ).
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sodium boiling in the PFR, while approximately 100 channels might have to

be blocked in an impermeable blockage before local boiling behind the block-

age could occur.

Table 13. Comparison between WAKE and SABRE
calculations for PFR fuel assembly

Maximum wake temperature rise
Number (C

of blocked (OC)

channels SABRE WAKE WAKE/SABRE

24 94 11 1.18

54 135 161 1.19

96 190 208 1.09

150 222 237 1.07

Table 14. Calculated mean and maximum
using WAKE codea

wake temperatures

Blockage size Reynolds No. ATmean ATmax ATmax/ATmean
(% of flow area) (X 104) (OC) (OC)

10.16 4.81 7.5 12 1.59

10.16 10.0 3.3 5.5 1.52

25.5 5.17 10.2 17 1.67

25.5 10.0 5.2 10 1.90

42.5 3.98 16.5 26 1.58

42.5 10.0 6.3 10 1.59

aATmean is the mean wake temperature rise and ATmax is the

maximum wake temperature rise.
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4. BLOCKAGE DETECTION

As described in the preceding chapters, a blockage in a fuel assembly

has the following effects: (1) the coolant outlet temperature is somewhat

higher than the normal temperature; (2) the coolant flow rate is reduced;

(3) the growth and collapse of the coolant vapor bubbles behind the block-

age create a pressure wave; and (4) the fission gas and the oxide fuel are

released into the coolant if fuel pins fail. However, the magnitude of

outlet temperature rise and flow reduction are generally small unless the

blockage is very large. Furthermore, temperature fluctuation downstream of

the blockage is higher than the normal temperature condition without block-

age; this phenomenon provides a means for blockage detection.

Based upon these effects, several blockage detection methods have been

proposed: (1) outlet temperature measurements, 32-34 (2) temperature noise

(or fluctuation) measurements at each assembly outlet, 35-42 (3) flow mea-

surements, 3 5 (4) acoustic noise detection, 4 2-11 (5) delayed-neutron detec-

tion,32 and (6) neutron-flux'noise measurements. 4 9 - 5 3

It is interesting to point out that the French PHENIX32 reactor has a

monitoring system for each individual assembly as well as the global core.

There are two thermocouples at the outlet and a delayed-neutron detection

system (DND) for each assembly, and reactivity monitoring, bulk-sodium

delayed-neutron detection, gaseous fission product monitoring in the argon

cover gas, and acoustic boiling detection for the whole reactor core. The

SUPER-PHENIX reactor,33 to be built, will have all detection systems now

in the PHENIX reactor plus a fast-response thermocouple at each assembly

outlet to detect small disturbances and a special computer correlation of

all signals that can trip the reactor. It should be noted that flowmeters

are not and will not be used in the PHENIX and the SUPER-PHENIX reactors

due to complications.

The CRBR 3 4 will have one thermocouple placed at the outlet of each

fuel and radial blanket assembly to monitor the coolant temperature. The

thermocouples will probably have an operating range of 200 to 760 0 C (400 to

1400°F), an accuracy of 1%, and repeatability of 1/2%.

The SNR 300 reactor 3 5 (German prototype LMFBR) will have an electro-

magnetic flowmeter and three thermocouples at the outlet of each assembly
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to measure outlet temperatures and sodium flow. The increase in average

outlet temperature above a preset value will be used as a warning or, upon

further increase, as a reactor shutdown signal.
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5. CONCLUSIONS

The thermal-hydraulic effects of a blockage in the LMFBR fuel as-

semblies are determined by the size and thermal-physical properties of the

blockage, the location of the blockage, the coolant flow, and the fuel-pin

power. The smaller the blockage size, the lower the power; the higher the

coolant flow, the less the temperature rise in the wake. The following

conclusions were reached:

1. Recirculating flow indeed exists in the wake downstream of a

blockage. The coolant residence times in the wake measured in water ex-

periments agree well with those obtained in sodium for turbulent flow.

This indicates that molecular heat conduction is not important in trans-

ferring energy from the wake into the free stream, which is caused mainly

by the mass exchange between them. Water experiments can therefore be

used to obtain the residence time and the corresponding average wake tem-

perature behind the blockage for sodium can be estimated.

2. For the CRBR and the FFTF at the design conditions, a 6-channel

internal blockage made of non-heat-generating material will not cause

sodium boiling. Therefore, the reactor can still be operated safely. The

same statement can be applied to both a 14-channel edge blockage attached

to the assembly duct wall and a 24-channel inlet blockage.

3. A blockage that blocks 50% of the flow area in an FFTF fuel assem-

bly will result in 5 to 10% reduction in coolant flow and is therefore de-

tectable. Analysis has shown that it will be very unlikely to cause flow

instability and gross cladding melting in the assembly.

4. Computer codes such as SABRE and WAKE have partially succeeded

in predicting the temperature distributions in the wake behind blockages

in the pin bundles. However, further improvements and modifications will

be required in order to achieve satisfactory agreement between computer

predictions and experimental results.
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