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ABSTRACT

The U. S. Advanced Liquid Metal Reactor (ALMR) which is based on the
modular PRISM concept utilizes passive safety characteristics to simplify the
reactor design and enhance its safety performance. The relatively small size of
each reactor facilitates the use of strong negative feedback with rising temperature
for inherent reactivity control and direct, natural air cooling for decay heat removal.
The tall, slender reactor geometry of the ALMR enhances uniformity and stability
of internal flow distribution during steady state operation and natural circulation
flow during transient conditions. The flow uniformity and low operating pressure
and temperature of the reactor contributes to high structural margins. A number
of experiments and associated analyses have been performed to evaluate natural
convection and thermal-hydraulic phenomena experienced under decay heat
removal conditions. This paper summarizes these various efforts as described
separately below and presents the main results.

1. INTRODUCTION

The ALMR Plant [1] has three redundant methods for shutdown heat removal: 1) the normal
heat transport system including the primary and secondary sodium systems, steam generator
system, and condenser, 2) an auxiliary cooling system (ACS) which removes heat from the steam
generator outside surface by natural convection of air and transport of heat from the core by
natural convection in the primary and intermediate systems, and 3) a safety-related Reactor Vessel
Auxiliary Cooling System (RVACS) which removes heat passively from the reactor containment
vessel. The combination of one active and two passive systems provides highly reliable and
economical shutdown heat removal.

It is the use of the modular plant construction concept as adapted for the ALMR that has
enabled the use of the entirely passive safety-related RVACS. The practicality and economic
viability of the use of RVACS for decay heat removal decreases with increase in reactor module
rating. It is currently believed that the use of RVACS is advantages up to a reactor module rating
of 500 MWe based on current technology. For larger module ratings, the size envelope or volume
of the reactor vessel starts to increase faster than that required to accommodate the in-vessel
components. Proposed air-side heat transfer enhancement methods may eventually allow the
economic and practical use of RVACS for somewhat large reactor modules. However, for all the
large monolytic plant concepts in the 1200 to 1500 MWe rating range being studied in several
nations today, the use of RVACS is not practical. Instead, the use of multiple, naturally circulating
heat removal loops, often referred to as the Direct Reactor Auxiliary Cooling System (DRACS),
has emerged as the preferred safety-related shutdown heat removal system concept. Much work
has been performed world-wide to demonstrate that such systems can provide highly reliable as
well as passive shutdown heat removal for LMRs.

The task of demonstrating the acceptable performance of shutdown heat removal systems
- adapted for the US ALMR modular concept and the DRACS type approach adapted for large
monolytic plants has many similarities but there are some differences. The process of transferring
heat from the core to the first stage heat sink by in-vessel natural circulation in sodium is similar
for both concepts. However, even in this process there are differences in that for RVACS this heat
sink is distributed over the entire reactor vessel whereas with DRACS the heat sink is quite
concentrated at specific locations, i.e., at the in-vessel sodium-to-sodium heat exchangers. It is in
the second stage of the heat removal process, i.e., the transfer of the heat from the first heat sinks
(reactor vessel or sodium-to-sodium heat exchanger) to the ultimate heat sink (atmospheric air) that
the differences are more pronounced. In RVACS, this second stage of the heat removal process
involves thermal radiation from the reactor vessel to the containment vessel, thermal radiation from
the containment vessel to the surrounding collector cylinder, and finally, natural convection heat
transfer from these surfaces to environmental air by natural draft. In the DRACS type system, the
heat is transported from the in-vessel heat exchanger preferably by natural convection in sodium
loops to a sodium-to-air heat exchanger and from there to the ultimate heat sink preferably by
natural convection air draft. All stages of the heat removal process must be evaluated to
demonstrate to the regulatory authorities and to the public that decay heat can be removed safely.

In this paper, summary descriptions are given of: 1) the ALMR shutdown heat removal
system and the performance, and 2) experimental and analytic studies performed in support of the
concept since about 1985. The work performed in many cases builds on experience developed in
the US during various earlier LMR projects and studies too numerous to cite in details here. In
other cases the development work is quite unique to the current ALMR and very little experience
base is available world-wide. Finally, future plans for continued development in support of the
concept are outlined.

2. ALMR SHUTDOWN HEAT REMOVAL SYSTEM

Summary description of the ALMR Shutdown Heat Removal System (SHRS) and its
performance during normal and expected operating conditions are given in the following.

2.1 SHRS Description

Reactor shutdown heat is normally removed by the turbine condenser using the turbine
bypass as illustrated in Fig. 2-1. An Auxiliary Cooling System (ACS) is provided for cases when,
due to maintenance or repair needs, an alternative shutdown heat removal method is required. The
ACS induces natural or forced circulation of atmospheric air past the shell side of the steam
generator as indicated in Fig. 2-1. The ACS consists of an insulated shroud around the steam
generator shell with an air intake through the annulus at the bottom and an air exhaust stack and
isolation damper located above the steam generator building roof. Normal, natural circulation ACS
operation is initiated by opening the damper. ACS operation in a natural circulation mode,
supplemented with the safety-related RVACS which is always operating, has the capability to
maintain reactor temperatures well below design limits. To increase the ACS heat removal rate and
reduce maintenance outages, an auxiliary fan, located in the stack, may be activated. In the natural
circulation mode, only the exhaust stack damper is open and the auxiliary fan does not operate.

In the unlikely event that the Intermediate Heat Transport System (IHTS) becomes unusable,
for example because of a steam generator leak driven actuation of the rupture disk or sodium dump
in response to a main pipe leaks, the reactor will scram in response to a loss of the normal heat
sink and the RVACS will passively remove the residual heat.
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The RVACS can dissipate all of the reactor decay heat through the reactor and containment
vessel walls to the ambient air heat sink by the inherent processes of natural convection in fluids,
heat conduction in solids, thermal radiation heat transfer, and convective heat transfer. Operation
of RVACS is explained using the diagram of Fig. 2-2. Heat is removed from the core and
transported to the reactor vessel wall by natural convection of primary sodium. Two alternate
sodium flow paths exist in the vessel during most of the decay heat removal period. Initially, the
sodium flow path is the same as that during normal reactor power operation as indicated in Fig. 2-
3., i.e. from the core upwards to the hot pool, then down through the two Intermediate Heat
Exchangers (IHXs) to the bottom of the vessel and then upward into the pump duct. The sodium
then enters eight inlet pipes which lead to the high pressure core inlet plenum.

