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Abstract 

A variety of approaches for handling effluent from nuclear thermal propulsion system ground tests in an 
environmentally acceptable manner are discussed. The functional requirements of effluent treatment are defined and 
concept options are presented within the framework of these requirements. System concepts diflfer primarily in the 
choice of fission-product retention and waste handUng concepts. TTie concept options considered range from closed 
cycle (venting the exhaust to a closed volume or recirculating the hydrogen in a closed loop) to open cycle (real time 
processing and venting of the effluent). This paper reviews the strengths and weaknesses of different methods to 
handle effluent from nuclear thermal propulsion system ground tests. 

INTRODUCTION 

Testing of fuel, fuel elements, and engine assembUes at a suitable faciUty is required to support the development of 
nuclear thermal propulsion (NTP) systems. The NERVA/ROVER program, conducted in the 1960s and early 1970s, 
was the only NTP ground test program conducted in the USA. With the exception of the last tests performed in the 
NERVA/ROVER program, all of the ground tests vented the reactor exhaust through a convergent-divergent nozzle 
directly to the atmosphere (Koenig 1986). Given the current Environmental Safety and Health (ES&H) regulations, 
poUcies, and guidehnes in the USA, it is not planned today to vent potentially contaminated hydrogen direcfly to the 
atmosphere. A system to treat the reactor exhaust prior to release to the atmosphere was incorporated mto the design 
of the Nuclear Fumace-1 (Kirk 1973) which was the last test stand constructed as a part of the NERVA/ROVER 
program. This system demonstrated the capability of removing fission products from a reactor exhaust stream. While 
this experience is encouraging, it is necessary today to reduce the potential releases of fission products and other 
contaminants to the environment to as low as reasonably achievable (ALARA). 

In order to minimize the potential safety and environmental impacts of NTP ground tests, the gaseous reactor 
effluent needs to be confined, treated, and/or scrubbed of radioactive fission products prior to its unrestricted release. 
Over the years, several different options have been evaluated by Sandia National Laboratories to either process the 
hot hydrogen effluent simultaneously with the test being conducted or configure the test facility in a manner that real 
time processing is not required. The evaluation effort was initiated by identification and formulation of a wide range 
of concept options to treat NTP test article exhaust. The concept options considered ranged from closed cycle 
(venting the exhaust to a closed volume or recirculating the hydrogen in a closed loop) to open cycle (real time 
processing and venting of the effluent). A number of variations of these general concepts are still under consideration. 
This paper reviews the strengths and weaknesses of different methods to handle effluent from nuclear thermal 
propulsion system ground tests. 
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A number of solid core reactor concepts are under consideration for development for NTP systems (Clark et al. 
1992). Prismatic (NERVA Derived), particle (PBR and Pellet bed), and refractory (Cermet, Wu-e Core) fuel forms are 
all candidates for ground testing as a part of a NTP development program. Consideration of these varied concepts 
leads to a consistent set of functional reqmrements for any system designed to treat the reactor exhaust during ground 
testmg. In all cases, fuel operating temperatures in the range of 2700 to 3400 K are planned. 

Cryogenic hydrogen is the propellent of choice for these concepts because of its low molecular weight Significant 
quantities of cryogenic hydrogen will be required to cool NTP reactors tested under prototypic conditions. At a mixed 
mean outlet temperature of 30(X) K, a liquid hydrogen coolant flow rate of 0.02 kg/s is required for each megawatt of 
power generated. Even small fuel element test reactors with powers on the order of 50 MW would require 1 kg/s 
coolant flows. Ground testing of reactors with powers as high as 2000 MW have been proposed (Allen et al. 1992). 
These reactors would require coolant flows in the range of 40 kg/s. 

As the hydrogen coolant flows through a fuel element and is heated by direct contact with the nuclear fuel, it is 
anticipated that it will become contaminated with fission products and/or fuel particulate. The potential for the 
generation of other hazardous compounds within the hydrogen also exists. The risk of significant contamination is 
especially high early in the development process when new and advanced fuel forms are expected to be tested. 
Available data for release rates associated with advanced fuel forms and coatings, especially at the anticipated 
elevated temperatures, is limited. Testing at the end of the NERVA/ROVER program did indicate significant fuel 
element cracking and fission-product and noble gas releases from matrix fuel operated at a mixed mean coolant outlet 
temperature of 2440 K (Kirk 1973). 

The reactor exhaust can also be expected to contain significant quantities of core material and debris. Early m the 
NERVA/ROVER program ground tests of matrix type fuel forms were observed to have failures which resulted in 
significant core material bemg ejected from the reactor nozzles (Finseth 1991). While the NERVA/ROVER program 
eventually solved the flow instability problems that caused the reactor core failures, this experience demonstrates the 
need to allow for the potential of significant core failure and relocation during the development of any NTP concept 

SoUd core NTP ground test reactors would generate from one to tens of kilograms per second of very high 
temperature (in excess of 3000 K) hydrogen. The hot hydrogen can be expected, at a minimum, to be contaminated 
with low concentrations of small particulate, fission products, volatile species, halogens, and noble gases. In addition, 
it is likely that significant core material and debris will be entrained in the exhaust during the initial fuel and fuel 
element development program. 

