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NOMENCLATURE

A = cross section area (m %)
b = flow channel gap (m)
- cC = a constant [Eq. 24]
c, = mean coolant specific heat (ki/kg'K)
D, = hydraulic diameter (m)
E = electric voltage to test section (kV)
f =  friction factor
G = mass flux (kg/m*s)
h = heat transfer coefficient (W/m*k)
I = electric current to test section (A)
k = thermal conductivity (kW/m'K)
L = heated length (m)
Nu = Nusselt Number (-) = 74
k AT,
P = pressure (Pa)
Pe = Peclet Number (-) = E_C_;B
k
P, = heated perimeter (m)
R = electrical resistance ()
Q = heat rate (kW)
g =  heat flux (kW/m?)
. St = Stanton Number (-)= ——94
GG AT,
T = temperature (K)
t = thickness (m)
Vv = coolant velocity (m/s)
x = distance along channel (m)
n = exponential constant [Eq. 22]
AP = pressure drop (Pa)
AT = temperature difference (K)
p =  coolant density (kg/m®)
Nopr = subcooling correction factor
Subscripts
acc = acceleration
al = aluminum
av = average across and along the test section
- b = bulk coolant
c = value at the minimum AP point
cal = calculated
cool = coolant
cs = cross section of the flow
= demand side
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ABSTRACT

The Thermal-Hydraulic Test Loop (THTL) is an experimental facility constructed to support the
development of the Advanced Neutron Source Reactor (ANSR) at Oak Ridge National Laboratory (ORNL).
The ANSR was intended to become the world’s highest-flux steady-state thermal neutron source for scientific
experiments. The average and peak heat fluxes in the reactor are 5.9 and 12 MW/m?, respectively, with a
nominal total thermal power of 300 MW. Highly subcooled heavy-water coolant (1.7 MPa and 84°C at the
exit) flows vertically upward at a very high mass flux of 25 Mg/m’s. In a parallel fuel plate configuration as
in the ANSR, the flow is subject to a potential excursive static-flow instability that can very rapidly lead to
flow starvation and departure from nucleate boiling (DNB) in the “hot channel.” The existing correlations and
experimental data bases for flow excursion (FE) and critical heat flux (CHF) seldom extend to the specific
combination of ANSR operating parameters.

The THTL facility was designed and built to provide known thermal-hydraulic (T/H) conditions for a
simulated fuli-length coolant subchannel of the ANS reactor core, thus facilitating experimental determination
of FE and CHF thermal limits under expected ANSR T/H conditions. Special consideration was given to allow
operation of the system in a “stiff” mode (constant flow) and in a “soft” mode (constant pressure drop) for
proper implementation of true FE and DNB experiments. The facility is also designed to examine other T/H
phenomena, including onset of incipient boiling (IB), single-phase heat transfer coefficients and friction
factors, and two-phase heat transfer and pressure drop characteristics. Tests will also be conducted that are
representative of decay heat levels at both high pressure and low pressure as well as other quasi-equilibrium
conditions encountered during transient scenarios.

A total of 22 FE tests and 2 CHF tests were performed during FY 1994 and FY 1995 with water flowing
vertically upward. These tests in combination with earlier tests covered a very wide parametric range that
includes a nominal heat flux range of 0.7 to 18 MW/m? a mass flux range of 2.7 to 28 Mg/m’s; exit pressures
of 0.17, 0.4, and 1.7 MPa; and an inlet temperature range of 40 to 50°C. Some FE experiments were
conducted using as “soft” a system as possible to secure a true FE phenomena (actual secondary burnout). True
DNB experiments under similar conditions were conducted using a “stiff” system. Eight of these FE tests and
one CHF test were performed with a wider span to determine the scalability of the channel span. To the
authors’ knowledge, no other FE data have been reported in the literature to date that cover such a combination
of conditions of high mass flux, high heat flux, and moderately high pressure.

Comparison of these data as well as extensive data from other investigators led to a proposed modification
to the Saha and Zuber correlation for onset of significant void (OSV), applied to FE prediction. The
modification takes into account a demonstrated dependence of the OSV or FE thermal limits on subcooling
levels, especially in the low subcooling regime.

il




1. INTRODUCTION

The Thermal-Hydraulic Test Loop (THTL) is an experimental facility constructed to support the
development of the Advanced Neutron Source Reactor (ANSR) at Oak Ridge National Laboratory (ORNL).
The Advanced Neutron Source (ANS) is a state-of-the-art research reactor facility designed to become the
world’s most advanced thermal neutron flux source for scientific experiments. Therefore, the core of the
ANSR must accommodate very high power densities using very high coolant mass flux and subcooling levels.
Statistical/probabilistic uncertainty analysis was performed to determine the optimal design power and to
provide the necessary safety margin. This analysis requires selecting the most appropriate thermal-hydraulic
(T/H) correlations and developing uncertainty distribution profiles based on the best available data.

The ANSR is cooled and moderated by heavy water and uses highly enriched uranium silicide fuel. The
core is composed of two concentric annular core halves, each shifted axially and radially with respect to the
other (see Fig. 1). There are 684 parallel aluminum-clad fuel plates (252 comprise the inner-lower core and
432 comprise the outer-upper core). Each plate is 1.27-mm thick and is arranged in an involute geometry that
effectively creates an array of thin, rectangular flow channels. The coolant channels have a 1.27-mm gap width,
spans of 87 and 70 mm (lower and upper core, respectively), and a 507-mm heated length. Each fuel plate has
10 mm of unheated leading and trailing edges, with all the channels having common inlet and outlet plenums
with nominal pressures of 3.2 and 1.7 MPa, respectively. The coolant flows vertically upward at an inlet
velocity of 25 m/s and a Reynolds number of 99,000. The inlet and average outlet temperatures are 45 and
85°C, respectively. The average heat flux is 5.9 MW/m? with a radial and axial maximum of 12 MW/m’. A
more complete description of the ANSR configuration and T/H conditions is given by Yoder et al. (1993).

The ANSR core configuration with many parallel channels is subject to a potential static instability called
flow excursion (FE), which differs from a true critical heat flux (CHF) that would occur at a fixed channel flow
rate, as discussed later. The existing correlations and experimental data bases for FE and CHF seldom cover
the specific combination of ANSR operating parameters. This observation is reflected in Boyd’s excellent
survey on subcooled flow boiling CHF (Boyd 1985) and for FE in Duffey and Hughes (1990); Lee, Dorra, and
Bankoff (1992); and Rogers and Li (1992). In addition, many investigators in the past did not distinguish
between FE and true CHF, which adds to the inconsistencies in the available FE and CHF data bases, since
both are very complex but different phenomena. The general process of correlation evaluation and selection,
as well as the correlations currently used in the ANSR T/H analysis, are discussed by Siman-Tov et al. (1991).

A THTL facility was designed and built to provide a simulated full-length coolant subchannel of the ANS
reactor core, to enable experimental determination of FE and CHF thermal limits under expected ANSR T/H
conditions. Determination of these two thermal limits and the relationship between them is the main objective
of the THTL facility. However, the facility is also designed to examine other T/H phenomena, including onset
of incipient boiling (IB), single-phase heat transfer coefficients and friction factors, and two-phase heat transfer
and pressure drop characteristics.

Although the facility’s primary aim is to investigate thermal limits at the ANSR nominal conditions for
normal operation and safety margin analysis, tests will also be conducted that are representative of decay heat
levels at both high pressure (e.g., loss of off-site power) and low pressure [e.g., a loss-of-coolant accident
(LOCA)] as well as other quasi-steady-state conditions encountered during transient scenarios. This report will
discuss the 1994 and 1995 experiments focused on the FE phenomena at ANS nominal conditions and the few
true CHF experiments performed for comparison. A condensed version of the material presented in this report
was published by Siman-Tov et al. (1993, March 1995, and April 1995). The reader should also refer to an
earlier progress report (Siman-Tov et al. 1994) and for a general description of the THTL facility, to Felde et
al. (1994).
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2. THE NATURE OF THE ADVANCED NEUTRON SOURCE
REACTOR THERMAL LIMITS

The cooling channels in the ANSR fuel assembly are all parallel and share common inlet and outlet plenums,
effectively imposing a common pressure drop across all the channels. This core configuration is subject to FE
and/or flow instability (Leddineg 1938, 1949) that may occur once boiling is initiated in any one of the channels.
The FE phenomenon constitutes a different thermal limit than a true CHF or departure from nucleate boiling
(DNB). In such a system, initiation of boiling in one of the channels (i.e., the hot channel) can result in flow
redistribution to the other, cooler channels. This process can very rapidly lead to flow starvation, which, in turn,
leads to a DNB in the hot channel at flows lower than the nominal flow rate. The FE phenomenon is in contrast
to a primary DNB that occurs at a nominally constant flow rate, referred to here as a “true CHF.”

The more complete way to predict the occurrence of FE is to perform flow vs pressure drop analysis of the
parallel channels involved and predict the subsequent flow redistribution under constant and common pressure
drop boundary conditions. Performing this prediction is quite complex because of the uncertainties involved in
predicting void fractions and pressure drops in two-phase flow. In reality, after boiling starts, the flow resistance
of the channel increases, leading to flow reduction in the channel. The flow reduction promotes more boiling,
which, after a certain point, rapidly leads to a more severe flow starvation. Therefore, it is nominally accepted
that FE [also referred to as the onset of flow instability (OFI)] will most likely occur near the point where
sustained net vapor first appears. This point is called the onset of net vapor generation (ONVG) point (Costa
1967) or the point of onset of significant void (OSV).

Maulbetsch and Griffith (1965) and other investigators analytically and experimentally demonstrated the
conditions under which excursive instability will occur. They determined that such instability will occur “if the
slope of the (demand) pressure drop vs flow rate (or velocity) is more negative than that of the external supply
system.” This statement is expressed mathematically as (Maulbetsch and Griffith 1965):

d(8P,) _ d(AP)
av av

(D

Figure 2 presents a typical plot of the pressure drop vs flow rate relationship under various boundary conditions.
In the case of many parallel channels between large common headers, as is the case in the ANSR, the pressure-
drop slope of the external supply system is practically zero and is represented in Fig. 2 by horizontal lines (A and
B). Based on this observation, FE or OFI conditions were determined in most of the THTL FE experiments by
detection of the test section pressure-drop minimum as the flow to the test section was reduced under a constant
heat flux. This method allowed for repetition of many nondestructive FE tests without experiencing an actual FE
that normally causes test section failure. For confirmation and comparison, limited experiments were performed
with an actual FE burnout, and some experiments were run with true CHF burnout under constant flow. To
accommodate these experiments, the design of the THTL system had to respond to three separate modes of
operation, as enumerated below.

