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Abstract 

The Advanced Neutron Source (ANS) reactor is being designed to provide a research 
tool with capabilities beyond those of any existing reactors. One portion of its state-of-the-art 
design requires high speed fluid flow through narrow channels between the fuel plates in the 
core. Experience with previous reactors has shown that fuel plate damage can occur when 
debris becomes lodged at the entrance to these channels. Such debris can disrupt the fluid 
flow to the plate surfaces and prevent adequate cooling of the fuel. Preliminary ANS designs 
addressed this issue by providing an unheated entrance length for each fuel plate. In theory, 
any flow disruption would recover within this unheated length, thus providing adequate heat 
removal from the downstream heated portions of the fuel plates. 

As a part of the safety analysis, the adequacy of this unheated entrance length has 
been assessed using both analytical models and experimental measurements. The Flow 
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Blockage Test Facility (FBTF) was designed and built to conduct experiments in an 
environment closely matching the ANS channel geometry. The FBTF permits careful 
measurements of both heat transfer and hydraulic parameters. In addition to these 
experimental efforts, a thin rectangular channel was modeled using the Fluent computational 
fluid dynamics (CFD) computer code. This model was subjected to a parametric analysis to 
determine the effect of blockage size and position, as well as the impact of channel flow rate. 
The experimental data were then used to provide the benchmarks necessary for a credible 
CFD analysis. Comparison of the analytical and empirical results provided a sound 
foundation for an extended analysis of factors difficult to measure experimentally. These 
factors included the effects of varying wall heat flux patterns within the channel and 
consideration of potential design modifications at the channel entrance. 

1. Background 
The Advanced Neutron Source (ANS) reactor is currently under development to provide a 

research tool with capabilities beyond those of any existing reactors. One portion of its 
original design requires high speed (25 m/s) cooling fluid flow through a large number of 
very narrow channels between fuel plates. Each channel is 1.27 mm thick by 84 mm wide by 
507 mm long. These fuel plates produce a very high heat flux, averaging 6 MW/m2. 
Experience with previous reactors has shown that fuel plate damage can occur when debris 
becomes lodged at the entrance to the cooling channels between the plates. Such debris can 
disrupt the fluid flow to the plate surfaces and prevent adequate cooling of the fuel. 
Preliminary ANS designs addressed this issue by providing an unheated entrance length for 
each fuel plate. In theory, any flow disruption would recover within this unheated length, 
thus providing adequate heat transfer for the downstream heated portions of the fuel plates. 
This design concept for the ANS was evaluated to determine the relationship between 
maximum survivable blockage size and the length of the unheated entrance region. A parallel 
safety task is aimed at identifying, and minimizing, potential blockage objects that could enter 
the flow steam after the inlet screen. 

An extensive literature search was made to find pertinent data to describe the behavior 
of high speed fluid flow within a partially blocked thin rectangular channel. One experiment 
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was found that came close to the ANS conditions. Sparrow and Cur performed a detailed 
mass transfer experiment for a rectangular channel with 25% and 50% edge blockages at the 
entrance.1,2 Their data show a very long recirculation region behind the blockage, with 
greatly reduced mass transfer coefficients in this region. These experimental data were used 
as a basis for extrapolations to ANS hydraulic conditions. The extrapolations (including a 
safety factor of two) indicated that an unheated entrance length of 10 mm should not be 
subjected to any entrance blockage larger than 3 mm. However, the differences between 
these experimental data and the ANS configuration are significant and the extrapolations can 
only be used for rough guidance, providing no foundation for a safety analysis. Sparrow and 
Cur's experimental data can, however, be used as an additional benchmark to improve the 
reliability of numerical models. 

Many computational fluid dynamic (CFD) computer codes are available. Each code 
seeks to solve a complex system of equations, thereby describing fluid flow behavior on a 
highly localized basis for any number of geometrical configurations. These codes vary in 
their mathematical approach, using either a finite difference or finite element approach, and 
offer a variety of solution techniques. The Sparrow and Cur experimental data were used to 
test a number of CFD codes, turbulence models, grid refinements, and geometrical 
simplifications of channel inlet and outlet regions. Based on this review, the Fluent computer 
code and the renormalized group (RG) turbulence model were selected for use on the ANS 
flow blockage evaluation.3 This review also revealed the necessity for experimental 
benchmarks of any CFD model. The numerical techniques used in the CFD codes are unable 
to provide an estimate of expected accuracy for the modeling results. Such confidence 
bounds can only be supplied by comparison to appropriate experimental results. 