Any system designed to treat the exhaust from a solid core NTP ground test reactor must perform four basic 
functions (see Figure 1): 

1. Initial cooling of the hot reactor exhaust to temperatures compatible with normal engineering materials. In 
addition, any debris and large particulate ejected from the core must be retained and maintained in a subcritical 
configuration. 

2. Intermediate coohng to temperatures at or below atmospheric. While this cooling stage is not necessary, its 
inclusion in the system enhances the performance of many concepts. 

3. Fission-product retention to prevent uncontrolled release of contaminants to the environment This stage must 
be designed to retain small particulate, halogens, noble gases, and other volatile species. 

4. Waste stream processing to properly handle retained fission products, cleaned or processed hydrogen effluent 
and any other potentially contaminated fluids introduced in or generated by the system. 

Intermediate 
Cooling 

Fission 
Product 

Retention 

Waste 
Stream 

Processing 

FIGURE 1. NTP Solid Core Reactor Effluent Treatment Functions. 
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The collection of components that performs these functions is normally referred to as an effluent treatment system 
(ETS). 

CONCEPT OPTIONS 

A number of concepts have been proposed to perform the functions of exhaust treatment for solid core NTP ground 
test reactors (Kirk 1973, Bohl et al. 1990, Whitbeck and Olsen 1991, Clark 1992, and Harmon et al. 1992). ETS 
concq)ts can be grouped into three broad categories: closed volume systems, open systems, and closed loop systems. 
Closed volume systems delay and accumulate the effluent generated during reactor power operations and then 
process the effluent at much reduced flow rates at some time after power operations. Closed volume systems include 
concept options such as venting the effluent to storage vessels or metal hydrides. In an open system, the effluent is 
processed and vented to the atmosphere as it is produced during reactor power operations. Open systems are 
characterized by large capacity filtration and adsorption equipment A closed loop system performs real time 
processing of the effluent and then recirculates the hydrogen to the reactor inlet to be reused as coolant Care must be 
used when comparing a closed loop system to other types of ETS concepts. The closed loop system both treats the 
reactor exhaust and performs the additional function of supplying coolant to the reactor inlet The appropriate 
functional relationship is maintained when a closed loop system is compared to another ETS concept in combination 
with the concept and components used to supply coolant to the test reactor. 

The commonahties of ETS component options and the impacts of component choices are illustrated in Figure 2. 
Tracing any single path through this figure will define a complete effluent treatment system. Each of the three 
categories (closed volume, open, closed loop) of effluent treatment concepts have the same options for components to 
perform the mitial coohng, debris retention, and intermediate cooling functions. The concepts differ in the 
components used for fission-product retention and waste-stream processing. The choice of the method used for initial 
coolmg can also influence the components that must mcluded in the intermediate cooling, fission-product retention, 
and waste processing stages. 

Debris Retention Options 

There are three options to satisfy the debris retention fiinction: (1) a curved duct with a sump or ti-ap; (2) a large 
vessel with a coarse filter at the exit; and (3) a cyclone separator. These components would remove debris and large 
particulate by turning and slowing the flow. As the flow is slowed to subsonic conditions, the temperature of the 
effluent can be expected to approach that of the reactor exhaust (~3000 K). Thus these components must be insulated 
and/or actively cooled to survive. Refractory, ceramic, or ablative linings are options for insulators. Any lining would 
be subjected to the potential of serious damage from debris impacts. Ablative Unmgs would introduce significant 
additional particulate mto the effluent stream, increasing the potential for fouling and plugging of downstream 
components. The debris retention components could be actively cooled using jackets or tubes with liquid hydrogen, 
liquid nitrogen, or water flowing through them. A jacketed water-cooled curved duct was successfully used during the 
NERVA/ROVER program to turn the exhaust of a NTP engme (Aerojet 1969). Water-cooled diffusers are used in 
high altitude rocket engine test stands. However, the coolant flow rates requutsd in these components can be quite 
high. For example, the NERVA/ROVER duct was designed to flow 66 kg (1050 gal) of water for each kilogram of 
nozzle flow. This implies a water flow rate of 1.3 kg/s (21 gpm) for each megawatt of power generated by the test 
reactor. Cooling design of the curved duct and cyclone options is especially critical since in these geometries it must 
be assumed that the hot jet will impinge on the pressure boundaries of the component It is possible to size a large 
vessel so that no impingement wiU occur. This is an important consideration because a failure of the ETS at tiiis 
location would bypass the entu-e system function and have the potential for significant envhonmental consequences. 