1. A “soft” system was used to perform actual FE tests with burnout. In this mode, a large bypass around the
test section was fully open so that the flow could split between the test section and the bypass to maintain
an almost constant common pressure drop across both, thus closely simulating the ANSR configuration.

2. A “stiff” system was used to perform true CHF tests with actual burnout at constant and known flow rates.
In this mode, the bypass around the test section was completely closed to maintain a constant flow through
the test section. In addition, a near-positive displacement pump that provides a nearly constant flow rate was
used in the primary loop. This pump is insensitive to the system pressure-drop characteristics. Small-
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diameter piping (to reduce volume) and a throttling valve were also used upstream of the test section inlet
to enhance flow stability.

3. A modified “stiff” system was used to perform simulated FE tests without experiencing actual FE. In this
mode, a closed or minimal bypass configuration, along with a significant pressure drop across the flow
control valve upstream of the test section, was used to prevent actual FE or other flow instability. In this
case, the potential for FE was determined by detecting the minimum pressure drop in a plot of pressure
drop vs flow rate (which coincides with the ONVG point), as demonstrated by Maulbetsch and Griffith
(1965), Whittle and Forgan (1967), Costa (1967), Johnston (1988), Dougherty et al. (1989), and others.
Most of the FE tests were performed using this approach.

Since the ANSR has many channels in parallel, an ideal bypass simulation in the THTL “soft” system
would require a very large bypass flow ratio (“infinite bypass”) and therefore an unrealistically large pump.
In practice, however, a reasonable but not ideal flow ratio can provide a very close simulation with no
significant error. The lowest bypass flow ratio necessary, which still provides sufficiently constant pressure-
drop boundary conditions, was investigated in two independent studies—one transient and one steady-state
as discussed by Siman-Tov et al. (1994)

Knowing which of the two types of limiting phenomena—true CHF or FE—should be used as a thermal
limit for the ANSR configuration is crucial. In most cases, FE will precede true CHF in such a configuration
(Waters 1966). However, the sequence of these phenomena depends on the specific conditions involved. It was
demonstrated that FE will occur at heat fluxes much lower than the CHF (as low as half) at low pressure, low
velocities, and low subcooling (Maulbetsch and Griffith 1965). It is noteworthy, however, that the margin
between FE and CHF narrows as the level of these parameters increases, and, at a certain point, the trend may
even reverse (Boyd 1988). Since ANSR normally operates at moderate pressures and very high mass flux and
subcooling levels, one of the main goals of these tests is to determine the relationship between CHF and FE
under ANSR conditions.

Another critical question for the ANSR design is the application of either FE or true CHF to local fuel
plate conditions, such as “hot spots” and “hot streaks,” that may occur on the fuel plate over a small, limited
area as a result of manufacturing imperfections that cause local heat flux peaking. In addition, the effect of the
hot subchannel” on these thermal limits must be addressed. Because experimental evidence indicates little
mixing across the span (Costa 1967, Waters 1966, Yan and Theofanous 1992), FE in a hot subchannel can be
treated as a narrow, independent subchannel in relation to the rest of the flow in the rectangular channel.
Therefore, the heat flux and subcooling in each one of these subchannels can be applied independently, just
as in the parallel channel configuration. The present ANSR T/H design technique applies appropriate
uncertainties to each location on the fuel plate and checks the resulting heat flux against various limiting
criteria, including FE and CHF. Since it is recognized that very localized boiling will not sufficiently impact
the channel pressure drop to cause FE, FE is not used as a limiting criterion when the region of the fuel plate
causing the limiting conditions is below a predetermined size (Yoder et al. 1993).

"A “hot subchannel” is defined here as an axial region of a certain width along the fuel plate that yields
a maximum bulk coolant temperature rise. This region is also occasionally referred to as a “hot stripe.”
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3. FACILITY DESCRIPTION

The THTL was designed and built to provide a simulated full-length coolant subchannel of the ANS
reactor core, allowing experimental determination of the thermal limits (both FE and CHF) under anticipated
ANS T/H conditions. An isometric view of the facility is shown in Fig. 3, and a schematic diagram of the loop
and its major components and instrumentation is presented in Fig. 4. A detailed description of the test facility
is given by Felde, Yoder, and Skrzycke (1992) and by Felde et al. (1994). In the design process, special
consideration was given to include the proper pump, test section bypass configuration, and system valving and
piping to allow operation of the system in either stiff or soft modes, as discussed earlier.

The Moyno primary circulation pump is driven by a variable-speed motor through a gear drive. This pump
and motor combination is capable of providing a wide range of flow and pressure conditions with near-positive
displacement characteristics, which means that flow supply is insensitive to the loop pressure drop. Using the
variable speed of the motor drive provides the capability for operating over most of the pump flow-pressure
drop diagram up to 2.5 x 107 m*/s flow and 4.1 MPa differential pressure across the pump at 750 rpm. When
this pump is used in combination with the test section bypass line, a very wide range of mass flow conditions
at the test section is possible. In the stiff mode, with a closed bypass, a near-constant test section mass flux in
the range of 7 to 42 Mg/m’s can be used. (The maximum mass flux is limited by the overall pressure rating
for the test loop.) In the soft mode, with a bypass flow ratio of 10 to 1, a maximum mass flux of 12 Mg/m’s
at a near-constant bypass pressure drop can be used. Ata 5 to 1 bypass flow ratio, this maximum increases to
23 Mg/m’s. The approximation of the ideal bypass ratio (infinite) with a practical bypass ratio is in the
nonconservative direction for FE data, but, as discussed earlier, it is believed that the approximation is
sufficient from a practical point of view.
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4. TEST CHANNEL DESIGN

The test section and its boundary conditions were of primary interest in determining the T/H limits. A
detailed description of the test channel design is given by Felde, Yoder, and Skrzycke (1992) and by Felde
et al. (1994). The cross-section design, shown in Fig. 5, was similar to that used by Gambill and Bundy (1964)
but was redesigned in accordance with the ANS characteristics. The test section simulated a single subchannel
in the ANS reactor core with a cross section that had a full prototypic heated length (507 mm), the same flow-
channel gap (1.27 mm), and the same material (aluminum) with a surface roughness (~0.5 xm) reasonably
close to that expected in the ANSR fuel plates. Most of the tests were conducted with the channel span scaled
down to 12.7 mm (vs 87 and 70 mm for core halves in the ANSR) to limit total power requirements to the test
section. The involute shape of the plates was not simulated to simplify the experimental design and operation.
Other researchers have demonstrated that there is little lateral fluid mixing in such rectangular channels, even
under two-phase flow conditions (Costa 1967, Waters 1966, Yan and Theofanous 1992). Furthermore, sources
also maintain that span width (or span-to-gap ratio) does not have a significant effect on either CHF or FE
within certain limits (Whittle and Forgan 1967 and Gambill and Bundy 1964). Several tests were conducted
with a wider span test channel design of 25.4 mm in order to address scaling issues. The wider span design
was identical to the cross section shown in Fig. 5 with the exception of the 2.7-mm span dimension. The test
section wall thickness was 2.54 mm, dictated by the voltage/current of the power supplies. The reduced wall
thickness at the curved ends was designed to reduce the heat flux and prevent the coolant bulk temperature
from peaking on the curved ends of the channel, which could have led to premature burnout. The ratio of heat
flux on the curved ends to that on the flat ends was 36% for the design shown in Fig. 5. Possible effects of
lateral and axial heat redistribution by thermal conduction within the test section metal will be considered later
through the use of a 3-D conduction model (see Sects. 6.2 and 6.3).

0.63-mm-THICK
» * EDGE WALL
0.36q" - \ -

72

l
Y | 6.35
A4 rd : mm

1 LUMINUM 2/// // l
1.27-mm 2, B081-T6
FLOW GAP ' T/C ?

|
“_12'7 mm — " 25.4 mm

(25.4 mm for wide span tests)

T/C /
0,77 ]

Fig. 5. Cross section of the channel in the THTL.
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The test channel was instrumented on the back of the channel wall with type N thermocouples (T/Cs). The
locations of these thermocouples on the test section are shown in Fig. 6. The spacing was staggered, as shown,
to provide improved definition in the region close to the channel’s exit, where FE or CHF was expected.
Measurements at the center span were made on both sides of the channel at each axial location for redundancy.
Additional instrumentation shown in Fig. 6 was added during this period to provide an improved method for
determining the axial heat flux distribution. These measurements are made using the common mode voltage
present on the spring-loaded ribbon-type thermocouples installed along the back wall of the test channel and
provide a measurement of the voltage drop between each thermocouple location. Transmitters were installed
to continuously measure this differential voltage between each of the thermocouples. Pressure and temperature
of the water were measured at the test section inlet and outlet with the pressure taps installed in the test section
flanges, as shown in Fig. 6. The taps were located axially 12.7 mm from the “heated” channel at each end,
which allowed a closer determination of the pressure drop across the heated region, minimizing the effects of
possible condensation and dynamic pressure recovery that can occur between the end of the heated channel
and the point of pressure measurement (Costa 1967).

The test channel was enclosed inside a stainless steel pressure backing and was thermally and electrically
isolated from the backing by Mycalex insulation. The test channel was either welded or brazed on both ends
into aluminum flanges, each 2.54 cm thick. The test section flanges were sandwiched between two 2.54—cm
thick aluminum electrical bus plates. The water connection to the test section was made concentrically inside
this bus connection by a 5.08-cm flange and Teflon gasket that were fastened through the test section flange.
The Teflon gasket and Micarta bolt sleeves provide electrical isolation for the piping loop. The stainless steel
backing, which was in direct contact with the test section flanges at both ends, was split in the center and
isolated at this point by Mycalex insulation. This design effectively separated the electrical contact
requirements from the water sealing requirements of the loop interface.