Therefore, an experimental evaluation of flow blockage phenomena within the ANS 
channel was planned to provide both direct information for the ANS safety analysis and an 
independent check to benchmark the numerical modeling. The experimental facility was 
designed with the same channel dimensions as the proposed ANS fuel channel, 84 mm wide 
by 1.27 mm thick and approximately 507 mm long. The flow blockage assembly was 
designed so that the blockage width and position could be easily changed, allowing a wide 
range of test conditions. The thickness of the blockage (in the direction of the flow) was 10 
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mm. A pump was installed to provide the full flow rate of 25 m/s in an unblocked channel. 
Temperature and pressure sensors and flow meters were included to fully characterize the test 
conditions, and are shown in Fig. 1. Two experimental measurement techniques were chosen 
to measure the fluid behavior within the narrow channel. The first used wall temperature 
measurements to infer the heat transfer characteristics on the interior channel walls. The 
second used Laser Doppler Velocimetry (LDV) to monitor the fluid flow within the channel. 
The small heater included on the channel wall is used to provide a slight temperature 
differential between the fluid and the wall surface. The heat exchanger shown in this figure 
is used to remove the small amount of energy added to the water by the pump. This test 
facility makes no attempt to mimic the high heat fluxes expected during ANS operation, 
although this issue is addressed in the analysis portion of the evaluation. 

2. Analytical issues 

For any analysis based on CFD, important issues must be addressed, including: 
(1) proper modeling of the physical hydrodynamics, including inlet and outlet regions and all 
boundary conditions, (2) the computational grid definition, and (3) the proper selection of the 
turbulence model. Whenever experimental and numerical analysis results are compared, 
experimental error must also be considered. 

Most of the CFD models developed during this analysis reflect the FBTF geometry. 
These models are primarily used to benchmark the code for the ANS channel geometry. 
Since the FBTF itself was designed to match ANS fuel channel geometry, this should provide 
a sound basis for the safety analysis. A few models were made to match those aspects of the 
ANS design not matched by the FBTF, including curvature at the entrance and exit, variable 
D 20 (vs. constant H20) properties, and the high heat flux from the wall. Every blockage 
considered was assumed to cover the entire width of the gap (1.27 mm) and to cover at least 
three adjacent fuel channels. This conservative assumption provides symmetrical boundary 
conditions along the center plane of the channel, as shown by symmetry plane A in Fig. 2. 
An additional plane of symmetry, parallel to plane A and located 0.635 mm away from the 
channel's wall surface, passes through the center of the fuel plate. Another plane of 
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symmetry for unblocked or central blockage models is located at the center of the channel's 
span, as shown by Plane B in Fig. 2. Recognizing these symmetrical physical conditions 
permits a more efficient computational model. A region 50 mm long was used to model the 
inlet plenum upstream of the fuel channel. The plane of symmetry through the fuel plate 
extends out into the entrance plenum region. This symmetry within the plenum region is an 
accurate representation of the ANS geometry. However, the FBTF geometry is limited to one 
flow channel, so that the bounding conditions in the plenum are side walls (because the FBTF 
plenum gap thickness is twice the channel gap thickness). The pressure drop due to wall 
friction in the plenum region is negligible compared to the pressure drop at the channel 
entrance and that due to wall friction within the channel. Nevertheless, one blockage model 
included the plenum wall boundary to test the sensitivity of the results to this factor. For 
every model, the inlet and outlet pressures and temperatures and the wall heat flux conditions 
were varied to match the experimental conditions. 