Any of the three debris retention components considered could incorporate a coarse filter at or near its exit The 
function of this coarse filter would be to enhance debris retention capabiUty, to retain large particulate to reduce the 
potential for fouling and plugging of downsti-eam components, and (if properly designed) to provide a thermal mass 
for plate out of volatile species with boiling points below the debris trap operating temperature. In order to avoid the 
potential for overpressure and breech of the debris trap, this coarse filter would be requked to be designed in a 
manner that either would not allow plugging or would allow pressure rehef. 

The debris retention component must also be designed in a manner that allows survival and recovery from a 
significant core failure and relocation. If the component functions as desired, the majority of the core debris and 
material resulting from a significant failure would be retained. While the debris trap must be designed to maintain this 
material in a subcritical configuration, it is unlikely that it would be acceptable to allow this fissionable debris to 



remain in the debris trap for multiple operations. Thus the design must allow for removal of the majority of the failed 
core material (probably by remote or robotic means). 

Cooling Options 

Active cooling of the debris trap can be expected to result in some limited cooling of the effluent stream. However, 
the bulk of the cooling required to lower the effluent temperature to a range compatible with normal engineering 
materials must be performed by other components. Three options exist to perform this function: (1) direct cooling by 
injection and mixing, (2) heat removal by a heat exchanger, and (3) heat storage in a pebble bed heat sink. 

The heat exchanger and pebble bed options would have the potential for the same high heat fluxes as the debris trap 
and thus would have many of the same critical cooling design concerns. In addition, these two cooling components 
would be reqmred to be located downstream of the debris retention component to avoid fouling and plugging. 
Coolant injectors could be located at or near the enbance of the debris trap. This injection geometry has the advantage 
of lowering the effluent mixed mean temperature (and the debris ti:ap operating temperature) and relaxing the critical 
cooling design requirements for flie debris trap. It also allows the debris trap jacket cooling and the injection cooling 
to serve as potential redundant systems. Given a failure of either system, the other has the potential to cool the debris 
trap sufficientiy to maintain its structural integrity. However, this potential redundancy is not attained if the flow 
circuit is constructed so that coolant flows through the debris trap jacket or tubes and then is mjected into the effluent 
stream. Injection cooling has the additional potential advantage of being designed as an injector or ejector (Pope and 
Goin 1965). This could lower the ETS backpressure and aUow integral supersonic nozzle testing during the reactor 
development program. 

He^t Exchangers 

A large number of heat exchanger design options are available. They include boilers, tube and shell, finned tube, 
and finned plate as well as more exotic designs. The major design considerations in heat exchanger selection are 
related to the robustness of the component The heat exchanger wiU expmence significant thermal cycling (rather 
than long-term, steady-state operation) over temperatures rangmg from as low as cryogenic (potentially encountered 
during reactor startup). The potential for significant plate out of fission-products withm the heat exchanger wiU make 
maintenance difficult and costly. Thus low maintenance designs that have a strong resistance to fouling, pluggmg, and 
leaks should be considered. 

Liquid hydrogen, liquid nitrogen, and water are all candidates for use as coolants in heat exchangers. Because of its 
lower storage temperature and higher heat capacity, the required liquid hydrogen volumetric cooling flow is about 
75% of that required by liquid nitrogen. Steam generators require even lower volumetiic flow rates. However, 
systems using water as a coolant can be expected to be more comphcated than those using other fluids. Hydrogen 
(after flaring) and niti-ogen heat exchanger coolant can be vented to the atmosphere. However, water heat exchangers 
(with the exception of steam generators) requke, at a minimum, a hot coolant holding tank and a means to reject the 
stored heat between reactor power operations. Increasingly complex water coolant support systems, such as usmg ice 
or refrigeration to pre- or postcool the water, can be developed. Heat exchanger coolant recirculation systems using 
cooling towers, ak-to-water heat exchangers, and/or secondary coohng loops may also be used. In all cases, the 
number of system components and the operational complexity of a water coolant system can be expected to increase. 

Pebble Bed Heat Smks 

Use of a pebble bed heat sink presents some unique design considerations. Fkst the temperatures over some 
portion of the bed would approach those of the effluent (~3000 K). This limits the choice of bed materials to ceramics 
and refractories. The ability of these materials to survive the repeated thermal cycling from cryogenic to very high 
temperatures would require verification. The shell of the heat sink would have to be actively cooled in order to allow 
its constiDction from normal engineering materials, hi addition, a heat removal system to cool the pebble bed between 
reactor power operations would be required. Because of the potential for an extended time period between power 
operations, the load on this off-line heat removal system could be significantiy less than required for a real time 
system. However, the need for this support system and its potential impacts on operations during reactor decay energy 
removal after power operations should not be overlooked. The pebble bed can be expected to become highly 
contaminated as it provides as ideal medium for plate out of volatile species. A pebble bed also has a defined energy 
adsorption limit so that other cooling concepts may offer more flexibility for future expansion. 