12




ORNL-DWG 83M-3500A ETD

T1-2028 > EXIT BULK COOLANT

. TEMPERATURE
TT-202A —
EXIT
RESSURE
[ == 3 PRESS PT 202
s00mm o1 mm T7-102 TT-101
Bomm 390mMM  qpooo TT04 ——|f—— TT-103 0.
460 mm T7-108 — j— TT-107
420 mm T-110 ——} j—— TT-109
380 mm TT-112 ——} |~ TT-111
WEST EAST
3 300 mm TT1-114 =} | TT-113
DIFFERENTIAL PRESSURE
- PDT 101
WALL THERMOCOUPLE
LOCATIONS
140 mm TT-116 =} | —— TT-115
25 mm TT7-118 =i | TI-117
Omm
| i | PT 500
INLET
PRESSURE
TT-201A ——
INLET BULK COOLANT
TEMPERATURE
T1-201B —

| }

Fig. 6. THTL test section instrumentation.
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5. EXPERIMENTAL PROCEDURES

A detailed description of the experimental procedures and operation is given by Felde, Yoder, and
Skrzycke (1992) and by Felde et al. (1994). Prior to installation of the test channel assembly into the loop, the
channel surface undergoes a surface treatment procedure similar to that used for fuel elements in the High Flux
Isotope Reactor at ORNL and expected to be used for the ANSR fuel elements. This procedure involves
cleaning and degreasing, followed by an acid treatment and hot water rinse. In addition, the as-fabricated flow
channel gap is measured at locations along the axial length using a capacitance-type probe inserted into the
channel. These data are used to improve conversion of volumetric flow measurements (made upstream from
the test section) to local velocities in the channel.

Flow excursion tests (without burnout) are conducted in a stiff mode, as described earlier. These tests are
initiated by controlling test section flow to a level where no boiling exists at the target heat flux level. The
applied power to the test section is then raised to produce the target heat flux level. Exit pressure is
automatically controlled via the system letdown valve and high-pressure makeup pump at the desired setting
(nominally, 1.7 MPa). Process water flow to the secondary side of the heat exchanger is also automatically
controlled to maintain the inlet bulk coolant temperature at the desired set point (nominally, 45°C).

Data are recorded continuously during these processes by the personal computer-based data acquisition
system. Once the system is stabilized and data are obtained under steady-state conditions, the velocity is
reduced to a lower level while monitoring the measured differential pressure across the test channel. This
reduction is made through either pump speed reduction, flow control valve positioning, bypass flow
adjustment, or some combination of the above, depending on the proximity of the conditions to the expected
minimum. As the minimum is approached, the loop configuration is adjusted to minimize the amount of bypass
flow and to maximize the pressure drop across the control valve to prevent an actual excursion and channel
failure. The system is allowed to stabilize at each of the selected velocity settings. Power supply and velocity
adjustments are made concurrently to maintain the average heat flux constant. (This concurrent adjustment is
necessary because the temperature coefficient of resistivity of the aluminum affects the current-voltage
characteristics of the test channel as velocity is reduced and test channel wall temperatures increase.) Once the
minimum in pressure drop has been clearly determined (by observation of increasing pressure drop as velocity
is further decreased), the velocity is increased once again, and data are taken for comparison at some of the
velocity points obtained during the earlier sequence.
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6. DATA REDUCTION AND ANALYSIS

A number of data reduction models and analysis methods were developed to facilitate design of certain
features of the experimental loop, planning the tests, analyzing the data acquired, interpreting the results, and
comparing the results with existing correlations. Those were discussed in the previous progress report (Siman-
Tov et al., 1994). The most important of these is the THTL data reduction code that is discussed in the following
sections.

6.1 PROGRAM FUNCTIONS

The THTL data reduction code is used to coordinate, plan, and evaluate the results of thermal-hydraulic tests
conducted at the THTL facility. The THTL data reduction program was originally written in Quick Basic (Stman-
Tov et al, 1994), but was recently converted to Visual Basic to take advantage of the greater flexibility and
graphics capabilities. This program is a steady-state, 1-D code that evaluates the flow and heat transfer
characteristics of the coolant in the channel in addition to a 1-D conduction/generation calculation in the
aluminum walls. Sections 6.1.1 through 6.1.4 describe the various capabilities of the THTL data reduction
program. A complete listing of the program language in Visual Basic, tabulated lists and definitions of all its
input, measured and calculated parameters, and its logical block diagram are provided in Appendix A.

6.1.1 Steady-State Analysis

This function provides a detailed picture of the test section at a particular point in time. The available data
points are chosen in advance as being representative of the situation at that time, usually because that particular
point contained the median value of pressure drop for that specific velocity. The program allows various types
of calculational procedures to be chosen including options regarding the calculation of heat loss (Sect. 6.3.1), heat
redistribution (Sect. 6.3.2), and oxide thicknesses (Sect. 6.4.5), as shown in Fig. 7. The resulting analysis gives
details on virtually every aspect of the thermal-hydraulic condition of the test section, both globally and locally
(see list in Sect. 6.2), and includes graphs of the temperature profile, heat transfer coefficient, heat flux, and
pressure drop, as shown in Figs. 8 and 9.

6.1.2 Transient Graphics

This function is designed to show the general thermal-hydraulic trends for an entire run (usually several hours
worth of data). There are standard graphs available that show temperature, power, pressure, and velocity profiles
as a function of time so that an overall picture of the test’s data can be analyzed, as shown in Fig. 10. In addition,
any two measured variables may be plotted against one another. This is often used in flow excursion runs by
plotting the measured pressure drop against the coolant inlet velocity, thereby finding the velocity that
corresponds to the minimum pressure drop as shown in Fig. 11.

6.1.3 THTL Predictor

This utility is used primarily during preparation for an experimental run. The predictor takes a set of global
and inlet parameters (inlet velocity, test section geometry, average heat flux, etc.) and calculates local quantities
throughout the test section. It will also vary the velocity or heat flux in order to find the conditions that bring
about IB, FE, or CHF conditions at a particular thermocouple location, as shown in Fig. 12. This information is
very useful when preparing for a test and ensures that the mintmum in the demand curve is reasonably close to
that expected by the design team.
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Fig. 7. Steady-state analysis parameter input screen.
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Fig. 8. Steady-state analysis results.
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6.1.4 Evaluation of THTL Uncertainties

The multitude of calculations necessary to find estimates of the implicitly determined local variables (heat
flux, bulk temperature, wall temperature, etc.) makes the determination of experimental uncertainties problematic.
Standard methods such as Propagation Of Error become so analytically complicated that they become impossible
to solve. In addition, there is no real analytical method for determining the uncertainty involved in estimating the
heat redistribution fraction (Sect. 6.3.2) or the local oxide thicknesses (Sect. 6.4.5).

Because of these problems, a Monte Carlo uncertainty utility was added to the THTL data reduction program
to estimate these uncertainties through random sampling. In this method, a normal distribution is introduced to
all measured variables, including test section dimensions. Most of the standard deviations used for these analyses
were provided by the manufacturers of the instruments. The mean for each variable is assumed to be the measured
value of the present data point.

For the uncertainty analysis a particular data point is chosen, usually representing an FE minimum or CHF
point. The measured data at that point are adjusted randomly within their normal distribution. This new data set
is then analyzed in a manner identical to that described in Sect. 6.1.1, and the results of interest, usually the exit
heat flux and Stanton number, are stored in a separate file. The measured data are then again adjusted randomly,
and the process is repeated. This sequence will be repeated hundreds or perhaps thousands of times until there
is little change in the standard deviations of the results. In this way, the uncertainties of the important test results
can be determined from the uncertainties in the measured data.

Preliminary uncertainty analyses show that the standard deviation associated with the resulting Stanton
number at the FE mimimum 1s about 11%. These analyses also show that less than 2% of this variance is due to
random fluctuations in time, indicating that the manufacturer’s uncertainty estimates are conservative.

6.2 MEASURED AND CALCULATED VARIABLES

The raw data collected by the THTL facility is originally stored in a direct-access, comma-delimited file with
each column representing a measured datum (temperature, voltage, etc.) and each row representing a data set for
a particular time. Before analysis with the THTL program, this file is converted to a random access file with each
data set stored in a record named Rawdata. The Rawdata record is given in Table A.1 in Appendix A, which lists
the variable name, number of array elements, and a brief description of each field in the record. Note that some
of the fields are arrays and contain several quantities. The measured outside wall temperature array, for example,
1s an array containing 18 elements, each representing either the east or west side of the test section at one of the
nine axial locations (see Fig. 6).

More general information is stored externally to the program in two comma-delimited files. The file
“thtldata.csv” stores the test section dimensions for each test section used in the THTL facility. The file
“datapts.csv” stores information about the data points of interest for each of the data files taken at the THTL
facility.

The THTL program uses several internally defined variables to aid in calculation of the desired parameters.
Most of these variables are arranged and stored in records that serve to associate variables of similar function.
Table A.2 in Appendix A lists these variables.

6.3 GLOBAL CALCULATIONS

Some of the basic parameters of interest, such as average heat flux and heat losses to the atmosphere, can
be determined from global measurements. These global parameters also serve as the basis of the initial guesses
made for bulk temperatures, wall temperatures, and other local parameters that require iteration.
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6.3.1 Average Heat Flux and Total Heat Loss
The total heat lost to the atmosphere is calculated by first finding the total power generated.
Q.. = IE . 2

where [ is the current and E is the voltage drop in the test section. The total heat loss is found by comparing
the heat generated in the test section to the bulk enthalpy rise in the coolant flow.

The definition of Q,,,, also serves to provide the heat loss fraction,

_ GA, G (T, T,)

=1 , 3
les ng ( )
o - Qlaws ( 4)

lass ng *

and the average heat flux for the test section:

- ng—Qlws - ng(l_alms) (5)
T2 PL |

6.3.2 Heat Redistribution

The purpose of the heat redistribution parameter is to consider the heat lost from the spanwise centerline
of the test section. As shown in the lower part of Fig. 13 and discussed in Sect. 6.4.3, the THTL data reduction
calculations assume 1-D heat flow from the outside wall to the coolant flow. Unfortunately, the experimental
results so far obtained indicate that a significant fraction (5-15%) of the heat flow distributes itself spanwise
as shown in the upper portion of Fig. 13. This is due to less heat generation (see Fig. 13) and cooler
temperatures in the semicircular section, as well as the high thermal conductivity of the aluminum. If the heat
redistribution is not properly taken into account, the best estimates of the internal wall temperature and heat
transfer coefficient are in serious disagreement with accepted correlations. The Petukhov heat transfer
coefficient, for example, is known to be accurate within 10%, but is consistently 10-50% low when compared
to the THTL best estimate if heat redistribution and oxide film buildup are not properly taken into account.

The THTL data reduction model provides an estimate of the heat redistribution fraction based on the
following assumptions.

1. The Petukhov heat transfer coefficient correlation is an accurate predictor under THTL conditions. This
assumption was verified by a previous report.
2. The heat redistribution profile is linear with axial distance and zero at the inlet.