The grid dimensions for the Fluent CFD models are primarily determined by the small 
gap dimension. For best results with Fluent's RG turbulence model, the cell nearest the wall 
must be large enough to extend beyond the boundary layer. For the ANS fluid velocities, this 
dictated a maximum of five equal elements across the half-gap distance of 0.635 mm. Grid 
densities in the remaining two directions were chosen to provide reasonable aspect ratios for 
the cells near the channel entrance. Because the channel is so much longer than it is thick, 
the cell aspect ratio was allowed to grow farther away from the entrance to reduce 
computational requirements. Preliminary two-dimensional models were used to investigate 
the impact of grid variations in the axial- and gap- directions and the adequacy of the 50-mm 
inlet region before the fuel plate. These models showed that five cells in the gap direction 
and 150 cells in the axial direction produced the expected mass flow rate for the specified 
pressure drop and converged well.. Eight cells were used across the 1.27 mm gap in the inlet 
region. For unblocked and center blockage cases, 28 cells were used across the half-span of 
42 mm. This grid performed well in matching the expected mass flow and heat transfer 
coefficients on the channel walls for the unblocked case. The span-wise cell divisions were 
spaced to provide smaller cells near the side walls and near the blockage. For edge 
blockages, 56 cells were used across the full span width of 84 mm. The span-wise grid 
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arrangement was doubled for several cases to investigate the grid's adequacy. An idealized 
thin blockage was used for many analyses, but a more accurate inlet plenum with a finer axial 
grid mesh and a 10 mm thick blockage was also modeled to assess the adequacy of this 
simplified model. 

The commonly used standard k-e turbulence model expresses turbulence as a function 
of empirically derived constants for kinetic energy transport and dissipation. However, a 
study of available turbulence models showed that this model produces poor results for the 
highly turbulent or separated flow conditions that occur in the region behind a partial flow 
blockage. The RG model developed by Princeton researchers and implemented within the 
Fluent code offers a better theoretical basis for turbulence predictions for such flow regimes.3 

Like the standard k-e model, the RG model is a two-equation simplification and assumes 
isotropic stress fields. The RG model was much more successful in matching the size of 
Sparrow and Cur's recirculation region than the standard k-e model and was therefore used 
for most analyses. A Reynold's Stress Model (RSM) is much more computationally intensive 
but allows the calculation to consider non-isotropic turbulent stresses. The RSM model was 
used for a few selected cases to evaluate the acceptability of the RG model and for direct 
comparison to experimental results. 

3. Experimental Issues 

Two methods were used to measure the flow behavior within the narrow cooling 
channel in the presence of a partial blockage. The first used thermochromic liquid crystals 
(TLC) to measure the channel wall temperature and the second used an LDV system to 
measure hydraulic parameters within the channel itself. 

If the fluid temperature within the channel is constant and there is a constant heat flux 
over the surface of the channel wall, then the wall temperature field will reflect the variations 
in the convective heat transfer coefficient over the wall surface. For small heat flux values 
and large fluid flow rates, this condition of constant fluid temperature is a good assumption. 
A constant wall heat flux can be closely approximated using electrical resistance heating 
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within the wall material. Given these conditions, a full map of the channel wall surface 
temperature would define the wall heat transfer characteristics behind a flow blockage. A 
portion of the wall, near the blockage, was devoted to a small heater to provide the required 
uniform surface heat flux. The thin (1 mm) stainless steel heater strip was imbedded in the 
wall of the channel as shown in Fig. 1. This heater started 4.4 mm from the downstream side 
of the blockage assembly, covered the entire 84 mm width of the channel, and 30 mm of the 
channel's length. The electrical resistivity of stainless steel is a function of temperature and 
the heat flux is proportional to the resistivity. Our assumption of uniform internal heat 
generation, and therefore a constant heat flux over the heater surface, was carefully evaluated. 
For the temperatures experienced within the heater strip, the electrical resistivity will vary less 
than 2% and a detailed electrical analysis showed that the internal heat generation will vary 
less than 3%. The heat flux was therefore assumed constant for all data analyses. 

The ends of the heater strip, beyond the channel width of 84 mm, were 10 mm thicker 
than the portion of the heater strip exposed to the channel flow (see Fig. 3). This facilitated 
the electrical connections and assured that the bulk of the heat generation due to electrical 
resistance would take place on the channel wall, as desired. However, it also had the side 
effect of providing a possible sink for the heat generated in the strip close to these thick end 
pieces. Cooling channels were provided for the electrical connection points and for some 
lower power tests, the cooling flow to the electrodes was shut off. In later tests, water from 
within the test loop (slightly warmer than the other cooling water supply) was used for this 
cooling circuit to minimize the effect of these edge heat sinks. 