Injection Cooling 

Liquid hydrogen, hquid nitrogen, and water may all be used as injection coolants. As with heat exchangers, liquid 
hydrogen coolant volumetric flow rates can also be expected to be lower than those required for hquid nitrogen 
injection. Nitrogen injected into the effluent stream can also be expected to react with the hydrogen to produce 
anunonia. If any carbon exists in the effluent (which is likely under fuel failure conditions), the injected nitrogen 
could react and produce cyanogens. While introducmg these contaminants into the effluent stî eam does not cause 
insurmountable difficulties, it does increase the required complexity of the liquid and gaseous waste processing 
systems. Introducing large quantities of nitrogen into the effluent stream has the potential to significantiy complicate 
the fission-product retention stage of many of the ETS options. Nitrogen removal or special nitrogen handUng 
systems would be required for successful op^ation of this stage in many of the concept options. Thus liquid nitrogen 
is considered the least deshable of the mjection coolants. 

Water is an attractive choice for injection cooUng because of its high heat of vaporization. In addition, water 
droplets in the effluent stream can act as an effective scmbber removing a significant portion of the fission products, 
iodine, and smaU particulate. However, introduction of water into the ETS does mtroduce some design comphcations. 
Chemical reactions of water in the effluent stream can lead to significant energy releases that must be considered 
during the ETS design. For example, energy releases of 4.6 MJ/kg have been observed for molten aluminum and 
water reactions (Righfley and Beck 1992). Other potential chemical reactions are water with beryllium, uranium 
carbide, or zkconium carbide. 

Several of the fission product retention concepts require that the injected water be removed from the stream prior 
entering the retention stage (see Figure 2). Water can be a significant poison for both hydride beds and charcoal 
adsorbers. Water freezing during a hydrogen Uquefaction process could, depending upon the location, have serious 
impUcations. At a minimum, the ice would act as debris and particulate in the liquefaction process train. Injected 
water can be removed from the effluent by a combination of steam generators, condensers, separators, and desiccant 
dryers (as demonstrated by NF-1). The load on the water removal component will be high, since the injection process 
does not remove any energy from the effluent stream. It simply stores the energy in the steam entrained in the effluent. 
The stored energy must be removed from the effluent stream in order to condense and remove the water. The removal 
process does require significant additional components and complexity that are not requked for hydrogen or nitrogen 
injection. The potential to generate large quantities of contaminated liquids is a serious concern for water injection 
systems. All water removed from the effluent skeam must be assumed to be contaminated. This potentially 
contaminated water must be temporarily stored and handled as liquid waste until the contaminants have been 
removed or it has been demonstrated that no contanunants exist The systems to handle this contaminated water will 
be more complex and cosfly than normal water handUng equipment The use of hquid hydrogen and hquid nikogen 
for cooling avoids the complications of water systems at the penalty of an increased coolant cost for test operations. 
However, the Ufe cycle increased coolant costs must be balanced against the increased capital costs and operating 
complexity of water cooled systems. 

Two additional considerations must be included in the design and selection of ETS coohng concepts. Fkst all 
cooling components (including supply vessels and systems, holding tanks, heat exchangers, and jackets) must be 
designed to operate at a pressure above that in the effluent stteam. Thus if a leak occurs, coolant wiU be vented into 
the effluent stream rather than the leak providing a path for contaminated effluent to bypass the fission-product 
retention stage. This consideration is especially critical for components, such as heat exchangers, which are prone to 
small leaks. Second, systems that supply coolant to the ETS must be evaluated from a safety as well as a functional 
viewpoint Initial cooling of the effluent is critical to the successful operation of any ETS concept and tiie supportmg 
coolant supply systems should have the appropriate level of redundancy and reliability. In general passive blowdown 
supply systems are considered to be less prone to failure than active pumped systems. Common mode failures must 
be avoided. Redundant supply lines, pumps (if used), and pump power sources should be considered. 

The intermediate cooling options, with one addition, are the same as those discussed for initial cooling. Because of 
the lower anticipated operating temperature in this stage, it should be possible to use a water spray for direct contact 
cooling. This option retains both the advantages and disadvantages of inkoducing water into the effluent skeam. The 
lower operating temperature also eliminates the high temperature design concerns associated with heat exchangers 
and pebble bed heat sinks. Other cooUng design considerations for this stage remain tiie same as previously 
discussed. 
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FIGURE 2. NTP Solid Core Reactor Effluent Treatment Options 