A weighted average of the ratio of the measured-to-predicted heat transfer coefficient is made for the test

section to obtain the average heat redistribution. The local heat redistribution is a linear function with a value
of zero at the test section inlet and twice the average at the exit.
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Fig. 13. Schematic of test section heat flow distribution.

Although the heat redistribution fraction, &,,,, and the heat loss fraction, «;,,,, are treated similarly, there
is a fundamental difference between them that should be noted. The heat loss fraction represents heat that
escapes to the atmosphere and never reaches the coolant flow. The heat redistribution fraction represents heat
that is removed from the centerplane of the test section span in the rectangular portion of the cross section. This
redistributed heat is not lost but is rather added to the coolant at a slightly dlfferent location. The bulk
temperature profile is not affected by the amount of redistributed heat.

6.4 LOCAL CALCULATIONS

The local heat flux, heat transfer coefficient, wall temperatures, and bulk temperatures are all implicit
calculations, therefore an iterative scheme is used as a solution method. The equations listed in the following
sections are solved repeatedly until convergence is reached. The convergence criteria is that all local heat
fluxes in the jth iteration must agree within 0.01% with the local heat fluxes in the (j-1) iteration.

6.4.1 Local Power

There are two methods for calculating the local generated power. The older method uses a temperature
dependent correlation for electrical resistivity in the aluminum wall to find the locally generated power. In late
1994, local voltage drop measurements were added to the THTL facility so that the local power could be
calculated without the aid of a correlation. The present THTL data reduction program allows either method
to be used if the voltage measurements are available.

When the local voltages are not measured or used, the resistance method is used to find the local power.
The electrical resistivity of the aluminum test section is calculated based on an empirical curve fit.
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py = 10%(3.9+0.011T) . (6)

The local resistance of each axial section, 7, is therefore

Pa L,
R =t @)

X3

In order to maximize the use of measured quantities, the local generated power is calculated based on the total
applied power and the ratio of the local resistance to the total test section resistance.

3 ]
v—i | . (8)

=V =]
@ IR,

i

When the local vbltage measurements are available, the resistivity calculation becomes unnecessary. The local
generated power is simply

g =1Y €)]
6.4.2 Local Heat Flux

Once the local power is obtained, the local heat flux for each of the cross sectional sections (average,
rectangular, semicircular) can be found based on the local heat loss factor a,,, the heat redistribution factor,
&,..» and geometrical considerations. The average heat flux over the entire cross sectional area is simply

_00-a,)

qw.i BLWL

(10)

The rectangular and semicircular sections of the cross sectional area can be considered parallel paths with
respect to the electrical flow, so that the current in each section is determined by the ratio of that section’s area
to the total area. The local heat flux to these sections is therefore

Q (1 )AfC
- —_—
. - lass Am . (11)

h.rcLi

Note that g, is the heat flux applied in the rectangular section that serves to increase the bulk fluid
enthalpy. The span-wise centerline heat flux, which is used to calculate the wall temperature and heat transfer
coefficient as described in Sect. 6.3.2, must also account for the redistribution of heat.

A
(1-e,)(1-,,) —
e “ A (12)

Drc,mid = P L

hre~i
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6.4.3 Temperatures

A 1-D conduction model through the aluminum wall with internal heat generation is used to calculate the
temperature at the aluminum/oxide interface based on the measured temperature on the exterior of the test section
wall (see Fig. 5). Since the thermal conductivity of aluminum is dependent on the aluminum temperature, the
average aluminum temperature must also be calculated.

9 mid, it
T =T I AL Ll 3R (13)
al - ’
av, a ai-ox,i 3kav
where
~ q . 'd,it
Tal-ax,i - Tm - __’"2_']:7::_v___ (14)
and
k, = 15693 + 0.18738 7, , - 0.00025238 Tavz,az . (15)
T .0 1S the temperature at the aluminum/oxide interface.

The temperature at the wall/fluid interface is modeled with a 1-D conduction calculation through the oxide
layer.

qrc,mid,i tox
Twall,i = TaI—ax,i - _-k— * (16)

where the conductivity of the oxide is assumed to be 2.25 W/m°C. ,
The bulk temperature increase in an axial segment is calculated using the locally applied heat flux and a
segment average value for specific heat. The resulting equations are solved iteratively.

quhLi '
Ty, =Ty * GAC (7
s p

where L, is the segment length, A is the flow cross section, and G is the mass flux.

The predicted heat transfer coefficient is calculated using the Petukhov correlation with the Filonenko
corrclation for the Darcy friction factor. The measured heat transfer coefficient is calculated using the best
estimate values for heat flux, wall temperature and bulk temperature.

hm,i = ._____ o (18)

6.4.4 Pressure

One of the boundary conditions in the THTL data reduction program is that the local axial pressure must be
constant across the span. Therefore, it is assumed that the semicircular section has a slightly lower mass flux than
the average, while the rectangular section has a slightly higher mass flux than the average. This correction factor
is found iteratively by ensuring that the exit pressure predicted for the rectangular section matches within 0.1%
that of the semicircular section.
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The pressure drop in the channel is composed of gravitational, frictional, and convective acceleration
components. The acceleration component is due to the decreasing density of the coolant flow as the
temperature increases in the channel. :

P .=P‘—AI}—AP - AP,

as,i ini acc g
L 2 (19)
R - ciqy1 I WS I P
d 2pi Par Pin

The Filonenko correlation is used to calculate the friction factor, f.

Before September 1992, the pressure in the THTL facility was measured in an inlet pipe before the channel
cross section was reduced to the 1.27-mm gap in the main channel. For these cases, a further form loss is
introduced in the entrance reduction and exit enlargement sections so that the length over which the pressure
drop is predicted and measured is compatible. Beyond September 1992, the pressure taps were placed in the
inlet and exit flanges where the gap was equivalent to the main channel.

6.4.5 Oxide Thickness

In the original THTL data reduction program, the oxide thickness was assumed to be 2 pm for the entire test
section. Later versions incorporated the ability to change the oxide thickness locally, and the present version
will change the oxide thickness automatically to force the best estimate of the heat transfer coefficient toward
that predicted by the Petukhov correlation (see also Sect. 6.3.2).

T = _ qrc.nid.i tax,i = T + qrc.m'd.i

i = Ly bi (20)
N * kax hod.i
k(T, .. -T) k
tmi - al -ax, bi’ (2.3 . 1)
- Gre,mdi Ly
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7. SCOPE OF TESTS PERFORMED

The current THTL (Figs. 3 and 4) and test section designs (Figs. 5 and 6) are the result of a number of initial
shakedown and benchmark tests, which led to successive modifications in both the loop and the test section
design. Initial emphasis was placed on the FE phenomena at nominal conditions. The first goal was to proceed
from low levels of heat flux and velocity and then extend the tests to the extremely high levels required by the
ANSR operating conditions. A total of 22 FE tests and 2 CHF tests were completed during FY 1994 and 1995.
The FE experiments completed so far are within the following T/H conditions:

« coolant; light water, upward flow

* inlet coolant temperature: 45°C (some at 40°C)

» exit coolant pressure: 1.7 MPa (some at 0.45 and 0.17 MPa)

» local (exit) heat flux range: 0.7-18 MW/m?

» corresponding exit velocity range: 2.8-28.4 m/s

+  channel configuration (Figs. 5 and 6): rectangular 1.27 x (12.7 and 25.4) x 507 mm

Table 1 provides a summary of all the tests performed so far, including those of FY 1994 and FY 1995, with
the key features indicated for each test. These tests fall into one or more of the following categories:

+ shakedown and benchmark tests,

* nonpower pressure-drop tests,

+ heat loss tests (“dry tests”),

+ oxide-layer and water chemistry tests,
= nondestructive flow excursion tests,

»  ANS nominal conditions,

+  ANS off-nominal conditions,

+ destructive flow excursion tests,

+ critical heat flux tests, and

+  wider span tests for scalability.

In the following section, the results of these tests will be discussed.
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8. RESULTS OF THTL EXPERIMENTS

The results of the experiments will be presented and discussed in this section. The destructive and
nondestructive FE experiments and a single CHF test will be discussed first, followed by the supporting
experiments. Some anomalies and discrepancies in pressure drop, wall temperature, oxide buildup, and heat
losses observed during some of the experiments were discussed in the FY 1993 Progress Report (Siman-Tov
et al., 1994). Data analysis, correlation comparison, and conclusions will then follow.

8.1 NONDESTRUCTIVE FLOW EXCURSION TESTS

Most of the data taken in FY 1994 and 1995 were targeted for determining the thermal limits near or
around the ANS nominal conditions, especially at very high heat fluxes and for the wider span test sections. .
The results of the FE tests performed so far are summarized in Table 2. Those performed during FY 1994 and
1995 are also represented in Fig. 14. The figures provide plots of the test section pressure drop vs velocity for
constant heat fluxes as listed and for a single nonpowered case. Additional information on each run can be
found in Tables 1 and 2. It was general practice to recheck a few of the pressure drop measurements as velocity
was increased along the demand curve following the sequence where velocity was decreased to find the
minimum. In some cases, the runs were duplicated for confirmation. The differences found in the velocities
at the minimum pressure drop points were generally small, and the above-quoted velocities represent average
values when multiple velocity measurements were made. However, in the high heat flux cases of 13 and
14 MW/m?’, pressure drops were higher when measurements were repeated for the same velocities. The heat
fluxes indicated for each of these curves are nominal average values. The actual local heat fluxes close to the
exit (where the FE phenomena is supposed to start) are indicated in Table 2 as the q",,;, values, which are
higher than the average in all cases as a result of the aluminum resistivity change with temperature. As
illustrated in Figs. 14 and 15, the minimum points are clearly identifiable, and a true CHF (or the subsequent
expected burnout) was not encountered before that minimum (the point where FE would occur) in any of the
experiments.

Acquiring FE data at this level of heat fluxes and velocities is of significance for two reasons. First, to the
authors’ knowledge, no data are available for velocities higher than 10 m/s (Duffey and Hughes 1990; Lee,
Dorra, and Bankoff 1992; Rogers and Li 1992) except those reported by Waters (1966) at 16 m/s in
experiments supporting the Advanced Test Reactor. Second, the heat fluxes achieved are beyond the ANS
nominal peak heat flux of 12 MW/m’” and almost as high as the ANSR local hot channel peaking factor of
18 MW/m? The corresponding limiting velocity tested is about 20 m/s, well below the ANS nominal velocity
of 25 m/s. This implies, on a preliminary basis, that a good margin exists at the ANSR operating velocity. The
THTL data taken so far is presented in Fig. 16 on a subcooling vs velocity plot mapped with various regimes
of the ANSR possible operational requirements.