Thermochromic crystals respond to temperatures by changing color, and crystals are 
available for a wide range of temperatures and a variety of resolution ranges. The heater 
power was adjusted for each test to produce heater wall temperatures within the measurable 
band for the selected crystals. A color video camera was installed to record the color patterns 
shown by the crystal field. Early tests with this camera and various lighting arrangements 
showed that the recorded results were significantly affected by slight changes in both direct 
and ambient lighting. A new algorithm for recording the color data was used to reduce this 
sensitivity.4 In addition to this improvement, the test lighting was held constant from the 
beginning of the calibration procedure until the end of the last test. One lighting issue could 
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Figure 3 Heater strip used for TLC tests 



not be eliminated. Because of the large pressure drop associated with high speed fluid flow 
through the narrow channel, the Lexan channel walls were supported by a strong steel case 
approximately 50 mm thick. The access window for the video camera was cut through this 
steel case, giving a viewing area large enough to cover the heater surface of 30 mm by 84 
mm, but with very thick side walls. Both lights and the camera lens were directed into this 
window. A diffuse light source was used to minimize reflections; however, some reflections 
from the 50 mm thick side wall of the access window were unavoidable. These reflections 
affect a small area of the data collection region, very near to the edge. 

Thermochromic crystals are rather fragile, and any direct exposure to channel flow 
would wash the crystals away from the heater surface. The crystals were therefore painted 
(over a base coat of black paint) on the back side of the heater plate, where they would not 
be in contact with the flowing water. Despite this crystal location, many of the early tests 
were plagued by crystal wash-outs caused by a small amount of water that leaked around the 
heater strip, even though the heater fit tightly into the Lexan channel wall. A number of 
approaches were tried to prevent water from leaking around the heater and thereby stabilize 
the crystal position. The most successful method was based on using an epoxy seal over the 
crystals and around the heater position, actually potting the crystals and heater into position in 
the Lexan window assembly. It was difficult to achieve this watertight epoxy seal around the 
heater while maintaining proper flow channel dimensional tolerances on the heater surface. 
Indeed, for the first of three test sections constructed in this manner, the alignment of one 
portion of the heater face was off by approximately 0.08 mm which resulted in a channel gap 
width variance of about 6% at that location, relative to the design gap width of 1.27 mm. 
This first section lasted 15-20 operational hours. Some degradation was observed after this 
time period, initially in the thicker (non-heated) portion of the heater observable in the 
window. Further degradation, including defects in the TLC field in parts of the heated 
region were observed during later testing. The second plate was less successful, showing 
obvious degradation during the first hour of operation with water flow in the system. The 
third assembly lasted slightiy longer than the second. 

As just described, it was necessary to locate the crystals on the back of the thin heater 
strip, i.e. the side of the heater strip away from the channel flow. The recorded colors 
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therefore, reflect the wall temperature of the heater strip after heat conduction through the 

strip itself. The dimensions of the heater strip (1 mm by 30 mm by 84 mm), the low total 

heat flux values (less than 300 W), and the resulting small temperature gradients assure that 

any conduction along the width or length of the heater strip will be considerably less than that 

through the much smaller thickness. This assumption of one-dimensional heat transfer, with a 

material conductivity of 14 W/m-°C, was used for all data analyses. The only locations at 

which this assumption might cause measurable errors are near the edges of the heater, where 

the thick assemblies can act as heat sinks. However, lighting difficulties near these edges 

make the color data less accurate in these regions, negating any advantage that could be 

gained from a more rigorous treatment of the internal heat conduction in this region. 

Based on the assumptions of constant bulk fluid temperature, uniform internal heat 

generation, uniform heat flux, negligible heat transfer through the lexan window (i.e. the 

outside surface of the heater plate is adiabatic), and one-dimensional heat transfer through the 

heater, the wall temperature and heat transfer coefficient are evaluated as shown in Eqs. 1 

and 2. 