Closed Volume Options 

Qosed volume options include venting the gaseous effluent to storage vessels, ventmg to metal hydrides, 
condensing the hydrogen effluent to a liquid (smaUer volume) for potential reuse as coolant and combusting the 
hydrogen to form steam and condensing to water (see Figure 2). All of these concepts collect the contaminated 
hydrogen during test operations and retain the contaminants for posttest decay, keatment and disposal. The concepts 
differ in the real time processing options that may be performed m order to reduce the volume of the effluent prior to 
storage. The simplest concept is to vent the cooled effluent to storage vessels. The effective hydrogen storage 
capacity is skongly dependent on the storage temperature and pressure selected. Assummg a storage pressure of 1.4 
MPa (a reasonable upper limit for a reactor operating at a 6.9 MPa chamber pressure) at ambient temperature yields a 
hydrogen storage capacity of 1.1 kg/m^ of storage volume. The storage density can be significantiy increased (at the 
penalty of the added complexity of pumpmg the effluent) by increasing the storage pressure. The total storage volume 
required can be skongly effected if injection cooling is used in the upskeam components. 

The requked storage volume can be greafly reduced by hquefying the hydrogen prior to storage. Effective storage 
densities approaching 70 kg/m^ can be obtained. However, real time liquefaction of the hydrogen effluent greatly 
comphcates the ETS. The need to remove any injected water has been previously discussed. It would also be 
necessary to remove any injected nikogen from the effluent skeam because the nikogen freezing point is above the 
hydrogen boiling point This could be accomplished using a cascade liquefaction process, which would also allow the 
liquid nikogen to be recovered. The energy lequkements to hquefy the hydrogen are quite high. The ideal work 
requirements for hquefying hydrogen initially at standard conditions is 11.6 MJ/kg of liquid produced (Tunmerhaus 
and Flynn 1989). Thus a minimum power equal to approximately 23% of the power generated by the ground test 
reactor would be requked just to hquefy the reactor hydrogen coolant Actual liquefaction power requkements can 
significantiy exceed the ideal values presented here. 

Venting the effluent to metal hydride beds has the potential to approach the effective hydrogen storage densities of 
liquefaction systems. Granular kon titanium hydride beds have demonskated on a pilot plant scale an effective 
storage density of 48 kg H2/m^ of bed volume (Salzano 1974). Hie abiUty of kon titanium hydride beds to effectively 
store hydrogen is strongly dependent upon the bed operating temperature and pressure. The effective storage capacity 
of the hydride bed is increased by either decreasing temperature and/or increasing pressure. Temperatures below 330 
K are required for effective storage in kon titanium hydride at pressures in the range of 1.2 MPa (Lin and Watson 
1987). Considraation of finite hydriding rates can requke bed volumes significantiy larger than ideal equihbrium 
calculations predict m order to avoid large pressure buildups in the beds. 

Bed granule size, heat removal efficiency, and impurities can have significant unpacts on hydridmg absorption 
rates. Sdidies at Sandia National Laboratories indicate that hydridmg metal powders must have a large specific 
surface area to induce rapid adsorption (Baer 1991). Bed particle sizes of 5(X) mm or smaUer may be required. Thus 
an effective fuU capacity effluent filtration system is requked upstream of the hydride bed to prevent bed plugging 
and fouling (see Figure 2). This filtration system can be expected to be very similar in design to that requked for a 
open system. It is necessary to remove energy from the hydride bed of approxunately 13.5 kJ/kg of hydrogen 
adsorbed. If this energy is not efficientiy removed, hot spots will occur in the bed that slow or hmit the hydriding 
process. The inkoduction of kace species (such as carbon monoxide, water, and oxygen) has been observed to 
significantiy reduce the hydriding rates. Rate reductions from poisons as high as an order of magnitude have been 
reported (INCO 1980). TTius it is necessary to both isolate the hydride system from the atmosphere and to lunit the 
concentrations of oxygen containing contaminants in the effluent skeam. Any injected water coolant would be requke 
removal to very low concenkations with a high rehability. The unpacts of nikogen injection on the beds is unknown. 
However, at a minimum, a sufficient storage volume in the hydride system for the free nikogen gas would be 
requked. Use of liquid hydrogen injection coohng would significantiy inaease the requked size of the hydride bed. 

The combustion concept would inject hquid oxygen into the effluent skeam, combust the mixture, and remove 
sufficient heat to condense the resulting combustion products (primarily steam). Complete combustion would require 
8 kg (2 gal liquid) of oxygen for each kilogram of hydrogen. Assuming the resulting water was stored at standard 
conditions, the effective hydrogen effluent storage density would be approximately 100 kg H2/m^ of water storage. 
Thus the combustion process offers the potential for the most efficient hydrogen storage. This concept does, however, 
have all of the previously discussed potential disadvantages associated with injecting water into the effluent skeam. 
In addition, this concept places significant additional energy loads on the ETS. The combustion process would release 
energy in the range of 120 -140 MJ/kg of hydrogen burned. This yields a power generation in excess of 2.5 times that 
generated by the test reactor. In order to condense the resulting steam, it would be necessary to remove additional 



energy. Options to remove this energy do exist (as previously discussed), but the requked systems would be large, 
comphcated, and expensive. Designing a system that would rehably ensure complete combustion at the anticipated 
effluent flow rates may be a challenge. The combustion design would be further comphcated (because of the potential 
for inerting) if nikogen or water injection cooling was performed in the upstream stages of the ETS. 