8.2 DESTRUCTIVE FLOW EXCURSION AND CHF TESTS

In addition to the above FE experiments, which are based on the minimum pressure drop (nondestructive
tests), a number of destructive (actual burnout) tests were performed to compare true CHF using a “stiff”
system to both destructive (actual burnout in a relatively “soft system”) and nondestructive FE tests (minimum
pressure drop in a “stiff” system). A total of three destructive FE and three true CHF experiments were
performed so far, and the results are presented in Fig. 17.
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Table 2. THTL critical data points for flow excursion and CHF tests.

q"avg q"exit Vexit AP ts P:xi Tbulkxxil ATslh.exil Heat
TSD Test Case | (MW/m?) MW/m?) (m/s) (MPa) (MPa) °C) °C Loss %

TSD-3/C FEN17B 7.6 79 144 0.296 1.721 182.5 22.7 7.6
TSD-3/C FEN17C 10.6 11.3 20.0 0.508 1.693 178.1 264 6.4
TSD-3/C FEN20A 12.0 13.6 219 0.604 1.725 178.6 26.9 6.3
TSD-3/C FEN20B 13.7 16.0 23.5 0.742 1.712 180.0 25.2 4.8
TSD-3/C FEN30A 13.6 15.8 236 0.754 1.709 180.7 244 4.6
TSD-3/C FED15B 11.6 13.0 19.7 0.545 1.706 181.9 23.0 .55
TSD-3/C FEDI15C 13.0 14.7 21.4 0.632 1.719 181.3 24.1 S.1
TSD-3/C FED17A 144 16.1 235 0.747 1.685 176.8 27.7 6.1
TSD-3/C FED28B 14.6 155 23.0 0.765 1.723 181.1 244 5.5
TSD-3/C FE105B 9.0 9.9 15.4 0.359 1.721 173.6 31.6 6.2
TSD-3/C FE105C 12.7 14.3 20.1 0.657 1.722 179.1 26.3 4.9
TSD-3/C FE105D 14.8 16.3 23.1 0.919 1.707 182.5 22.6 4.4
TSD-3/D FE114B 10.8 11.8 20.1 0.567 1.713 181.9 23.2 4.8
TSD-3/D CF115B 11.8 13.0 19.8 0.628 1.709 186.1 18.9 4.2
TSD-3/D CF115B* 11.8 13.0 14.5 1.262 2.840 209.2 21.6 4.5
TSD-3/E FE210B 114 13.9 20.1 0.618 1.718 178.2 27.1 5.9
TSD-3/E FE212A 12.1 13.3 19.3 0.653 1.708 185.2 19.7 5.6
TSD-3/E FE212A* 12.1 13.0 17.8 0.785 1.738 194.8 10.6 7.4
TSD-3/F FE318B 1.9 2.2 5.0 0.078 0.445 132.7 15.1 124
TSD-3/F FE318B* 2.1 2.3 4.5 0.106 0.451 142.2 6.0 16.4
TSD-3/G FE330A 12.0 14.0 21.1 0.577 1.709 174.7 30.3 3.6
TSD-3/G FE331A 12.0 13.7 19.6 0.549 1.698 1784 26.3 8.8
TSD-3/G FE331A* 11.5 12.4 18.3 0.634 1.708 181.8 22.8 9.6
TSD-3/] FE712B 1.7 1.9 2.9 0.033 1.695 183.1 21.1 12.2
TSD-3/J FE713B 0.7 0.7 2.8 0.025 0.175 100.1 16.2 15.1
TSD-3/1 FE714B 4.3 5.0 8.6 0.142 1.700 174.3 30.2 6.5
TSD-3/] FE714C 6.4 7.2 11.6 0.248 1.701 182.3 22.2 5.5
TSD-3/] FE715B 9.2 10.8 16.6 0.440 1.709 177.0 279 3.1
TSD-3/] FE719B 11.7 14.8 20.1 0.634 1.673 176.8 27.1 3.8
TSD-3/K FE324C 5.6 6.5 94 0.137 1.726 182.8 22.0 7.7
TSD-3/K CF328A 12.3 13.8 19.3 0.592 1.715 181.2 23.6 6.7
TSD-3/K CF328A%* 10.5 11.0 14.0 1.098 1.850 208.8 -0.3 6.2
TSD-3/L FE511B 14.7 15.5 25.0 1.074 1.700 185.8 20.3 5.2
TSD-3/L FES11C 16.8 17.9 284 1432 1.680 184.3 21.6 5.2
TSD-4/A FE620B 4.3 4.6 6.3 0.026 1.723 188.7 16.3 5.0
TSD-4/A CF622B 6.5 7.1 9.7 0.103 1.726 185.9 19.2 4.2
TSD-4/A CF622B* 6.1 6.4 5.4 0.352 1.997 212.3 0.0 11.0
TSD-4/B FE224A 5.5 6.0 8.7 0.161 1.699 185.3 19.8 12.8
TSD-4/B FE613A 2.3 2.8 4.3 0.041 1.677 165.2 384 27.3

I. Inall cases the inlet temperature is nominally 45 °C, except for FE318B where the inlet temperature is 40°C.
II. The critical point refers to the minimum pressure drop data point for mest Flow Excursion tests. The asterisk (*)

symbol refers to a true destructive burnout.
III. TSD-3 has a span of 12.7 mm; TSD-4 has a span of 25.4 mm.
IV. Nomenclature:

(All values refer to the critical data point)

q"ave average nominal heat flux
q"exit local exit heat flux

Vexit exit coolant velocity

APy test section pressure drop
Pexit exit pressure

Thulk exic exit bulk coolant temperature.

ATsubexis exit subcooling
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8.2.1 Burnout CHF Tests

The three CHF experiments were performed in a “stiff” system with a closed bypass line. The occurrence
of CHF was clearly identified in the experiments by a rapid burnout and failure of the test channel. The CHF
shows an average of about 30% additional margin in velocity for the two regular span tests and about 40% for
the single wide-span test compared to the FE values at the minimum pressure drop, which are clearly
identifiable in Fig. 17. This large margin between CHF and FE was somewhat surprising. The CHF results for
the regular span tests agree quite well with data by Boyd (1989) taken under similar conditions but with
subcooling of 65°C (compared to no subcooling in our experiment). Comparison of these THTL experimental
results with either Boyd’s test or ANSR nominal conditions also is not quite proper because the exit subcooling
levels are much lower for the THTL experimental case. To achieve CHF with all the conditions similar to those
of Boyd or nominal ANSR (including exit subcooling), a much shorter test section length is necessary.
However, under such conditions, the expected CHF would be even higher.

It should be noted that these results are preliminary and a number of factors must be taken into account
in evaluating the data. The local heat flux at the exit end of the test section is normally higher than the channel
average heat flux because the coefficient of electrical resistivity for aluminum varies with temperature. Under
such conditions, it is expected that the CHF burnout will occur at or very near the end of the heated channel.
Inspection of the channel after opening showed, however, that the CHF burnout occurred about 2.5 cm
upstream of the channel exit (the channel was missing from ~1.5 cm to 3.5 cm from the outlet end). This could
be due to conduction cooling effects of the relatively massive electrode flanges that form the boundary for the
“heated” length (see Sect. 6.2). This cooling effect reduces the heat flux actually transferred to the coolant near
the exit, and the internal wall temperatures are artificially lowered, sometimes to levels below the temperatures
observed upstream. In addition, the spanwise heat losses suggested by the oxide layer-profile observed on the -
test channel wall probably need to be accounted for.

The main conclusion from these tests is a confirmation of the assumption (also demonstrated by other
researchers under different T/H conditions) that the minimum pressure drop technique for determining FE
conditions is a conservative way to determine the FE point since it implies a complete constant pressure
boundary condition as will be the case for an “infinite bypass.” Increasing the bypass ratio from 2.6 to 6.1 gave
a closer agreement with the minimum point, but higher ratios will apparently be needed to get a closer match.
This, however, is not necessary if we accept the conservatism involved in the minimum pressure drop
approach.

8.2.2 Burnout Flow Excursion Tests

Three destructive FE experiments were performed in a *‘soft” system, but each with a different bypass ratio
(BPR), as indicated in Fig. 17. The tests were designed to compare the nondestructive FE test (based on
minimum pressure drop criteria) with an actual destructive FE in order to validate our belief that the minimum
in the pressure drop vs flow rate curve of a single channel represents a true FE condition for multiple channels.
Three BPRs of 1.1, 2.6, and 6.2 and the results were discussed in Siman-Tov et al. (1994).

8.3 SUPPORTING TESTS AND OBSERVATIONS

A number of tests were performed primarily to investigate some assumptions and unusual observations.
Those discussed in the 1993 Progress Report (Siman-Tov et al., 1994) included pressure and temperature
measurements, oxide layer build-up, axial and spanwise heat redistributions, and heat losses to flanges and the
massive electrodes. One major concern involved some inconsistent T/C measurements evidenced by both large
differences between “redundant” T/Cs (east and west) and by inconsistencies in measurements along the
channel. Therefore, some experiments during 1994-1995 were performed and sequenced to help investigate
these inconsistencies. These included some experiments with AP vs V data at no power, followed by sequences
with power but no boiling (FE323A at 6 MW/m? and FE324A at 12 MW/m?), and finally with power, boiling,
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and the standard flow excursion minimums (FE324C at 6 MW/m? and CF328A at 12 MW/m?). One reason
for performing these tests in such a sequence was to investigate the causes for inconsistencies in the T/C
measurements that we have observed in the past, evidenced by large differences between “redundant” T/Cs
(east and west) and along the channel. These differences seem to increase with temperature and were as high
as 25-30°C, although most were below 10°C. Analysis of the T/C data indicates that the main problem might
be inconsistency in the T/C’s contact resistances.