T ' — T 
•*• w a l l -L crys tal 

q" x t 
2 XiC: heater 

(1) 

h = Q" 
Twall Tbulk 

(2 ) 

where: 

J-wall 

T 
M crystal 

q" 
t 

"-heater 

h 

Tbulk 

wall temperature facing fluid flow, 

temperature recorded by TLC field, 

heat flux on heater surface, 

thickness of heater plate, 1 mm, 

heater conductivity, 14 W/m-°C, 

convective heat transfer coefficient, and 

fluid bulk temperature. 
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The TLC system is useful for making direct measurements at the channel wall, but is 
limited by the size of the heater strip. It is also unable to provide detailed information about 
the flow phenomena within the channel. That is, the temperature map can reveal the shape of 
the disturbed region behind a blockage, but the data cannot describe the direction of the fluid 
flow or the nature of the turbulence. 

The LDV technology uses intersecting laser beams and advanced optical data 
collection and processing equipment to measure the motion of individual minute particles as 
they pass through the created fringe pattern. Sophisticated statistical methods are employed 
to evaluate the resulting large amounts of data, producing the velocity profile for these 
entrained particles across the center of each of the access windows shown on Fig. 1. The 
internal data analysis capabilities also measure turbulence parameters that can be directly 
compared to the numerical analysis results. 

The LDV system was carefully chosen so that the measurement volume (i.e., the 
region where the laser beams intersect and moving particles are monitored) would fit within 
the confined gap of the FBTF channel. Making measurements for smaller volumes is difficult 
because of the narrow windows through the same thick (50 mm) support walls that cause side 
reflections for the TLC technique. An additional Lexan side wall was fabricated to facilitate 
testing with the LDV. This sidewall had a clear window where the diagnostic heater had 
been installed for the TLC tests, permitting LDV measurements in this same region. 

4. Results 

An unblocked experiment was made to compare the conditions within the FBTF to the 
design parameters of the ANS fuel channel. A pressure drop of 1.44 MPa produced the 
design flow rate of 25 m/s through the unblocked channel. This corresponds well to the 
design value of 1.4 MPa for the preliminary ANS design. 

Tests were then made for a variety of blockage sizes, in both center and edge 
locations. These tests include cases with an unblocked channel, edge blockages of 10 and 
25%, and central blockages of 15, 25, 35, and 40%. Tests were made for several different 
pressure drops ranging from 0.09 to 1.6 MPa. The 35 and 40% center blockages were 
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repeated after modifications were made to test whether or not leaks were occurring around the 
boundaries of the blockage elements. 

Numerical simulations for a large number of these FBTF experiments were completed 
using the Fluent CFD code. There are several points at which direct comparisons are possible 
between the experimental results and the CFD code predictions. Gap-wide average velocity 
vectors from the CFD results can be compared to those measured within the LDV 
measurement volume. The LDV velocity vectors can also be used to help locate the 
boundaries of the recirculation region and the velocities within this region. Trends in 
turbulent kinetic energy distribution can be considered. Wall temperatures and heat transfer 
coefficients from the TLC experiments can also be compared to results from the Fluent 
models. 

During the initial TLC tests, it became apparent that the heater surface was not 
perfectly aligned with the rest of the channel wall, although it was much improved over 
previous heater configurations. As expected, the heat transfer coefficients calculated from the 
measured wall temperatures for an unblocked test were depressed near the side walls. 
However, a small region of highly elevated heat transfer (or reduced wall temperature) was 
found very near the lip of the heater plate, located on the left side of the span. This region 
was caused by a slight elevation, relative to the Lexan wall surface, of the heater surface on 
the opposite side of the channel. This small bump caused a redistribution of the cooling 
water flow which in turn caused a region of enhanced heat transfer in all the test data. In 
most tests, the wall temperature in this area was indistinguishable from the bulk fluid 
temperature. For the unblocked case, the average convective heat transfer coefficient for the 
latter 2/3 of the heater plate (axial locations from 15 to 35 mm) was 105 kW/m2»C (with a 
standard deviation of 15 kW/m2»C), very close to the design value. The CFD model for this 
same case also showed a heat transfer coefficient in this region of 105 kW/m2,C and matched 
the total channel flow within 3%. 