An alternate, second sodium flow path shown in Fig. 2-4 becomes available after sodium
temperatures have increased and the corresponding sodium volume expansion has resulted in
overflow through slots provided in the reactor vessel liner. This alternative, slightly more efficient
overflow path is downward through the annular gap between the reactor vessel and its liner where
the sodium gives up some of its heat to the reactor vessel wall prior to exiting at an elevation near
the EHX outlets. The remainder of the flow path is the same as during normal operation.

Heat transport through the reactor and containment vessels is by conduction, while from the
reactor vessel to the containment vessel heat transport is mainly by thermal radiation (only 3
percent is by natural convection in the argon-filled space between the two vessels). Thermal
radiation heat transfer is promoted by providing high thermal emissivity coatings on the heat
transfer surfaces. The surface coating consists of an oxide layer generated in conjunction with the
normal heat treatment process of the vessels.

In the last stage of the heat removal process, naturally convecting air removes heat from the
containment vessel and collector cylinder and dissipates the heat to the ultimate heat sink
(atmospheric air) as indicated schematically in Fig. 2-2. Atmospheric air enters the RVACS
through eight inlet openings in the tornado hardened concrete chimney structures protruding about
13.7m above grade level. It is directed downward into the lower of two horizontal plena and from
there into the annular region between the concrete reactor silo and the collector cylinder (cold air
downcomer). This incoming air turns around at the bottom of the silo and enters the 0.178m
annular gap between the containment vessel and the collector cylinder (hot air riser), where it is
heated by the hotter, surrounding steel structures. The air heating provides the natural draft needed
to maintain air flow in this loop. The heated air flows into the outlet plenum and from there it is
discharged to the atmosphere through four outlet stacks as indicated in Fig.2-2.

The air inlet and outlet openings are protected by heavy steel screens or gratings with
openings small enough to prevent large objects from entering. The openings are also protected to
limit harmful amounts of rain and snow from entering the RVACS. As an additional precaution, a
sump pump is available at the bottom of the reactor silo (not shown in Fig. 2-2) to remove any
water that might enter by seepage, floods, etc., in such quantities that it is not evaporated by the air
stream and the hot steel structures located in the cavity.

The RVACS operates continuously but functions at its intended high heat removal rate only
when the normal and ACS decay heat removal systems are inoperative and the reactor system
temperature increases. The basic RVACS heat removal capability is self-regulating with the reactor
temperature. Thus, the heat removal rate is only 0.7 MWt during normal operation temperature
conditions (0.15% of power produced) and increases to about 2.8 MWt at the higher temperature
experienced during RVACS only transient in which both the condenser and ACS are not available.

2.2 SHRS Performance

Average reactor core sodium outlet temperatures are given in Fig. 2-5 for various plant
operating states. Normally, the shutdown decay heat is removed via the steam generator and
condenser. The reactor can be cooled down following reactor shutdown to the desired temperature
level as quickly as is practical. In the event normal condenser cooling is not available, the ACS is
activated which along with the RVACS and expected heat losses in the IHTS prevent significant
sodium temperature increase above the normal operating temperature and cools the plant down in
about 5 days.

In the event that the RVACS is the only decay heat removal system available as a result of loss
of sodium in the IHTS, reactor sodium temperatures will rise slowly as indicated in Fig. 2-5. The
slight discontinuity in the heatup curve at about 5 hrs indicates the onset of reactor vessel liner
overflow and establishment of the slightly more efficient heat removal sodium flow path indicated
in Fig. 2-4. A peak sodium temperature of about 607°C is reached about 28 hrs into the transient
when a slow cooldown transient starts. It would normally take about 60 days to cool the plant
down to about 316°C which is the steam generator system temperature required to refill the IHTS
with sodium and thus re-establish the normal heat removal path. Current studies indicate that the
RVACS only heat removal event would be very infrequent. However, the addition of a non-safety
related auxiliary decay heat removal system arranged in conjunction with the primary sodium
cleanup loop has been under active discussion for use in reducing plant outages during IHTS and
steam generator maintenance operations and to reduce temperatures and cooldown times should
the number of RVACS only transients be larger than expected.

The basic RVACS thermal performance as well as its capability to perform its safety-related
function during off-normal or degraded operating conditions have been studied extensively [2-6].
Results of these studies show the RVACS is very robust and very tolerant to many postulated
accident conditions including, severe air flow path blockages injestion of sodium aerosols, reactor
cavity flooding and other highly unlikely operating conditions. It is concluded that the RVACS
represent a highly reliable shutdown heat removal system that will perform its safety related
function well under severe and unexpected operating conditions.

3. SHRS DEVELOPMENT SUPPORT

A number of experiments and associated analyses have been performed to evaluate natural
convection and thermal-hydraulic phenomena experienced in the ALMR under steady-state
transient and decay heat removal conditions. Many of these efforts focused on evaluating specific
phenomena unique to the ALMR whereas others would apply more generally to all LMRs.
Examples of unique features evaluated are: 1) long-term natural convection heat transport from the
core to the rather distributed heat sink provided by the reactor vessel and 2) air-side heat transfer to
naturally convection cooling air in the RVACS ducts. On the other hand, one would expect
transition from forced flow, full power operation to natural convection operation to be somewhat
similar for the RVACS and DRACS approaches.

Brief summaries of supporting experiments and analyses for the ALMR are presented in
Table I. The table also give the present status of these efforts and what the overall objectives are.
Summary results for all tasks are provided in the following.



Table I
Tests Performed in Support of the ALMR

Test Status

1
CD
<XJ

I
1

ANL Water Simulation Test

- 1/5.24 Scale Model
of ALMR

ETEC Sodium Model Test

- Scale Model of Configur-
ation Similar to ALMR

FFTF IDS Air Natural
Convection Test

- Air-side Heat Transfer Test
in the Interim Decay
Storage (IDS)
Vessel at FFTF

ANL Air-Side Test

- Prototypic RVACS
Configuration Simulated

- First Operation 1986,
Phases I and II completed
1987

- Phase III planned
- COMMIX Analysis

for Phases I and II
completed

- First Operation 1987,
Phase I completed 1988

- Phase II planned
- COMMIX Analysis for

Phase I completed

- Tests conducted and
completed during 1985

- First Operation 1986
- Phase I Test Series

Completed 1988
- Phase II Planned

Objectives

Conduct transient and steady-
state thermal-hydraulic water
flow and low-flow natural
convection operation tests for
assessing factors influencing
thermal-hydraulic perform-
ance, reactor cool-ability and
structural thermal distribution.