Figure 18 shows, for the no-boiling test FE324A (12 MW/m?), the temperature difference between east
and west plotted against the average temperature at each T/C elevation (marked by section number). As can
be seen, in almost all cases, this difference increases with the average temperature, indicating a possible effect
of contact resistance variations. Sections 1, 7, 8, and 9 have different T/C types on east and west, and, indeed,
the average temperature for those locations are the highest. However, this does not seem to be the only
contributor to those discrepancies. Figures 19-22 show the temperatures measured, the temperatures that could
be expected in the corresponding T/C locations based on Petukhov heat transfer coefficient (if no oxide layer
is present and no span-wise heat redistribution is assumed), and the temperature difference between east and
west, for four data points from four different successive tests. There was no boiling for any of the four data
points. The first and the third have the same T/H conditions and so do the second and the fourth. The following
conclusions can be derived from these plots:

1. The differences between east and west are consistent in all four cases and also with what was presented
in Fig. 18. That probably implies that those differences are primarily a result of differences in T/C contact
resistance (especially locations 1, 7, 8, and 9 which have different T/C types in east and west).
Improvement in T/C contact resistance could possibly be achieved by changes in spring tension and/or use
of T/C contact cement.

2. The measured temperatures increase with time (sequence of tests) for the same T/H conditions (compare
the first test to the third at 6 MW/m? and the second test to the fourth at 12 MW/m?), especially toward the
channel exit. This probably implies that the oxide layer builds up continuously with time and that the
growth rate is higher toward the exit where the temperatures and heat fluxes are higher.

3. The first test (FE323A05) did not have much time for any oxide buildup and the temperature differences
between east and west T/Cs are small in comparison to the overall differences between predicted and
measured. This implies that the heat flux at the T/Cs midplane is lower than calculated from the electric
field, even after reducing the overall heat losses to the outside (about 6.7% in this case). This additional
“heat loss” may be in the form of heat redistribution from the T/Cs midplane in the span-wise direction
that is dumped into the colder fluid at the corners of the channel. Assessment of this heat redistribution
indicates an approximate level of about 12% heat redistribution in addition to the 6.7% of heat loss to the
outside of the test section.

4. Approximate post-test measurements of the oxide layer thickness at different elevations for different test
sections indicates a general trend of oxide buildup with time and temperature. The thickness measurements
(admittedly not very accurate) range as high as 22 microns. These measurements confirm the general
conclusions expressed above. The oxide layer thicknesses involved can easily explain much of the gap
between expected and measured temperatures (depending on how much heat redistribution is assumed).

The above analysis indicates that we have four sources of errors: (1) heat losses to the outside of the test
section, which is not uniform and is much larger toward the channel exit (the total, however, can be calculated
with relative confidence); (2) heat redistribution in the span-wise direction from the T/Cs midplane to the
colder fluid in the channel comers; (3) a relatively fast oxide layer growth rate that is especially high toward
the channel exit (the probable cause for this accelerated oxide buildup is the pH level, which is currently not
controlled and is at higher levels than the pH of 5 used in the corrosion test loop and nominally specified for
the ANSR); (4) inconsistencies in T/C measurements resulting probably from imperfect T/C contact resistance.
Even though all four factors seem to be important, the dominating uncertainties are in heat redistribution and
oxide buildup.

38




*SUOI}BAJ[? 3[dNOJ0ULIIY) SNOLIBA JB SIPIS JSIM PUE JSEI UIIM)I] SIOUIIIYJIP aampesadway painsedajy gy -Sid

(Do) 3mpusadura ) 93vaaay
oce 01¢ 067 oLT 0ST 05T 01z 061 oLY
" go t t + + + o1-
" o
NI 1 B T
w3 PIW N TS
P PAYTIL
TO
EPATOL
Qpomnge> é Sotatnsoo® =
»n
ammane? . TPATDL Ts %
i & . 2 2

o000 O W O 2!%%.‘8‘%0 SPAT DL 3
° T OX -
$PAI DL 8

T ST

@ o0, 0 WO oo oS o
LPAYTDL Cogl\.l% ; Ob\s_- ]
™ ° | o 0
oMme° 61PAYI DL [ PAYT DL
doy uwonaag sy, mopog uoRdg 1L
: ST

Burrog oN L W/MIN TI ‘VHTEAS




Oa) "L~ "L

"SOVEZEHA Yutod 153) J0§ suonipuod Suijiog-ou j& saamyesadurd) pajdadxa pue panseapy 6 314

(w) 3dumnq [erxy
S0 Sy°0 L) $¢°0 £0 sT'0 To sT'o 1’0 $0°0 0
00°9- + + " + t + + + = 00°STI
o
00y~ 2duanbag apdnodouriay | uasoy)
o T 00°0¥1
ooz f % SO ————
000 T T 00°SST
00°T ;
00°F - T 00°0LY
00°9
; T 00°S81
008 §:
o001 ?ON UORE[ILI0D AOYNIIJ IY) WO passy . 1 o000z
~ auneRduR ] [ IpISinQ pajdIpILd
0071 fod
T .u .,. T 00°S1T
0o'vi | SHUAWIINSBIP] D) I, UL)ISIA O
SHUIWAINSBIJ] D I, ULASBT ©
0091 00°0£7

S/W SL9T=A LUW/MIN 9=,,b

(Do) saanjeaadma ], pajdipald pue paInseay

40




(o) ™*L-""L

00°01-

"YOVHTEA Juted 159) oy suonipued Sujioq-ou je sainjesadwa) payradxa pue painsedp] "7 ‘Siy

() duwysi(q perxy

$£0 £0 sTo To S1°0 10 $0°0

0

00's- t

00°0 |

00°S 1

00°01 <

00°ST -

00°07 1

00°s7

i
L4

i i $
L 4 T T L4 4

2duanbag sjdpodourrayy uasoy)

UOHB[21I00 AOYNJIJ Y} U0 passy .
umerdwa g, [l IpIsinQ pajdrpalg K

SHDWAINSEIP] D)1, WI)SIA| O

SIVIWAANSVIP D ], WIdsE ©

-

i

4

3

|

00°0LY
- 00°061
" 00°01T
0005z
- 00°0ST
- 00°0LT
" 00°06T
- 00°01¢

- 00°0€€

S/W € IE=A LW/ MIA Z1=,.b

00°0S€

(Do) seamieaadwa pajdIpaly puE painseajal

41




O0)™*L-"™L

S0

"§00pZEd A Yutod 359) J0j suonipuod 3ujioq-ou je saanjeraduid) pajdadxa pue paanseapy 7 ‘S

() 2duBsi( [eIXY

¥o SE0 £0 STo (4] ST'0 10 $0°0

i
T

0
00°sC1

00°9-

00'y-

00°T-

00°0

00T t

& It I i
L4 T T L4

n
T

Jduanbag jdnodoumriay ], uasoy)

eamessmcesacant,

UONE]2.110D AOIDINJIJ 34} UO pasey .
aunjedwa I [lep PISINQ PAIPIL] .

SHUAWAINSBIP] D ], UIPSIM O .
SHUIWAINSEIP] D) I UI)s6Y ©

- 00°0¥1

N

- 00°SST

i

" 00°0L1

T 00°S8I

- 007007

L

" 00°S1T

00°0¢7

S/W SL 9 =A LW/MIN 9=,,D

(Do) sermersdwa ] pajdIpald PuUE PAINSEI
42




‘POVSZEAD u—-_o& )59} J0J suonpuod M-_:maﬁ.cﬂ je m@hﬂuﬂhuﬂsvu ﬁ@uuwﬁkm pue paansesjz ‘¢ .m_r.m

(w) 2sugysiq erxy
S0 S¥'o 1 4] SE0 £0 ST0 0 S1°0 1’0 $0°0 0
00°01- t t t + + + ; + t 0LY
s>uanbag sjdngromsay ] wasoy) Q
T 061
00°S Py -
: -~ T 012
00°0 1 :
n. 1 0€7
00° | 1 0st
0001 § P 1oLz
HT Ve UOHE[ILIOD AOP M3 9N} UO paseg " -y |
N /7 ° aumesadwa ] jjsp 2pISInQ papoIpaag [ 067
oosy v\ 0/ '
LR
Nipe v fors
00°07 | < :
.n_ SHTIWINSBI] D ], WINSIAN O T 0¢€
° ' SHUUWAINSBIN D I, WINYSB ©
00'S2 _ 0SE

S/ S IE=A SW/MIA T=,.b

1pald puB paInseaj

(Do) seameaadma ], pajd

43




Another type of unusual behavior occurred during the test CF328A. The intent in this test was to continue
to CHF after achieving the FE minimum. However, as indicated earlier, the approach to the test section failure
was not as normally would be expected for a CHF test. With no change in pump speed and the bypass being
completely closed, a velocity decrease started at ~13 m/s and intensified gradually down to ~11.5 m/s when
the test channel failed (evident by steam release but no dramatic sound or light). Post-test inspection of the test
channel and the transient data close to the failure time were used to develop a scenario of the event. The flow
started to decelerate as the resistance to flow in the test section increased with additional vapor generation.
Since the pump speed was maintained constant and the bypass was closed, the flow decrease probably occurred
because of some “softness” in the pump itself (the pump characteristic not quite having a constant flow with
pressure-drop). At a velocity of ~11.5 m/s, a crack occurred in the test section that compromised its pressure
boundary to atmospheric pressure, causing both inlet and exit pressures to decrease in a way that the net
pressure-drop also decreased. Being in the two-phase mode, the flow accelerated up to the “minimum” point
of the test section demand curve and then decelerated as the system pressure continued to fall (Fig. 23). The
power cutoff was triggered by low pump suction pressure caused by the decreasing test section exit pressure.
The maximum temperature recorded was only 374°C, well below the melting point. However, because of the
time response of the Tcs, this does not exclude a very brief and local temperature spike, which can explain the
limited melting observed in a single small spot on the back of the test section. The conclusion so far, however,
is that we had a partial slow “flow excursion” (decrease in velocity) leading to a thermal stress (crack) failure
of the test section at a point very close to CHF (but not a typical CHF, which normally involves an extreme
temperature excursion and melting, especially if the material is aluminum).