Each TLC test showed a distinct region of reduced heat transfer behind the blockage. 
In order to facilitate comparisons, the boundaries for this region were defined by the point(s) 
at which the local heat transfer coefficient equaled the spanwise (across the 84 mm dimension 
of the channel) average heat transfer coefficient for a given axial location. The area to one 
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side of this boundary shows reduced heat transfer rates while the region on the other side of 

this boundary shows elevated heat transfer rates. For tests representing central and edge 

blockages ranging from 10% to 35% of the channel span and with overall channel pressure 

drops ranging from 0.09 to 1.45 MPa, the region of reduced heat transfer has a relatively 

constant width over the first 34 mm of the channel's length and is approximately equal to the 

width of the blockage itself. The CFD models for these tests show similar behavior. The one 

exception was the 10% edge blockage. In this particular case, the experimental results are 

somewhat questionable because of the edge effects discussed previously, including light 

reflections from the sides of the viewing windows. These reflections are the most likely 

cause of the discrepancy for the 10% edge test because the experimental data show an 

affected region about twice as wide as the blockage itself, which is quite different from 

results for the other tests. Over all these tests, the CFD models and experimental results for 

the total mass flow through the channel agreed within 1 to 6%. This indicated that the 

numerical method accurately emulated the pressure drops due to both the inlet obstruction and 

the channel wall friction. 

When compared to the TLC experimental data, the CFD models consistently 

underpredicted the heat transfer coefficients (i.e., were conservative) on the heater surface in 

the region behind the blockage. The average heat transfer coefficient over the heater surface 

were always well matched, as would be expected given the good agreement in the channel 

mass flow. For 10% and 25% edge blockages, the measured wall temperatures indicated 

heat transfer at a rate two to four times greater than predicted by the CFD models. However, 

for 15%, 25%, and 35% central blockages, the experimentally measured heat transfer rates 

were almost ten times the CFD values. An improved numerical method of calculating heat 

transfer in separated flow regimes is expected in the next update of the Fluent CFD code. 

Preliminary information from the 1994 Fluent User's Group Meeting indicates that this 

change will bring the edge blockage cases into much closer agreement with the empirical 

data. However, the differences between the CFD models and the experimental data for the 

central blockages indicate a much greater problem. These differences were examined on two 

fronts, experimental factors and modeling issues. 
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The major experimental factor that could cause such a discrepancy would be leakage 
around the blockage at the channel inlet. As shown in Fig. 4, the water flow is blocked by 
the tight fit between the metal blockage element and the Lexan side walls over both the 10 
mm depth of the blockage and the 0.635 mm lip between the inlet region and the channel. 
To address the possibility of leakage through this joint, the 35% central blockage assembly 
was modified to incorporate a gasket, as shown in Fig. 4. The TLC tests were then repeated 
with the gasket in place for two different channel pressure drops. At both test conditions, the 
heat transfer measured behind the blockage decreased and that measured in the free stream 
regions on both sides of the blockage increased. The difference was slightly greater for the 
lower pressure drop of 0.68 MPa, where the minimum heat transfer coefficient declined from 
56 to 20 kW/m2«C (the CFD value was only 5 kW/m2»C) . For the 1.44 MPa pressure drop 
case, the minimum heat transfer coefficient decreased from 70 to 40 kW/m2»C (the CFD 
value was 13 kW/m2,C). These results indicated the gasket was probably eliminating or 
reducing some water leakage, so the gasket was left in place for all subsequent 35% center 
tests (including the 35% center LDV tests described below). Additionally, one version of the 
CFD channel model was modified to include a simplified model of a leakage path around the 
35% central blockage for the 1.44 MPa pressure drop. This model predicted a minimum heat 
transfer coefficient of 30 kW/m2«C. 