Generate sodium temperature
field and flow distribution data
for a variety of transients, use
data to support validation of 1-
D and 3-D computer codes.
Desmonstrate performance of
RVACS/DRACS Systems.

Provide early air-side heat
transfer data for use in
prototype RVACS design.
Demonstrate air cooling
system operation in a system
with many characteristics
similar to RVACS

Provide air-side heat transfer
data for geometris simulating
ALMR RVACS. Specifically,
determine in-depth data for a
range of key parameters that
cover the RVACS operating
range for application to
RVACS design

3.1 ANL Water Simulation Test

In 1985, the Argonne National Laboratory (ANL) initiated a water test program utilizing its
Mixing Components Test Facility (MCTF) to support the needs of the ALMR program. The
broadly stated objectives of this program are to use the MCTF for transient and steady-state
thermal-hydraulic water flow tests to explore important high- and low-flow natural convection
operation scenarios for assessing factors influencing thermal-hydraulic performance, reactor
coolability, and structural thermal distributions.

Phases I and II of a multiphase program aimed at establishing the reliability and inherent
safety of the ALMR were completed in 1987. A third phase of the planned program focusing
specifically on the transition to natural circulation and the long-term decay heat removal by
RVACS was delayed.

3.1.1 Model Description

A complete geometric model was built because the thermal-hydraulic performance of one
subregion of the prototype under a variety of conditions will depend upon the conditions prevailing
elsewhere in the reactor. Besides geometric similitude, both Richardson number and Euler number
(exactly at 10% flow only) similitude were maintained during testing.

The similarity between model and prototype and the tradeoffs for various model designs and
sets of facility control parameters were evaluated systematically. The collective consideration of
the resulting information led to fixing the ALMR model design to a geometric scale of 1/5.24 of
the prototype.

The ALMR test model shown schematically in Fig. 3-1 is constructed of transparent plastic
materials. All major in-vessel components are represented except the active IHX heat sinks which
were not available for the Phase I tests. The model pictured in Fig. 3-2 fits in a two-piece,
cylindrical 1.06-m tall steel vessel with large transparent windows that are used for laser flow
visualization. The reactor core is simulated by a 60kW electrical-resistance immersion heater with
computer-interfaceable Silicone Control Rectifier (SCR) power control.

Computer-controlled forced flow is provided in two ways: for low-flow conditions, (less than
10%) for in-vessel pumps (propellers driven by 0.25 -hp dc motors with SCR controllers) are
used; for high flow conditions, the MCTF water loop shown in Figure 3-3 is used. Computer
control of the immersion heater and pumps allows transient simulations. Heat sinks were installed
in the two EHXs for the Phase II testing. Further details of the model design and operation are
given in Refs. [7-9].

3.1.2 Test Program

The Phase I tests facilitated the shakedown process and the development of control features
and subsystems which have been incorporated in the test model. These tests also highlighted
specific thermal-hydraulic phenomena of potential interests to designers. A series of 18 tests were
conducted in the following general categories: (1) isothermal flow distribution, (2) hot plenum free
surface behavior, (3) constant-flow thermal transients, (4) natural convection flows and (5) mixed
forced/natural-convection flows.

A total of 20 tests were conducted during Phase II of the test program. These represented five
prototypic duty cycle transients chosen because of their severity or frequency of occurrence. The
transients simulated were: (1) Plant unloading at 3% per minute from 100 to 25% power (Event
A-4), (2) Reactor trip from full power with maximum decay heat (Event B-1A), (3) Loss of power
to one primary pump (Event B-3B), (4) Loss of feedwater to all modules supplying one turbine
with scram after steam generator dryout (event B-5B), and (5) Loss of feedwater to all modules
supplying one turbine with 30 second delayed scram (event B-5B).

3.1.3 Test Results

A summary overview of results from all tests is presented in the following. More detailed
results are provided in Refs. [7-8], Results from the tests support the acceptable thermal hydraulic
performance of ALMR concept.

1. Under isothermal constant-flow conditions at 10% or less of simulated prototype flow, a
stagnant recirculation region was observed in the bottom of the lower plenum while the region
above was well mixed. At higher flow rates all regions of the lower plenum and in the upper
plenum were well mixed.



2. In all constant-flow, thermal-upramp tests (5, 15, 30 and 60%) of simulated full flow with a
16.7°C step change in temperature a cold, thermally stratified stagnant region formed below
the radial shield bottom edge in the lower plenum as in the isothermal tests. However, the
cold stagnant region formed at flow rates greater than 10% because of the strong thermal
buoyancy forces which oppose the downward-acting inertia forces of the fluid. The lower
plenum above the stratification interface as well as the upper plenum were well mixed at all
flow rates. The presence of the cold stagnant region did not affect or prevent flow through the
core. In general, thermal up-ramps in the lower plenum tended to produce a region below the
active flow region that was stratified. An example of how the cold pool stratified region
developed is given in Fig. 3-4. Locations of the thermocouple numbers referred to are
indicated in Fig. 3-1.

3. Flow caused by natural convection currents was found in the overflow gap during the
constant-flow, thermal-upramped tests. The presence of such natural convection flows should
be beneficial in providing high RVACS cooling capacity and vessel heat losses for cases with
no overflow through the gap.

4. Preliminary evaluation of results for transient B-1 A, corresponding to a reactor trip from full
power with maximum decay heat showed no evidence of thermal stratification in the lower
cold plenum, but stratification was observed in the upper hot plenum. An example of how the
hot pool stratified following a scram transient is given in Fig. 3-5.

5. Reverse flow in the shutdown pump during transient B-3B, corresponding to the loss of
power to one primary pump, was observed during portions of the transient as the relative
strengths of the buoyancy and inertia forces changed.

6. Steady-state flow patterns in the Upper Internal Structure (UIS) indicate a slowly rotating
body of fluid within the UIS, with some fluid near the slot being entrained by the flow in the
annular gap around the UIS. Net axial up-flow within the UIS configuration tested in
relatively low.