The fact that all of these systems place the effluent in a limited closed volume during test operation causes several 
addition design concerns. As the power operation is performed, the pressure in these systems will build to some level 
above atmosphaic. As the power operation is terminated and coolant flow is stopped, this pressure will remain at an 
elevated level (unlike an open system) and the potential exists for backflow through the test article. Thus some 
isolation mechanism wiU be requked to be activated during the reactor shutdown process. While this consideration is 
especially serious for the gas storage and hydride bed options, it will also be necessary to vent the overpressure from 
the hquid storage options. Leaks while the components are held at elevated pressures have the potential to release 
fission products to the envkonment The hydride and combustion storage system have the potential to release the 
fission products (especially the noble gases) at concenkations above that of the original reactor exhaust Operation 
during reactor decay energy removal must also be considered. Either storage allowances in the component design 
must be made for decay heat removal fluids (with the potential for operation at the elevated storage pressure during 
decay energy removal) or an alternate system (potentially an open system) must be incorporated into the design to 
handle the decay heat fluids. 

The closed volume concepts must include systems with sufficient capacity to process and dispose of the retained 
waste between reactor power operations. However, these keatment systems may be smaUer than those requked for 
the real-time processmg options because of the longer time duration available for keatment The requked systems faU 
into two categories: (1) systems to manage the hydrogen effluent and mjected coolant fluids (if any) and (2) systems 
to coUect and properly dispose of fission products (see Figure 2). Fission product removal systems for both hquid and 
gaseous effluents may be required, ff the combustion and condensation concept or any injected water cooling is 
performed, a water treatment system would be requked. This processmg can be expected to include filtration stages 
for particulate removal as well as stages designed to remove iodine and other soluble gases. Demineralization would 
also be requked for any water that was planned to be reused. The treated water could either be stored for reuse or 
released to the envkonment 

AU of the closed volume systems would requke a gaseous effluent process system. The hydrogen in the gaseous 
storage and hydride bed options would be requked to be removed from storage and processed between operations. A 
system to heat the hydride beds would be requked to promote effective hydrogen off-gassmg. The contaminated 
boiloff from the hydrogen hquefaction and storage concept would requke treatment prior to venting to the 
atmosphere. It is unUkely that it would be acceptable to vent even the contaminated water storage dkecfly to the 
atmosphere without keatment The gaseous effluent process train can be expected to contain equipment for removal 
of particulate, halogens, noble gases, and other volatile species. This system would be expected to have the same type 
of equipment (on a smaller scale) as would be requked for a real time processing open system. After processing, the 
hydrogen could be either flared and vented to the atmosphere or hquefied and stored for future use. Any injected 
water or nikogen would be requked to be removed (as previously discussed) prior to hquefaction. Concentrations of 
injected water and nikogen would effect the flare system design but this is not an insurmountable obstacle. 

The contaminated hquefied hydrogen effluent would, at a minimum, requke filkation to remove entrained 
particulate and any sohdified contaminants. An adsorption stage may also be requked. The processed hydrogen could 
then either be stored for future use or flared and vented to the atmosphere. 

Open System Options 

An open loop system must have components with sufficient capacity to remove smaU particulate, halogens, noble 
gases, and other volatile species from the effluent at the reactor fuU power flow rates. The removal functions can be 
grouped into two categories: (1) solid (particulate) removal and (2) gaseous and vapor phase removal. Design of 
particulate removal systems is complicated by the fact that the particle size distribution is unknown. Systems must be 
designed to effectively remove particulate at the most penekating size (-0.3 [nm) making filkation design 
optimization difficult. Robusmess in both mechanical design and removal efficiency are important considerations in 
tiie selection and design of filkation systems. A wide range of failure modes can be postulated for the test reactors 
during development testing. Many of these failures have the potential to generate a temperature and/or pressure pulse 
that would propagate through the ETS. Any filtration system must be designed to maintain its efficiency and function 
under these potentiaUy adverse operating conditions. The ETS can also be expected to operate over a wide range of 



reactor power levels. ITie filkation system must maintain its efficiency over a potentially wide range of effluent flow 
rates and operating pressures. Filtration systems for an ETS have the potential to deviate from normal industrial 
practice m two major ways. In mdustiial systems pressure drop kanslates dkecfly to power consumption so tiiat 
minimum pressure drop designs are requked. Also, most industrial systems operate at pressures just shghfly above 
atmospheric. Dq)ending upon operating and allowable backpressure, an ETS may have very different requkements. 