The availability of LDV data for both edge and central blockage cases allows a more 
detailed look at the flow phenomena. Figures 5 and 6 show the axial velocity measured by 
the LDV and the corresponding results from the CFD model, both for a pressure drop of 1.44 
MPa. These CFD results do not include a leakage path and the gasket was in place for the 
35% center blockage measurements reflected in Fig. 6. The 25% edge case in Fig. 5 shows 
very good agreement. The recirculation region is closely matched in size and in the predicted 
fluid velocity within this part of the profile. The CFD model shows reattachment (the return 
to fully forward flow) occurring 65 mm downstream from the channel inlet. The LDV data 
corroborate this location by bracketing the reattachment between windows 2 and 3 indicating 
an axial position between 50 and 90 mm down the channel. Further examination of the LDV 
data for the 25% edge case shows reasonable agreement on the kinetic energy terms. Since 
the three-dimensional isotropic RG turbulence model was used, one-third of the CFD kinetic 
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energy term was compared to the LDV-measured axial and span-wise kinetic energy. The 
experimental values range from 0.2 to 4.6 m2/s2 and the CFD values from 0 to 2 m2/s2. The 
two-dimensional LDV data are unable to reflect the kinetic energy due to velocity variations 
across the narrow gap direction within the channel. The CFD model matches the LDV data 
best in the free channel region, and underestimates the magnitude of the kinetic energy peak 
associated with the edge of the recirculation region. Overall, however, the magnitude of the 
calculated values is reasonable when compared to the LDV data. Further corroboration of 
these results were found by examining the turbulence fields predicted for a center blockage in 
a CFD model using the non-isotropic RSM turbulence model. The RSM kinetic energy in the 
span- and gap- dimensions are almost identical. The axial kinetic energy is almost twice that 
in the span dimension, still well within the order-of-magnitude range used to develop most 
isotropic turbulence models. 

The comparison for the 35% central blockage (with the gasket in place) is shown in 
Fig. 6 for a location 27 mm downstream from the back of the blockage. Here the CFD 
model predicts a large recirculation region (about 57 mm long for the 35% blockage), very 
similar to that seen for the edge blockages. The LDV data, on the other hand, show the flow 
fully forward in this first measurement window, only 27 mm from the blockage. The 
experimental and analytical results were similar for 15% central blockages. Several possible 
causes for the discrepancy between the CFD model and empirical data have been considered. 
Working with the 35% central blockage, numerous grid refinements were made including 
doubling the span-wise grid, building a more accurate model of the blockage, and refining the 
grid in the inlet plenum. All these model changes caused only small incremental changes to 
the results, the best (finest grid and most representational geometry) of which have been cited 
here. A time-varying model with small flow disturbances on one side of the channel was 
developed to investigate the possibility of shedding vortices. However, the high flow rates 
(Re of about 100,000) instead led to a general region of turbulent recirculation, and no 
shedding pattern was found. 

The more rigorous RSM turbulence model was used to determine whether the isotropic 
turbulence treatment inherent in the RG model was responsible for the differences. Careful 
examination of the kinetic energy at the first window (27 mm past the blockage) reveals an 
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extraordinary amount of span-wise turbulence in the experimental data with average span-wise 
velocities behind the blockage of about 2 m/s, accompanied by standard deviations of almost 
9 m/s and kinetic energy values reaching 150 m2/s2. Within this region, neither the RG 
turbulence model (with total kinetic energy of about 8 m2/s2) nor the RSM turbulence model 
(with span-wise turbulence values of about 2 m2/s2) matched this behavior. The LDV shows 
the axial turbulence behind the blockage ranging from 0 to almost 40 m2/s2, while the RSM 
axial turbulence ranges from 1 to 7 m2/s2. The overall comparison of the RG and RSM 
results showed that the RSM did a slightly better job of capturing the kinetic energy peak 
associated with the edge of the recirculation region and reduced the length of the recirculation 
region from 57 to 53 mm. However, neither the RSM turbulence model nor the improved 
grid/geometry produced an acceptable comparison to the experimental data. 

An examination of the experimental conditions was also made, leading to an upgrade 
to the LDV processor. Although the enhanced processor was able to measure a wider range 
of signals, the results were essentially unchanged. In a further attempt to examine the 
possibility of leakage, a 40% center blockage face was coated with TLC. As described 
earlier, the TLC are quite fragile and wash away easily when exposed to water flow. The 
face was visible through the same window used to record the heater temperature during the 
TLC tests. A pressure difference of 1.44 MPa was used to assure a high flow rate. The 
crystals remained stable, with only a small amount of degradation near the edges, after several 
hours of operation. This experiment indicates any leakage that does occur is very small. A 
major modification of the test facility is planned to answer this question definitively, using a 
new blockage assembly design that eliminates the potential for leakage. 