3.1.4 COMMIX Analysis

An analysis of the 15% constant flow thermal up-ramp transient experiment discussed
previously was performed with the three-dimensional thermal hydraulic analysis code COMMIX-
1A [9]. The objective was to determine how well COMMIX-1A could predict the thermal
hydraulic performance of the model for this quite challenging problem with a known stratification
interface. Initial calculations were performed using a full geometry model with 2602
computational cells and mesh size in R-9-Z directions that were relatively coarse.

The calculated transient temperature histories at selected points along the water flow path were
compared with the measured data. The COMMIX-1A calculation predicted the formation of a
stagnant zone in the lowermost part of the cold pool just as in the experiment and the calculated
temperature histories were in excellent agreement with the measured data everywhere except in the
stagnant zone.

The poor match between experiment and prediction within the stagnant zone was not
unexpected since COMMIX-1A code version used employs a one-parameter turbulence model
which is known to be inadequate for problems with steep gradients. Attempts were made to
improve the model prediction by using finer axial mesh structures in the stagnant zone, inclusion
of heat sources that had originally been neglected and an enhanced turbulent thermal conductivity.

A final analysis of thermal up-ramp transient was performed in the new full geometry model.
The calculated global temperature histories were found to be in excellent agreement with the
corresponding measured data even in the cold pool stagnant and thermally stratified zone. An
example of this excellent agreement is shown in Fig. 3-6. It should be noted that improvements
have been made to the COMMIX code since this analysis was performed.

3.1.5 Summary

Results of tests performed to date show that the thermal-hydraulic performance of the ALMR
concept is excellent for a wide range of expected operating conditions and thermal shocks to
components during transients are mild. The results confirm the analysis assumptions made in the
design and no unusual or unexpected phenomenon that affect core coolability was discovered.
Thermal stratification was measured in the lower part of the cold pool during thermal up-ramp
transients while other portions of the hot and cold pools were well mixed. The potential effect of
the stratification on structures in the prototype are negligible because of the relatively infrequent
occurrence of thermal up-ramps to the cold pool. In addition, a simple design change can be
incorporated in the design by extending the outer shield liner to near the bottom of the vessel thus
eliminating the inactive stagnant zone altogether. Analysis of an up-ramp transient using the
C0MMIX-1A code shows good agreement with measurements even in the observed stagnant zone
when all physical phenomena were included in the modeling.

3.2 ETEC Sodium Model Test

A natural circulation test using sodium with a scale model of the reactor internals and heat
removal by RVACS and DRACS was initiated in 1987 at the Energy Technology Engineering
Center (ETEC). The overall objective of these tests was to generate sodium temperature field and
flow distribution transient data with RVACS and/or DRACS heat removal for use in validating 1-D
and 3-D computer codes. Phase I of this test was completed in 1988 and further efforts on this
test were delayed at that time.

3.2.1 Model Description

The reactor sodium model consisted of a pressure vessel containing an internal structure
typical of an LMR, but not identical to that of the current ALMR. The elements of the reactor
internal structure are indicated in Fig. 3-7. The sodium model test configuration shown in Fig 3-8
consists of an approximately 3m high sodium tank with an outside diameter of about 0.9 lm. This
tank is surrounded by a guard vessel which in turn is surrounded by an air collector shell. The gap
between the guard vessel and the air collector shell forms the air flow path that removes the decay
heat. The air is released to the atmosphere through a 15 m high stack. Air circulation can be
entirely by natural circulation (as in RVACS) or forced air circulation can be provided by a blower.

The reactor core was simulated by seven electrically heated rods (heater zone in Fig. 3-7).
The power input was such that the heat flux out of the test vessel is of the same order as that
expected out of a reactor pool tank at decay heat power levels. The Heat Exchange (HX) is
simulated by three coaxial pipes. An external sodium loop is provided (see Figure 3-8) that
transports the heat to a sodium-to-air heat exchanger by forced or natural convection to simulate
the DRACS heat removal function. The two inner pipes form the secondary sodium flow path.
The primary sodium flows through the annulus between the second and third pipes of the heat
exchanger. During the RVACS tests there was no heat removal by the secondary sodium. A
cylindrical shell positioned 12.5mm away from the inner surface of the sodium tank, simulated the
overflow liner.



A simple sketch of the test configuration showing the main flow paths is given in Fig. 3-9.
During a test, the sodium was heated in the core region and flowed into the hot pool by natural
convection, then flowed into the cold pool through the primary side of the heat exchanger before it
re-entered the core region through the two core inlet pipes. The sodium level can rise over the top
of the overflow liner upon heating creating another sodium flow path connecting the hot and cold
sodium pools through the gap between the overflow liner and the sodium tank as in the prototype
ALMR design.

Sodium temperatures were measured at different radial, azimuthal and vertical locations by a
total of about 190 thermocouples positioned on thermocouple trees and other structures as
indicated in Fig. 3-7. In addition, 7 sodium velocity probes were installed to measure sodium flow
velocities at strategic locations for use in determining sodium mass flow rates for code validation.

The reactor internals model was designed to maintain geometric similarity between the
prototype and the model to the extent possible. This was accomplished by maintaining ratios such
as the hot pool height to cold pool height ratio and the distance between core inlet and redan to the
distance between HX exit and redan ratio the same for the model and prototype. It is not feasible
to obtain similarity in the usual similarity parameters, e.g. the Richardson number, Euler number,
and the Pecklet number in a scale sodium model. As a point of reference, the scaling ratio for the
model to and ALMR prototype was about 1/6. Instead, the basic similarity criteria followed in the
test design was to maintain the ratio of individual pressure drops to the core pressure drop the
same for both the model and prototype. This can be stated as

prototype

AP:

APcorei model

(1)

where APj represents pressure drops of various components in the primary sodium flow path
outside of the core. Thus, direct transfer of the test model results to the prototype is not possible
although many general characteristics of the model behavior would also be expected in the
prototype. However, by utilizing the test data to validate 1-D and 3-D codes, these codes can be
used to analyze the prototypic system thus serving as a means of transferring test results.