Particulate may be removed by eitiier wet (sCTubbing) systems or dry filtration. Wet systems include submerged 
gravel bed scrubbing, venturi scrubbing and demisting, and mjection scrubbing. These systems can effectively 
remove iodine as weU as particulate. The NF-1 demonskated that water injection cooling was an effective means to 
remove a wide range of fission products from a hydrogen exhaust skeam (Kkk 1973). The submerged gravel bed 
when used in conjunction with fibrous demisters has been demonskated to be an effective filtration system 
(McCormack et al. 1984). However, tiiese designs can become quite laige because of the low maximum superficial 
gas velocity and large water volume requkements. Venturi scrubbers and demisters are widely used in power plant 
incinerators, and industrial processes. A system with an adjustable throat design to allow for varying operating 
conditions would be requked for ETS apphcations. All of these systems do, however, have the disadvantage of 
inkoducing large quantities of water into the effluent stream. Since the downskeam components are requked to 
operate at cryogenic temperatures, any water inkoduced into the skeam would reqmre removal. The complications 
associated with water removal have been previously discussed. 

Options for dry filtration include fabric fiber, glass fiber HERA, metal fiber, smtCTed metal, and granular media 
filters. AU of these filter types can be designed for high removal efficiencies over a wide range of particle sizes. Fabric 
fiber (baghouse) and glass fiber HERA filters are normaUy designed to operate at pressures shghfly above atinospheric 
and to survive a few tens of kPa (a few psi) of pressure drop. Baghouse designs can also be quite large. The potential 
blowout risks associated with botii fabric and glass fiber filters bring thek utiUty for this effluent keatment apphcation 
into question. AU three of the remaining filter concepts have the potential to satisfy the ETS needs for a robust design. 
In general, granular media filters can be expected to be more cost effective than either metal fiber or sintered metal 
filters. 

Various adsorption processes to remove gaseous and vapor phase contaminants are possible. Iodine can be 
effectively removed using activated charcoal at ambient temperature. However, operation at cryogenic temperatures 
is necessary to remove noble gases from the effluent skeam. Tlie effluent can be cooled to cryogeruc temperatures by 
injection mixing and/or heat exchangers. Both Uquid hydrogen and hquid nikogen are candidates for die coolmg 
fluid. Direct cooling by injection would requke lower coolant flow rates than heat exchangers at the penalty of 
requiring additional downstream process capacity. Because heat exchanger coolant is not inkoduced into the effluent 
skeam, additional systems to flare or vent this coolant would be requked, A regenerative concept using the effluent 
downskeam of the cryogenic adsorption stage to precool the effluent upskeam of hquid hydrogen injection (see 
Figure 2) was used m the NF-1. While this concept does make effective use of the cooUng capacity of the system 
effluent it was a major shortcoming that may not be acceptable today. Unless the downskeam effluent is pumped, the 
regenerative heat exchanger cold side would operate at a pressure below that of the effluent skeam. Thus a heat 
exchanger leak would provide a path for contaminants to bypass the gas and vapor phase removal stage of the ETS 
and reach the envkonment 

Cold traps have been suggested as an option for xenon and krypton removal. The concentiiations of these 
contammants m the effluent skeam is expected to be very low (potentially on the order of several parts per nulhon). 
Even at such low concentrations these contaminants have the potential to produce a significant dose and cannot be 
vented dkecfly to the environment The low concenkations lead to partial pressures that may approach the saturation 
pressures over sohds. At these concentrations, it would be difficult if not unpossible to remove the xenon and krypton 
using cold traps. 

Cryogenic adsorption can effectively remove the noble gases even when they exist at very low concenkations. 
Both sUver mordenite and activated charcoal have been proposed as adsorption media. The NF-1 demonskated that 
cryogenic charcoal adsorption could effectively remove krypton from a hydrogen effluent stream (Kkk 1973). A key 
parameter in adsorption bed design is the holdup time of krypton. The dynamic adsorption coefficient for krypton is 
at least an order of magnitude smaller tiian that for xenon. Iodine is more readily adsorbed than xenon. Thus, any 
adsorption bed designed to effectively remove krypton should remove xenon, iodine, and other vapor phase 
contaminants at a removal efficiency higher than that for krypton. However, the design must ensure that sufficient bed 
volume exists to retain all of the expected contaminants. 