8.4 EVALUATION OF EXPERIMENTAL UNCERTAINTIES

The uncertainties in the THTL experiments are discussed and evaluated in Sect. 6 as part of the data
reduction process. As can be seen in Table 3, the standard deviation in the final calculated parameters, the St
number and the Nu number, are in the 6-6.5% range. This is relatively low level for such a complicated set
of experiments.




oney ssedAg

(s/m) L120)9A

(e gA) 2anssaxg

.
.

a1nje} 0} 350> (VEZEAD) $159) IHD Pue pI-LLHL Ul 101ABYdq JudIsuBL], €7 "SI

auny .
00:01:11 0£:60°11 00:60°11 0£:80:11 00:80°11 0£:L0:11 00:L0:11 0£:90°11 00:90:11
T " bt ; " et —t + 0
ﬂ . .
opey ssedig :
° P et o 8o 8 Bt s oo b
i l’ljv - - - . o - ]
[ / Aonl..\\lllll\lll!llllll\lll . -
'. - - - — - o - - - —————e_ X L
(AR S sangesadway jug \ 1 05
r A . - T Ty G W T any D WD - W o
” A ST 4
p i di doiqg amssaag :
] ojey ssedAg amssaad Ixy ]
aunssald vy
»
9 1 w5
1 001 3
1 aungesadwa] yxy o 33
. . 2E
g | 35
o
o1 { J
+ 051
u
| 1
i amngesadwia Xy 007
o1

45




Table 3. U factor” statistics for Costa, S&Z, and Modified S&Z correlations®

Peclet Correlation Data # Points Average SD* S.D. %
range range

Costa THTL data 28 1.30 0.35 23.4

All data 633 1.18 0.76 64.6

V>8m/s 104 1.87 0.78 41.9

V<8m/s 529 1.04 0.68 65.2

Saha & Zuber THTL data 28 1.07 0.24 22.4

Pe>70,000 All data 633 1.40 0.73 51.7

(Stanton

V <8m/s 529 1.40 0.75 53.1

Modifted Saha & Zuber THTL data 28 1.03 0.16 15.9

All data 633 1.02 0.30 297

V>8m/s 104 1.10 0.20 18.6

V< 8 m/s 529 1.00 0.31 315

Saha & Zuber THTL data 3 0.75 041 54.9

Pe <70,000 All data 168 1.28 0.85 66.4
(Nusselt -
Con’clation) MOdlﬁed Saha & Zuber THTL data 3 0.62 031 509
All data 168 0.84 0.55 66.0

“U = Experimental heat flux/predicted heat flux.

®S.D. = Standard deviation of U.

“Excludes a data point with very low exit subcooling of 0.14°C (see Fig. 4). This data, if included, will
increase considerably the S. D.s for the Costa and S&Z correlations and somewhat improve them for the
proposed modified correlation.
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9. DATA COMPARISON AND CORRELATION

The THTL data was compared with a number of correlations in order to select the most appropriate one
for the ANSR application. The selected correlation was further evaluated by comparison to the much larger
ANS data base for FE and OSV from the open literature. As a result, a modified Saha & Zuber correlation was
proposed for the ANSR application. This process will be briefly covered in the following sections. A more
detailed description of this material is given by Siman-Tov et al., (1991, March 1995, April 1995, and 1996.)

9.1 COMPARISON OF DATA TO CORRELATIONS

The collected data so far, including the FE tests under normal conditions (THTL-13), were plotted for
comparison to selected correlations in Fig. 24. The uncertainty bars for each test reflect uncertainties connected
with nonuniform axial heat losses and internal spanwise heat redistribution in the test section, as discussed
previously in relation to multidimensional effects. The comparisons are made with correlations by Costa
(1967), Whittle and Forgan (1967), and Saha and Zuba (1974). The Costa correlation is the one currently being
used for the preliminary ANSR T/H design and analysis. Whittle and Forgan (W&F ) and Saha and Zuber
(S&Z) correlations are widely used in the United States, with the S&Z correlation being well established in
many computer codes for nuclear safety analysis. For a given coolant (water), physical properties, and
geometry (L/D = 199.6), all three correlations can be rearranged and simplified to the same general
formulation, as follows:

4.
—_— = CV" . 22
T - T, @2

where C = 1/0.0128 and n = 0.5 (Costa); C = 1/0.0382 and n = 1.0 (S&Z); and C = 1/0.0427 and n = 1.0
(W&EF).

In the Costa correlation, the FE heat flux is proportional to the square root of velocity, whereas both W&F
and S&Z (as well as most other FE correlations) show a linear dependence. Based on this formulation, the
Costa correlation will yield the same result as the W&F correlation at a velocity of 11.1 m/s and, in
comparison, will be too optimistic (higher heat flux) at lower velocities and too conservative at higher
velocities (33% more conservative with respect to W&F at the ANSR nominal velocity of 25 m/s). The Costa
correlation will show the same trend when compared with the S&Z correlation, except that the equality will
occur at 8.9 m/s. At 25 m/s, the Costa correlation will be ~40% more conservative with respect to the S&Z
correlation.

Since the above correlations are based on data for relatively low velocities (maximums of 9.14, 7, and
7.66 my/s for W&F, Costa, and S&Z, respectively), it is quite interesting to see the trend of our data in terms
of dependence on velocity. As can be seen in Fig. 24, all three correlations seem to be generally conservative
when compared with the data, with S&Z being the most accurate. Excluding three of the four data points taken
with test section TSD-3/B (a possible anomaly with this test section is being investigated), the agreement with
S&Z is quite good, with the correlation skirting the lower bound of the data. The nominal conditions data
points (indicated in the figure by TSD-3/J) are in good agreement with S&Z and W&F correlations but show
again the Costa correlation to be too conservative in the high-velocity range but (unexpectedly) somewhat
optimistic at the lower-velocity range. The FE heat flux dependence on velocity seems to be between 0.5 power
(Costa) and 1.0 (S&Z and W&F), more nearly in the 0.8-0.9 range. This heat flux estimation is in agreement
with the conclusion recently arrived at by Lee and Bankoff (1992) and Rogers and Li (1992), who relate the
heat flux to the turbulent heat transfer coefficient, which is approximately proportional to the 0.6-0.8 power
of velocity. As indicated before, the actual correlation of the ANSR FE data will be postponed to a later stage.
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An interesting comparison of the FE data and the single CHF data point with the Gambill/Weatherhead CHF
corrclation is presented in Fig. 25. As can be seen, the FE data show quite a good agreement with the
Gambill/Weatherhead CHF correlation, whereas the correlation is about 50% conservative in relation to the single
CHF data point taken so far. This could indicate that the Gambill/Weatherhead correlation is more closely
representing FE phenomena than CHF (depending on how “soft” the actual experimental system may have been).
More CHF data are required (as is indeed planned) to come to any reliable general conclusion on the CHF
correlation performance.

The above data comparison supported a shift from the Costa correlation to the S&Z correlation for the
ANSR, especially since the nominal conditions of most of the accident scenarios analyzed in the ANSR involve
rather high mass fluxes. Although it is a reasonable selection based on direct data comparison, the W&F
correlation was not selected because of its global rather than local nature. This characteristic of the W&F
correlation becomes a major liability for nonuniform heat flux distributions, which exist both axially and span-
wise in the ANSR and when statistical uncertainties are applied in the analysis.

The S&Z correlation seems to be a good selection for the ANSR conditions because it represents the data
quite well over the entire range of interest. However, the limiting heat flux based on the original S&Z correlation
1S very sensitive to the subcooling value at low subcooling and decreases to zero as subcooling reaches zero. This
is obviously unrealistic since the FE heat flux cannot be lower than the IB heat flux. Therefore, it became useful
to plot the THTL data in terms of the St and Nu numbers (which are the selected dimensionless groups in the
original S&Z correlation) against subcooling as shown in Fig. 26.

As can be seen in the figures, there is a clear trend for the St number to increase with declining subcooling,
particularly at lower subcoolings. In addition, it should be observed that by definition both the St and Nu numbers
must become infinite when the subcooling is zero, which contradicts the constant values for these paramcters
suggested by the onginal S&Z correlation. On the other hand, as can be seen from Fig. 27, the data does not show
any meaningful trend of St with respect to velocity. These observations provide a strong case for modifying the
S&Z constant St number (0.0065) and constant Nu number (455) criteria, in relation to subcooling, especially
in the low subcooling range.

9.2 PROPOSED APPROACH TO CORRELATIONS

A limited investigation led-to recommended preliminary modifications to the S&Z correlation. A best fit was
developed based on the 505 data points of the ANS data base for FE presented by Siman-Tov et al. (1995),
including 26 data points from THTL. Under guidelines and constraints listed in Siman-Tov et al. (1995), the
following subcooling correction factor was employed to improve the original S&Z correlations for the ANS
applications:

St = ¢"(G C, AT,,) = 0.0065 n_, | Pe < 70,000 ; (23)

Nu = ¢ D, (kAT ,) = 455 0 Pe < 70,000 ; (24)

sub

where 7, = 0.55 + 11.21/AT,,, (1, being the proposed subcooling correction factor).

Figures 28 and 29 show the selected modified correlations in terms of St number and Nu number,
respectively, against the expanded ANS data base (802 data points, including 31 from THTL tests). Table 3
provides the statistics for the modified S&Z correlation in terms of mean and standard deviation, as well as for
the original S&Z and Costa correlations for the same data base.
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The following comments should be noted concerning the proposed modification.

As seen in Table 3, the modified S&Z correlation provides considerable improvement in the uncertainties
compared with either the original S&Z correlation (especially at low subcooling) or the Costa correlation
(especially at high velocities). The mean and standard deviation in St numbers were 1.07 and 22%,
respectively, when comparing them with the modification. Comparison with the worldwide data base
showed a mean and standard deviation of 1.4 and 52%, respectively, for the original S&Z correlation and
1.02 and 30% for the modification. .

The original S&Z correlation (using St and Nu numbers) for predicting OSV were modified based on a
mixture of actual FE and OSV data. Therefore, the modified correlations here are probably more reflective
of FE than of OSV.

There is a definite advantage for the ANSR analysis to treat the statistical uncertainties in at least two
velocity zones: low velocity (V < 8 m/s) and high velocity (V > 8 m/s). The cormrelation uncertainties for
the second zone, which includes the ANSR nominal and early transient conditions, are considerably lower
than those of the first. '

Fitting the correction factor with the data was constrained to be common to both St and Nu numbers.
Emphasis was put on achieving a better fit with the St number, resulting in a compromise for the Nu
number. '

A modification to the S&Z correlation for predicting FE was proposed to account for the trend of increased
St and Nu numbers with reduced subcooling and also to be consistent with the definition of these two
parameters. The proposed modification provides better agreement and smaller standard deviations than
either the Costa or the original S&Z correlation, based on both the THTL data and the broader ANS data
base.

The results of the four wider span tests performed show results with a somewhat higher St number.
However, they are not inconsistent with the rest of the data. Additional tests were planned to confirm this
conclusion.

Although a modification to the S&Z correlation was proposed for FE prediction, final correlation of the
data for FE and CHF was not fully completed.
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10. SUMMARY AND CONCLUSIONS

The initial focus of the THTL experimentation for the ANSR was the determination of thermal limits
under ANS nominal conditions using water as the coolant. Plans included additional experiments to be
performed with the existing facility and test section design to capture the onset of IB, the single-phase heat
transfer coefficients and friction factors, and the two-phase heat transfer and pressure drop characteristics.