The sodium model did not have equipment to facilitate simulation of the coastdown and
transition to natural circulation transients. Rather, a test was initiated by starting the electric core
heating at time zero in one step with approximately uniform sodium temperature of about 350°C in
the vessel. This would result in a relatively short rapid transient followed by a longer-term, slow
heatup transient similar to the RVACS transient experienced in the prototype. Brief summaries of
the test configuration and the results are given in Refs. [10-11]

3.2.2 Test Program

A series of tests were conducted in the sodium model facility for a wide range of parameters.
The simulated core power levels tested were nominally at or near 25 kW, 50 kW and 75 kW. The
test series included tests with RVACS only, both RVACS and DRACS, and DRACS only
removing heat. RVACS only tests were conducted with natural and forced convection air cooling
from different isothermal initial sodium temperature levels. The initial sodium level relative to the
elevation of the overflow liner flow slots at the top was set to simulate no liner overflow, delayed
liner overflow or no overflow at all upon sodium heatup.

Various operational problems were experienced in performing this test program. One of
these was the fact that all seven sodium velocity probes failed or did not function at all during this
test series. This was regrettable since no sodium velocity data could be collected and it happened
after considerable efforts has been spent on testing and calibration of the probes prior to
installation. Another operational problem involved in-leakage of air through RVACS duct pipe
penetrations. This problem was corrected early and did not prevent the test program from being
carried out.

32.3 Test Results

The sodium heat up transient for a RVACS heat removal only test is shown in Figure 3-10
and the corresponding axial temperature profiles at various test times are shown in Fig. 3-11 to
illustrate the nature of the test results.

This test had power input of 50 kW, forced air circulation and a heat-up period of 8 hrs. The
test was initiated by heating the system to about 350°C using the preheaters with the inlet of the air
blower and the damper of the stack closed. The inlets of the air blower and the stack damper were
opened while the preheaters were kept on. The air side of the system was cooled down by natural
air circulation while the pool sodium temperature was maintained near 350°C. When the air
temperature at the exit of the air annulus reached 93°C, the preheaters were turned off, and the air
blower and the heaters of the core region were turned on. The transient reached a near steady state
at about 7.5 hrs. The sodium level at the initiation of the experiment was above the top of the
overflow liner and there was overflow throughout the experiment.

At the initiation of the transient, the sodium pool was nearly isothermal at 350°C. The
activation of the core region heaters led to a pool heatup that leveled off when the heat removed by
the RVACS system was about equal to that generated by the heaters. At that time a temperature
difference of 96°C was established between the bottom and the top of the pool. The core region
power and the RVACS air velocity varied very little during the transient. The air inlet temperature,
due to the rise in the ambient air temperature, increased approximately linearly from 28°C to 34°C.

3.2.4 COMMIX Analysis

A relatively coarse 3-D model of the sodium test model and RVACS heat removal system was
developed by taking advantage of the 180°F symmetry of the model. The model had 9 R-node
intervals, 5 9-node intervals and 27 z-node intervals. Sodium turbulence was not modeled since
flow velocities were very low. Appropriate modeling were included for pressure drops and heat
transfer in the various parts of the sodium and air flow paths. Further details of the modeling are
given in Refs. [12-14].

Measured and predicted sodium temperature in the vertical direction at different times during
the transient at a radial point halfway from the tank center to the tank wall are given in Fig. 3-11.
The COMMIX predictions are generally in good agreement with the measurements. The
maximum difference between predictions and measurements is about 12°C. The vertical
temperature gradient in the hot pool remained small throughout the transient, while the cold pool
exhibited a significant stratification. Most of the hot sodium flows from the heater zone into the
bottom of the hot pool. This leads to a good mixing of the hot pool and consequently reduced
stratification. In the cold pool, heat is removed from the vertical sides and the bottom of the pool,
while some heat is added at the top through the redan. In the absence of any significant mixing,
the net result is a significant vertical stratification.
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COMMIX predicts a significantly higher stratification in the upper than the lower half of the
cold pool. Since there were no temperature measurements very close to the bottom of the cold
pool, this prediction cannot be validated. Sodium from the hot pool flows into the lower half of the
cold pool. The inlets of the inlet pipes are also close to the mid-height of the cold pool. This
could lead to a better mixing in the lower half of the cold pool than in the upper part.

The measurements showed that there were no significant sodium temperature variations in the
radial or azimuthal directions throughout the transient. The COMMIX predictions also indicated
no significant variations in the radial or azimuthal directions. The air temperatures predicted at the
outlet of the air-channel (stack inlet) were within the spread of experimental measurements of
about4°C.

3.2.5 Summary

Prediction of the behavior of the reactor sodium pool during the operation of the RVACS
decay heat removal system and its performance requires 3-D thermal hydraulic codes like
COMMIX. A typical RVACS test was analyzed to support the validation of COMMIX and for
use in the design of the ALMR. The sodium model experiments provided very good test problems
for the validation of COMMIX. The experiments were characterized by: (a) three-dimensional in-
pool sodium flows of very low velocity, driven by sodium density differences, (b) a significant
pool thermal stratification, and (c) a complex heat sink. Although a coarse mesh was used,
necessitated by the computation time, the COMMIX predictions were in good agreement with
measurements. The maximum difference between sodium temperature predictions and
measurements being about 12°C. These results support the validity of the numerical models used
in COMMIX to describe the thermal-hydraulic behavior of complex reactor systems. The results
of the tests and the validation of COMMIX will provide confidence in the future design analyses
of the passive decay heat removal system for ALMR.

3.3 FFTF IDS Air Natural Convection Test

Early air-side heat transfer data applicable to the ALMR RVACS were obtained from natural
convection cooling tests conducted in the Interim Decay Storage (IDS) facility at the Fast Flux
Test Facility (FFTF). These tests utilized the installed IDS Emergency Cooling System which
removes heat from the IDS in a fashion similar to the ALMR RVACS, i.e., a vessel filled with
liquid sodium radiates to a guard tank which is in tum cooled by air natural convection on its outer
surface. Vessel temperatures, height and air passage hydraulic diameter in the IDS are similar to
the ALMR RVACS.

Data from these early tests indicated that heat transfer in the air passage is somewhat better
than had been predicted for the IDS. As a result of post-test analysis, a natural convection heat
transfer correlation was developed for use in early design evaluations of the RVACS.