5. Model results for ANS conditions. 

Two of the most important differences between the FBTF test conditions and ANS 
operating conditions are the high wall heat flux and the temperature-dependent fluid 
properties of D 20 expected in the actual reactor. A simple, two-dimensional model of the 
unblocked channel was developed to test the ability of the CFD model to capture the effects 
of these two changes. A piecewise linear approximation (using 20 data points) for each fluid 
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property was incorporated into the CFD model. This simplified model used a constant wall 
heat flux of 6 MW/m2. The results closely matched the design data, showing the expected 
increase in Reynolds number at the channel exit due to the increased velocity of the hotter, 
less dense fluid. 

The heat flux on the fuel plate surface is not constant, but varies with position and 
time. A "worst case" heat flux, shown in Fig. 7, was selected from the neutronics analysis 
and patched onto the wall in the three-dimensional CFD model for several edge blockage 
cases. Temperature-dependent fluid properties were used for all these models. These cases 
included 10%, 12%, and 25% (8.4, 10, and 21 mm) edge blockages with unheated entrance 
lengths of 4 and 20 hydraulic diameters (10 mm and 50 mm). There are several ways to 
define "survivable" blockage events. The definition chosen for this evaluation is a 
conservative one of not letting the wall surface temperature exceed the associated fluid 
saturation temperature. On that basis, the 25% edge blockage would require an unheated 
entrance length longer than 50 mm to meet the thermal requirements. However, based on a 
preliminary study using the CFD-produced pressure fields within the channel, fuel plate 
strength rather than surface temperature may be the limiting safety consideration for this large 
21 mm blockage. Both 10% and 12% blockage sizes show acceptable wall surface 
temperatures in the analyses completed to date for the 50 mm unheated entrance length. 

Further examination of the precise relationship between blockage size and unheated 
entrance length awaits modifications to the cooling channel design based on expected changes 
in the reactor fuel design. Since the gap dimension is not expected to change and the overall 
aspect ratio is expected to change only slightly, the benchmark efforts performed to date 
should apply equally well to the modified core design. 

6. Conclusions and recommendations. 

Comparison of experimental data and CFD results for edge blockage cases shows that 
the CFD models are accurate in their representation of the fluid velocity vectors and provide a 
conservative estimate of heat transfer behind the blockage. The CFD results for central 
blockages are not in agreement with the empirical data. However, both the experimental and 
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CFD results show the edge case to have the longer recirculation region, making the well-
benchmarked edge blockage the limiting case for any safety analysis. 

Given this careful validation of the FBTF edge blockage models, extension of these 
models to incorporate variations in wall heat flux and temperature-dependent fluid properties 
is reasonable. To date these expanded models have shown that blockage sizes up to 10 mm 
will not cause damage to the fuel plates with unheated entrance regions of at least 50 mm. 
However, these results are based on a single wall heat flux pattern and caution must be used 
until further parametric evaluations of this factor are complete. 

Future efforts are planned to consider the impact of proposed core design changes, the 
possibility of adding cross-channel communication (i.e. incorporating "holes" into the fuel 
plates), and the effect of plate deflections associated with the low pressure regions behind any 
blockage. 

17 



References 

1. E. M. Sparrow and N. Cur, "Maldistributed Inlet How Effects on Turbulent Heat 

Transfer and Pressure Drop in a Flat Rectangular Duct", Journal of Heat Transfer, pp. 

527-535, V. 105, August 1983 

2. Cur, N., "Local Turbulent Heat Transfer Coefficients in a Symmetrically or 
Asymmetrically Heated Flat Rectangular Duct with Either Uniform or Nonuniform 
Inlet Velocity", Ph.d. thesis, Department of Mechanical Engineering, University of 
Minnesota, Minneapolis, Minn., 1982 

3. D. Choudhury, S.-E. Kim, and W. S. Flannery, "Calculation of Turbulent Separated 

Flows Using a Renormalization Group Based k-e Turbulence Model", FED-Vol. 149, 

Separated Flows, ASME 1993 

4. J. A. Crabtree, "Use of Image Processing Techniques for Heat Transfer Measurements 
Using Thermochromic Liquid Crystals", HTD-Vol. 279, Optimal Design of Thermal 
Systems and Components, Editors: L. A. Haas, and R.S. Downing, Book No. H00910 
- 1994, ASME 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
-- - J o»„t^ Government or any agency thereof. 
mcituawv.., — 
and opinions of authors expressed nciwu — _ 
United States Government or any agency thereof. 

18 