Also under consideration were plans for off-nominal conditions experiments, including low-flow tests
simulating shutdown and refueling conditions, low-pressure conditions simulating LOCA and other selected
quasi-equilibrium situations encountered during transient scenarios, the effect of oxide buildup, the effects of
different materials and surface roughness, and the effect of heavy water on the thermal limits (CHF, FE, and
IB).

Other experiments would have required modifying the THTL facility, including adding new test section
designs to accommodate additional requirements. This program included a full-span, single-sided heated
channel to determine the level of lateral flow mixing in the channel and confirm the effects (or lack thereof)
of channel span, a two-sided half-length heated channel to test the effects of the lateral and axial heat flux
distributions, and a full-span single-sided heated channel to test the effects of hot spots and hot streaks on the
CHF and FE thermal limits, respectively.

The ANS Project was closed at the end of FY 1995, and many of the plans were not 1mplemented
However, the following intermediate conclusions could be derived from what was implemented so far.

1. A THTL facility was constructed with special consideration to ensure the capability to operate the loop
in three different modes—stiff for CHF tests, modified stiff for nondestructive FE tests (detected by a
minimum in pressure drop), and soft for actual FE burnout tests to most accurately simulate the muitiple
parallel channel configuration of the ANSR. The THTL includes a bypass line in parallel to the test
section; a large, nearly positive displacement pump providing almost constant mass flux; a reduced piping
volume upstream of the test section; and a significant pressure drop across the flow control valve upstream
of the test section.

2. Although the experiments performed so far are in thelr initial stages, preliminary conclusions were derived
by comparing the data to three well-known FE correlations: Costa (1967), Whittle and Forgan (1967), and
Saha and Zuber (1974). All three correlations seem to be generally conservative when compared with the
data, with the best agreement occurring with the S&Z correlation. The FE heat flux dependence on
velocity seems to be somewhere between the 0.5 power (Costa) and 1.0 (S&Z and W&EF), lying nearly in
the 0.8-0.9 range proposed by the more recent correlations of Lee and Bankoff (1992) and Rogers and Li
(1992).

3. Acquiring FE data at this level of heat flux and velocity is of great significance for numerous reasons.
Most of the available FE data is in the low-velocity (<10 m/s) range. The data reported in this report are
beyond any previously available, except those reported by Waters (1966) in support of the Advanced Test
Reactor. The heat flux achieved (18 MW/m? at the exit) is well beyond the ANSR nominal peak heat flux
of 12 MW/m* and almost as high as the ANSR hot channel peaking factor heat flux (peak heat flux with
uncertainties). The true CHF (or the subsequent expected burnout) was not encountered before the
minimum pressure drop (FE) point in any of the experiments performed thus far. Furthermore, three true
CHF experiments showed a 30% to 40% margin compared to corresponding FE critical velocity and a
50% margin compared to the ANSR nominal velocity. On a preliminary basis, this result implies the
existence of a good safety margin in the ANSR operating velocity for both thermal limits.

4. Some difficuities were encountered in temperature measurement, oxide layer buildup, and 3-D heat
redistribution that complicated the data reduction and analysis. Those difficulties were taken into account
during the data reduction process.

5. A modification to the S&Z correlation for predicting FE was proposed to account for the trend of increased
St and Nu numbers with reduced subcooling and also to be consistent with the definition of these two
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parameters. The proposed modification provides better agreement and smaller standard deviations than
either the Costa or the original S&Z correlation, based on both the THTL data and the broader ANS data
base.

The results of the four wider span tests performed show results with a somewhat higher St number.
However, they are not inconsistent with the rest of the data. Additional tests were planned to confirm this
conclusion.

Although a modification to the S&Z correlation was proposed for FE prediction, final correlation of the
data for FE and CHF was not fully completed.
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Appendix A

THTL Data Deduction and Analysis Model
(J. L. McDuffee)







Table A.1. Measured Data List and Description

Variable Name Array Measured / Description
Elements | Calculated

RecordTime 1 M time that the data set was taken (hh:mm:ss)
TT(101 To 118) 18 M external wall temperature (°C)
TE119 1 M lower aluminum bus temperature (°C)
TE120 1 M upper aluminum bus temperature (°C)
TE121 | M upper aluminum bus temperature (°C)
TE202C 1 M pump suction temperature (°C)
TES00 1 M letdown line temperature (°C)
TE201A 1 M bulk fluid inlet temperature (°C)
TE202A 1 M bulk fluid exit temperature (°C)
TE201B 1 M bulk fluid inlet temperature (°C)
TE202B 1 M bulk fluid exit temperature (°C)
PT202 1 M exit pressure (MPa)
BypassRatio 1 M bypass ratio (--)
PDT101 1 M inlet to exit differential pressure (MPa)
PT200 1 M pump suction pressure (MPa)
PT500 1 M test section inlet pressure (MPa)
Velocity 1 C inlet coolant velocity (m/s)
FT201 1 M inlet volumetric flow rate (I/s)
FT202 i M bypass inlet volumetric flow rate (I/s)
AT400 1 M pH (--)
CT400 1 M coolant electrical conductivity (LS/m)
TSPower 1 C calculated test section power (kW)
PT203 1 M test section exit pressure (MPa)
IE101A 1 M current for power supply #1 (A)
PumpSpeed 1 M pump speed (%)
IE101B 1 M current for power supply #2 (A)
FCVposition 1 M flow control valve position (% closed)
EE101 1 M test section voltage drop (V)
gflux 1 C average heat flux (MW/m?)
TT130 1 M top flange temperature (°C)
TT131 1 M bottom flange temperature (°C)
JTI101A 1 M calculated power (kW)
ET(201 To 210) 10 M local voltage drop (V)
Vtotal 1 C sum of local voltage drop (V)
Empty(60 To 65) 6 - future expansion slots




Table A.2. Variable Definitions Used In the THTL Data Reduction Program.,

Name | Description
PointID: Data Set Identification

Date test date
Case *3 test case and number, e.g. “A01,” “B11,” etc.
PRNfile * 11 name of file that holds measured data, e.g. “FE32494.pm”
MaxPoints(1 To 6) number of selected data points for up to six cases
DataPosition(6, 30) | record numbers for each selected data point for up to six cases
TSD_Name * 3 test section name, e.g. “3/C”
TSD_Num test section number
Measured: Interpreted Measured Data
Tin inlet bulk temperature (°C)
Texit exit bulk temperature (°C)
Teast(1 To 9) east side external wall temperature (°C)
Twest(1 To 9) west side external wall temperature (°C)
Pin inlet pressure (Pa)
Pexit exit pressure (Pa)
dP test section pressure drop (Pa)
G total mass flux (kg/m?s)
TotalPower total test section power (W)
Amps test section current (A)
Voltage test section voltage drop (V)
Volts(1 To 9) local voltage drop (V)
Power(l To 9) local power (W)
Options: user options
InletTemp inlet temperature is TE202A, TE202B, or average
ExitTemp exit temperature is TE202A, TE202B, or average
gMethod local heat flux based on local voltage measurements or aluminum
resistivity '
PowerSource describes whether one or two power sources are used
PowerRun if true then test is a powered run
SumVolts if true then the sum of local voltage drops is used for total voltage drop
INele A number of axial elements
AutoLossSC if true then heat redistribution is automatically estimated
AutoOxide if true then oxide thickness is automatically estimated
AutoHtLoss if true then heat losses are automatically estimated
SpecialX x-coordinate used in transient graphics
SpecialY y-coordinate used in transient graphics
Predictor if true then Predictor capability is on
CritPt thermocouple number where critical point is expected
FreeVar designates the variable changed during a prediction sequence for a
critical point
CritVar 1B, FE, or CHF
TS: overall test section quantifies
Locat(1 To 9) thermocouple location (m)
Lele(1 To 9) length of an axial segment (m)

A4




Name Description
thal thickness of the aluminum wall in the flats (m)
xa thickness of the aluminum in the semi-circular section (m)
xb rectangular extension region distance in semi-circular section (m)
gap | test section gap (m)
span test section span in the rectangular section (n_
Acs cross sectional area aluminum test section walls (;Z)
L test section length (m)
FlowRatio mass flux in rectangular channel / average mass flux
Koxide oxide conductivity (W/m°C)
INele number of axial segments
Heater: test section heater characteristics
tspwr power delivered to the coolant (W)
Power(1 To 9) local power delivered to the coolant (W)
TotalLoss total heat loss / total applied power
TotalLossSC heat redistribution / total applied power

Floss(1 To 9)

nonuniform heat loss function

Loss(1 To 9)

local heat loss

LossSC(1 To 9)

local heat redistribution to semi-circular channel

Oxide(1 To 9)

local oxide thickness (m)

Tmeas(1 To 9)

local measured outside wall temperature (°C)

Tpred(l To 9)

local predicted outside wall temperature (°C)

Tav(l To 9)

average aluminum temperature (°C)

Talox(1 To 9)

aluminum / oxide interface temperature (°C)

Twallm(1 To 9)

inside wall temperature based on external wall temperature (°C)

Twallp(1 To 9)

inside wall temperature based on bulk coolant temperature (°C)

HTCp(1 To 9)

predicted heat transfer coefficient (W/m2 °C)

HTCm(1 To 9)

measured heat transfer coefficient (W/;2 °C)

Section: local quantities for rectangular, semi-circular, and average channel

gflux(1 To 10)

local heat flux (W/m?)

Pout(0 To 10)

exit axial segment pressure (Pa)

Ptc(0 To 10)

pressure at the thermocouple location (Pa)

Pexit

test section exit pressure (Pa)

G

mass flux (kg/m2s)

Tbulk(0 To 10)

bulk temperature at thermocouple location(°C)

Tout(0 To 10)

segment exit bulk temperature (°C)

Stanton(0 To 10)

local Stanton number (--)

gqFEsz(0 To 10)

flow excursion heat flux based on Saha & Zuber correlation (W/m?)

gFEmsz(0 To 10)

flow excursion heat flux based on Modified Saha & Zuber correlation
(W/m?)

qIB(0 To 10)

incipient boiling heat flux based on Bergles & Rohsenow correlation
(W/m?)

gCHF(0 To 10)

critical heat flux based on Gambill / Weatherhead correlation (W/m?)

Dh

hydraulic or equivalent diameter (m)

Peri

heated perimeter (m)

Aflow

bulk flow area (m°)
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