3.3.1 Facility Description

The IDS facility shown in Figs. 3-12 and 3-13 consists of a large sodium-filled vessel,
approximately 13.1 m in overall height, with an upper section diameter of 3.8 m and a lower
section diameter of 1.5 m. The vessel houses various types of core and test assemblies prior to
loading them into the reactor, and immediately following their removal from the reactor.

The IDS primary vessel is completely surrounded by a guard vessel to a height of
approximately 11.9m. An insulation structure in turn completely surrounds the guard vessel and is
positioned such that a 16.5 cm cooling annulus exists between the insulation structure and the
guard vessel. This annulus is available for use by either the Backup Cooling System, which uses

forced nitrogen gas flow down the annulus to provide cooling, or the Emergency Cooling System,
which uses upward natural convective air flow from the containment atmosphere to provide
cooling.

Electric heaters 1.3 cm in diameter are supported off the inner insulation support wall in the
cooling annulus. These heaters are used to achieve and maintain normal vessel and sodium
temperatures when decay heat is inadequate to make up system heat losses, or they can be used to
heat the vessel and sodium to some desired elevated temperature.

The IDS vessel is fabricated from 304 stainless steel with a nominal wall thickness of 1.4 cm.
The guard vessel is fabricated from 1.3 cm thick carbon steel, and the insulation support structure
is made from 14 gage hot-rolled carbon steel. Carbon steel 45.7 cm diameter piping ducts connect
the containment air spaces with the upper and lower cooling distribution duct rings.

The IDS vessel and guard vessel have thermocouples mounted at varying heights to monitor
temperature profiles. The IDS vessel has pairs of thermocouples mounted every 1.5 m along its
height, located 180° from each other to assess radial temperature gradients. The guard vessel uses
heat trace control thermocouples to monitor its temperature. These thermocouples are at different
elevations along the guard vessel, normally about mid-height in the control zone they serve. An
exhaust stack was installed to provide enhanced natural draft and to provide a convenient location
to measure exit air flow and temperature. Further details of the test facility and test startup are
given in Ref. [15].

3.3.2 Test Description

Test data were obtained at three discrete nominal sodium pool temperature levels: 204°C,
290°C and 370°C. Cooling gas flow and data measurements were continued for a total of five
hours at each pool temperature level, with the 290°C and 204°C levels being conducted a second
time to demonstrate repeatability of the data. The sodium pool temperature was either heated or
cooled to the desired temperature, and then held nearly constant for some predetermined soak time.
The nominal soak time chosen was six hours. This had been demonstrated by previous experience
to be the time required for the sodium pool, the IDS vessel and the IDS guard vessel to equilibrate
after reaching the desired temperature.

Data taken during each natural convective cooling test run included EDS vessel and guard
vessel temperatures, inlet gas temperature, inlet gas flow velocity, outlet gas temperature and outlet
gas flow velocity. Air flow measurements were taken with pitot tubes at both the inlet and outlet of
the cooling air passage is indicated in Fig. 3-12. Results from the tests showed that the IDS air-
cooling system performed as expected with a few exceptions and provided valuable insights into
the operation of such systems for use in the ALMR RVACS. The tests were conducted by
bringing the sodium pool to the desired temperature with the inlet valves closed and then, after the
appropriate soak period, opening one inlet valve. After two hrs, the second inlet valve was also
opened. Flow in the 0.6m diameter exhaust stack pipe was also measured using a hot wire
anemometer as well as a Pitot tube.

3.3.3 Test Results

The Pitot tube air mass flow measurements were reduced based on uniform flow in the
exhaust stack. Mass flow rates for the last hour of each test indicated a lower system flow or,
conversely, a higher system pressure drop than had been calculated. Inspection of the measured
temperatures on the guard tank indicated that the natural convection heat transfer in the air channel
is dependent on height suggesting that the local heat transfer coefficients should be used rather
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than average coefficients. Further, it was evident that the transition from the small diameter, lower
annulus to the larger, upper annulus acted as a new entrance region. Additional results from the
test are given in Ref. [15]

33.4 Data Analysis

The heat transfer data were analyzed using a 1-D computer model based on the AGENA
code. This model was in turn calibrated to measured temperatures. The procedure first involved
the choice of data that reflected thermal equilibrium, namely, 3 to 4 hrs from the start of the test A
simplified heat transfer correlation was used to calculate assumed heat transfer coefficients in the
air cooling channel. The coefficients using the same correlation were adjusted at vertical locations
until the calculated guard tank temperature distribution agreed with the measured distribution.
Also, the air flow rate was adjusted so that calculated coolant temperature rise agreed with the
measured value. The measured temperature data from the vessel wall were used as a boundary
condition for the calibration.

Heat transfer coefficients for the RVACS riser based on data from the FFTF IDS natural
convection cooldown tests are summarized in Fig. 3-14. The data indicate that heat transfer in the
air passage is somewhat better than had been predicted for the IDS based on the Dittus-Boelter
correlation. As a result of post test analysis, a proposed natural convection heat transfer correlation
which can be extrapolated to the ALMR RVACS was developed for preliminary design.

3.3.5 Summary

Results of the FFTF IDS air natural convection test indicate that the heat transfer performance
of the IDS facility was higher than the pre-test predictions based on the heat transfer correlations
applied in early RVACS performance evaluations. A heat transfer correlation based on the test
data was developed for application to RVACS. Subsequent RVACS thermal performance
evaluations showed that a modest extrapolation of the data was required and that the maximum
sodium temperature reached during a RVACS transient event in the ALMR was reduced by about
28°C using the IDS data.

The IDS test has provided improved confidence in the thermal-hydraulic performance of
RVACS. The successful operation of a large-scale facility such as the IDS facility has also
provided increased confidence that the RVACS concept will work as expected for shutdown heat
removal. The test indicated that considerable attention needs to be directed at reducing the air inlet
and outlet duct pressure drops in the RVACS. These pressure drops constituted more than 85
percent of the total air-side pressure drop in the IDS facility. This is unacceptable in RVACS
because it would reduce heat transfer performance.

3.4 ANL Air-Side Test

Air-side heat transfer experiments have been carried out at Argonne National Laboratory
(ANL) in the Matural Convection Shutdown Heat Removal Test Facility (NSTF) to support
development of the ALMR RVACS. Basically, the NSTF consists of a full-scale segment model
of the RVACS air riser channel with approximately one-half the prototypic height being electrically
heated. A picture of the test assembly is given in Fig. 3-15. The test assembly is comprised of a
structural model, electrical heaters, instrumentation, insulation and a computerized control and data
acquisition system. Experiment operation which began in November 1986 simulated prototypic
ALMR reactor vessel temperatures, air flow patterns, and heat removal conditions.

The test parameters were selected to cover the expected operating range of the ALMR
RVACS and included operation with high wind gusts to evaluate wind effects on the heat transfer
performance. In addition, a number of tests have been completed for a finned collector wall
configuration. A series of scoping tests were also performed with the test section inlet completely
blocked to simulate a postulated inlet blockage of RVACS.

3.4.1 Facility Description

The NSTF comprises a structural model, electric heaters, instrumentation, insulation, and a
computerized control and data acquisition system. Experiment operation simulates prototypic
reactor containment vessel temperatures, air flow patterns, and heat removal conditions that would
exist for the ALMR during normal reactor operation and/or shutdown situation. In general, the
system will operate with either of two containment vessel wall boundary conditions: (1) constant
simulated containment wall temperature up to 538°C or (2) constant heat flux up to 21.5 kW/m^.
In addition, the system will accommodate stepwise variation of either mode singly or in
combination. A description of the facility is given in Ref. [16].

Figure 3-16 illustrates the basic assembly configuration consisting of an inlet section,
followed by a heated zone and an unheated stack. All sections, except the inlet, are thermally
insulated to minimize heat losses to 2% or less. The heated zone flow channel cross-section
shown in Fig. 3-17 measures 1.32m x 0.305m and is about 6.7m tall. Provision is made to expand
the 0.305m dimension up to 0.46m or reduce it to any desired value.

Above the heated zone the flow channel expands to 1.52m x 0.46m and two flow paths are
provided. The main path for the experiments is upward through a "S" curve and then vertically
through the building roof. This provides a stack for natural convection nearly 18m in vertical
length. The second flow path contains a fan and damper; the fan motor is variable speed. This
feature is provided for forced convection tests when the system is cold or at very low temperature
and a controlled air flow rate is desired.

Within the heated zone, fins or transverse ribs may be installed on the inner wall. In the first
series of experiments, the containment vessel and collector cylinder wall simulated surfaces were
smooth. Follow-on tests were conducted with a finned configuration installed on the collector
surface.

Instrumentation for the NSFT is provided to measure local surface temperatures, local and
bulk air temperatures, local and bulk air velocities, and air volumetric and mass flow rates, the total
normal radiative and convective components of the total heat flux, the electric power input to the
heaters, and the local heat flux. These data are used to evaluate the heat removal performance for
particular configurations and testing conditions. The primary measurement objective is to
determine the local heat flux and total heat transfer rate for evaluation of local heat transfer
coefficients.

Accurate measurement data are required to determine the thermodynamic state and physical
properties of the naturally convected air at various elevations. The fundamental properties of the
air that must be accurately measured are the temperature and pressure. The basic instrumentation
for those measurements were radiation shielded thermocouples to measure the air temperature, and
Pitot-stratic tubes used in conjunction with high accuracy differential pressure transducers to
measure the differential pressure.
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3.4.2 Test Description

The experiment objective was to measure the thermal hydraulic air-side performance of a
passive heat removal system. A total of 71 runs were performed for the smooth configuration and
41 runs for the finned configuration. One day of testing was required for each run. Due to the
large thermal mass of the test section, many hours were required for the initial heatup period to the
required test conditions. In order to limit the test time period for each run to one day, it was
necessary to preheat the system at a very high power level initially, followed by a low power level
to allow the system to approach equilibrium. By applying a higher power level initially followed
by a set reduction in power, it was possible to greatly shorten the total time needed to approach
thermal equilibrium.

The measured variables for each run included system temperatures, pressures, differential
pressure for velocity distribution in the flow rake at the test section outlet, input power for each
heated zone, and wind speed and direction. The system temperatures included the temperature of
inlet air (test section), guard vessel wall, collector (duct) wall, ambient air, and stack outlet air. The
heat transfer coefficients were extracted from the input power and the wall temperatures (guard
vessel and duct wall) using a method outlined in Ref. [16].

3.4.3 Data Analysis

An evaluation of the test data was performed by ANL [16]. The results in Fig. 3-18 show the
air-side heat transfer Nusselt number as a function of the Reynolds number derived from the data
evaluation. The use of the ANL correlation resulted in a slight improvement in the heat transfer
performance of the RVACS because credit was taken for the strong entrance effect (i.e., higher
heat transfer coefficient) observed in the test. The RVACS performance with the ANL heat
transfer correlation is discussed in Refs. [2,3].

Preliminary analysis of data from a separate test series conducted with heat transfer fins
attached to the collector cylinder show that some heat transfer improvements can be achieved with
extended surfaces under certain conditions particularly in cases where the air inlet/outlet ducts have
high flow resistance relative to that of the main RVACS heat transfer section.

A preliminary evaluation of the blocked air inlet experiment indicated that convection cells are
set up in the test section and that approximately 50 percent of the heat removal capability of the test
system is retained with the air inlet completely blocked. The coexistence of cold air downflow and
hot air upflow zones in the test section was observed. It supports the simple U-airflow model
concept used to analyze the RVACS for completely blocked air inlet conditions [2], However,
considerably more work is required to determine the detailed flow and temperature distributions in
the test model and to develop appropriate analytical models.

An analytical program was developed at Pennsylvania State University (PSU) to provide a 2-
D model for the RVACS hot air riser [17, 18]. A version of this model was used to compute the
turbulent velocity and temperature profiles in the RVACS air riser. Studies on turbulent natural
convection between vertical parallel plated performed by different researchers indicate that in the
presence of large temperature gradients, there is a strong effect of property variation on the
turbulence structure.

The 2-D model has been validated against Japanese low-wall-heat-flux data and the ANL
high-wall-heat-flux data and shows good agreement with these data [17, 18]. A large number of
numerical computations have been performed using the validated code to determine environmental
effects on the air-side RVACS performance.
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The present version of the 2-D model can be employed to predict the behavior of the system
under all flow and heating conditions, regardless of the magnitude of the all heat flux, the size of
the flow channel, the system loss coefficient, the inlet conditions, and the possibility of flow
transition near the wall. An example of the model capability is given in Fig. 3-19 which shows the
development of velocity and temperature profiles in the NSFT test section with typical test
parameters.

3.45 Summary

There are several areas of the RVACS that required experimental investigation: the air-side
heat transfer coefficient, degraded system operations and environmental effects. In the test
performed at ANL, the main goal was to determine the local air-side heat transfer coefficient in a
segment model of the RVACS under near prototypic operating conditions.

The detailed air-side heat transfer data obtained from the RVACS full-scale segment model
test at ANL showed that a strong entrance effect (i.e., higher heat transfer in the entrance region)
exists. This effect results in a considerably better performance than would otherwise have been
predicted from established correlations for fully developed flow. The heat transfer correlation
resulting from the ANL test was incorporated in the 1-D AGENA code thermal-hydraulic RVACS
performance model currently used for design evaluations. The test also demonstrated the
negligible effect of weather conditions, e.g., wind, has on the heat transfer performance. In
addition, scoping test results obtained for 100% blocked inlet conditions indicate the significant
tolerance the RVACS has to various postulated failure modes.

4. CONCLUDING REMARKS

A comprehensive development program has been initiated to support the passive decay heat
removal system design for the US ALMR concept. Several tests and associated analyses have
been completed as described in this paper. These efforts demonstrate that the proposed passive
safety-related decay heat removal system RVACS is a simple, reliable and economical design
approach for the modular ALMR concept. The tests and analyses demonstrate that RVACS is
extremely robust and tolerant to postulated failure mechanisms, and will perform its function of
protecting the public under many postulated unusual and degraded operating conditions.

Evaluation of data obtained from two reactor scale model tests, one with water and one with
sodium, show that heat removal from the core and transport by natural convection to the
distributed heat sink represented by the cooled reactor vessel is a stable and predictable process.
This was also demonstrated by analysis performed for the prototype using the COMMIX code
validated against the experimental data as described in this paper. Additional scale model tests
similar to those performed earlier are planned at a future date as the ALMR project moves into
the preliminary and final design stages. These tests are required to more accurately reflect the
design configuration and operating parameters of the current ALMR design. Also, more detailed
flow and temperature distributions are required for the transition to natural convection and stable
natural convection regions with simulated decay heat removal from the reactor vessel by RVACS.

The natural circulation air cooling tests performed to data for a wide range of operating
parameters demonstrate that consistent and high air-side heat transfer can be achieved in
RVACS. The test results show that an entrance effect exists in the beginning of the heated zone
where the heat transfer coefficient is significantly higher than (by a factor of 2 to 4) that
predicted for fully developed flow. This entrance effect persisted to the end of the heated test
section height which was about one-half that of the prototype. This entrance effect has been
modeled in the heat transfer correlation which is currently used in the 1-D AGENA RVACS
performance model.
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Further evaluation of the RVACS air-side heat transfer performance is planned for future
phases of the ALMR program. Such tests will be designed to model in more details the
prototype RVACS configuration, i.e., maintain prototypic heated length, annular hot air riser gap
size, and inlet/outlet air duct configuration. There is also a need to evaluate the effectiveness of
various heat transfer enhancement methods, e.g. turbulence trips. Such enhancement methods
are expected to improve RVACS heat transfer performance perhaps by more than 15% making it
possible for the reactor power to be increased, or alternatively providing more temperature
margin in the RVACS. The RVACS decay heat removal option would also become more
attractive for application to medium size LMRs.

Future air-side tests will also explore in more details the capability of RVACS to remove
heat with the air inlet 100% blocked for safety considerations. Such a condition is expected to
result in a complex flow pattern with cold air downflow and hot air upflow coexisting in the same
channel. There is also a need to extend the 2-D air-side model to 3-D to analyze this situation
for the test and prototype configurations.

Work to improve the COMMIX code has continued steadily since the analyses described in
this paper were performed. Those analyses were all performed with a one-equation turbulence
model which was justified because of the laminar or slightly turbulent flows that existed in those
tests. A two-equation turbulence model has been incorporated in COMMIX and several other
improvements have been made, in particular, the equation formulation has been vectorized to take
advantage of such capabilities in the CRAY supercomputer. The improved COMMIX code has
recently been used to study the effect of external wind on RVACS performance with great
success.
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FIGURE CAPTIONS

Fig. 2-1 ALMR main power system

Fig. 2-2 Reactor vessel auxiliary cooling system (RVACS)

Fig. 2-3 Primary sodium flow path - normal operation

Fig. 2-4 Primary sodium flow path - RVACS operation

Fig. 2-5 Average core sodium outlet temperatures during decay heat removal operations

Fig. 3-1 Thermal hydraulic water model of the ALMR concept

Fig. 3-2 ALMR water test model on test stand inserted in lower Portion of containment
vessel

Fig. 3-3 Simplified diagram of the MCTF

Fig. 3-4 Development of thermal stratification in model cold Plenum for upramp transient

Fig. 3-5 Development of thermal stratification in model hot pool For trip transient

Fig. 3-6 Temperature history at thermocouple LP1: measured vs COMMIX using full
geometry model 3

Fig. 3-7 ETEX sodium test configuration

Fig. 3-8 Sodium model test configuration

Fig. 3-9 Sodium flow path before liner overflow

Fig. 3-10 Measured hot pool sodium temperatures at three radial locations (0.08,0.28m and
0.41m)

Fig. 3-11 Measured and predicted sodium temperatures for RVACS transient test

Fig. 3-12 Interim decay storage facility in FFTF

Fig. 3-13 FFTF IDS natural circulation cooling system

Fig. 3-14 Heat transfer data from FFTF IDS natural convection test

Fig. 3-15 View of the natural convection shutdown heat removal test facility (NSTF)

Fig. 3-16 Natural convection shutdown heat removal test facility configuration

Fig. 3-17 Cross-sectional view of the test assembly

Fig. 3-18 Nusselt number as a function of reynolds number

Fig. 3-19 Development of velocity and temperature profiles in the NSTF test model
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FOR RVACS TRANSIENT TEST

Figure 3-12 INTERIM DECAY STORAGE FACILITY IN FFTF
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Figure 3-17 CROSS SECTIONAL VIEW OF THE TEST ASSEMBLY
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