open cycle concepts must have systems to manage two operational waste skeams: (1) the hydrogen effluent and (2) 
the contaminated noble gases retained m the cryogenic adsorption beds. Once the contaminants have been removed 
from the effluent skeam, the remaining hydrogen can be flared and vented to the atmosphere. Any injected water 
would have been removed by upskeam components. Any injected nitrogen, whUe it would effect the flare system 
design, could be vented with the hydrogen. The cryogenic adsorption beds provide only a temporary retention 
capacity for the noble gases. It wiU be necessary to regenerate die beds between reactor power operations. If the 
adsorption beds are aUowed to warm to above cryogenic temperatures the xenon and krypton will off-gas. Two 
options exist to manage the noble gases. One possibihty is to isolate the cryogenic adsorption beds (either 
individuaUy or as a unit), aUow the beds to warm, and coUect the off-gases in a cryopump for appropriate handhng 
and disposal. A second alternative is to isolate tiie adsorption beds for a sufficient period to aUow for the decay of the 
radioactive gases to an acceptable level and then to vent them in a conkoUed manner to the atmosphere. Any 
adsorbed iodine can be expected to remain in the charcoal beds unless they are heated to the range of 400 K, but it 
wiU also decay. 

Closed LOOP Option 

The closed loop system is a logical extension of an open system (see Figure 2). In this system, die exhaust of the 
cryogenic adsorption stage is cooled to temperatures approaching that of Uquid hydrogen and supphed to the reactor 
inlet to be used as coolant Because it is expected that it would be unacceptable to supply contaminated hydrogen to 
the reactor, aU of die real time debris retention, cooling, and fission-product removal (particulate, gaseous, and vapor 
phase) functions of an open system would be requked. Any injected coolant would be requked to be removed from 
the effluent skeam (water and rutrogen) or diverted to a secondary loop (hydrogen) that does not include the reactor 
core. An accumulator system would be required to manage fluid quantities within the loop under the varymg 
temper^ure and pressure conditions that wiU occur during test operations and nonoperational (no flow) periods. 

Operation of a closed loop system does present several additional problems. Cooling to near liquid hydrogen 
temperatures would requke refrigeration or efficient heat exchangers using hquid hydrogen or hquid hehum. Energy 
loads associated with hydrogen Uquefaction have been previously discussed. Hydrogen pumping power requkements 
for the coolant supply can be quite high if tiie test reactor does not include an integral turbopump assembly. 
Additional pumping capacity would be requked for any hydrogen used for mjection cooling. To satisfy cmrent safety 
standards, it may be necessary to meet tiie pumpmg requkement in a redundant maimer. 

Another difficulty is tiiat tiie conversion of ortho-hydrogen to para-hydrogen is a finite rate process. Liquid 
hydrogen is vktually 100% para-hydrogen while hydrogen at high temperatures (ambient or above) is a mixture of 
75% ortho-hydrogen and 25% para-hydrogen by volume. NTP systems use hquid (para-) hydrogen as thek primary 
coolant As the hydrogen is heated, it is converted to normal (75% ortho- and 25% para-) hydrogen. Upon coolmg m 
a closed loop system, it is necessary to convert back to para-hydrogen m order to maintain tiie proper prototypic fuel 
and ffiel element operatmg conditions. However, the ortho-para kansformation m the absence of a catalyst is a second 
order reaction (Barton 1985). In the presence of a catalyst the transformation approaches a first order reaction for the 
gas phase and a zero order reaction for the liquid phase. Reaction rates m catalyst systems are skongly dependent 
upon the catalyst used, temperature, and pressure. A closed loop system must be designed with sufficient residence 
time (and potentially a catalyst) to allow the ortho-para kansformation to take place. 

A closed loop system both supphes coolant to the reactor (not performed by any of the other ETS concepts 
discussed) and functions during reactor power operation with no dkectpath to the envkonment (like a closed volume 
system). However, no system is tiiily "closed". Like a closed volume system, some between power operation waste 
management operations are requked. The system will have to be opened (requiring effluent processing and relief) to 
remove and replace the test article. The cryogenic adsorption beds (with thek associated contaminated noble gases) 
would also be requked to be regenerated. 

CONCLUSIONS 

Evaluation of effluent treatment concepts should be performed from a total system approach considering potential 
envkonmental impacts, safety, operations, potential future activities, and total cost To meet present standards, any 
system designed to keat the effluent of a NTP reactor must have a high degree of rehability and redundancy. Passive 
systems, such as blowdown rather than pumping, should be employed whenever practical. Exotic materials and 
concepts should be avoided in the ETS design whenever possible. The test article, not the ETS, should be the focus of 
the experimental program. Critical system functions (initial coohng, fission-product retention, etc.) should be 



performed in a manner such that a single failure wiU not lead to loss of tiie ETS function and fission-product releases 
to the envkonment Steps should be taken to minimize occupational exposure during requked in-service 
maintenance, inspection, and testing. The entire ETS should be expected to become contaminated. Significant 
residual radioactivity was observed after tiie operation of NF-1 (Kkk 1973). This was beUeved to be the result of the 
decaying xenon leading to deposition of lanthanum on tiie system surfaces. It may be necessary to perform much of 
the maintenance and mspection usmg remote or robotic means. 

The ETS support systems (such as coolant storage and handhng, or water remova) and posttest processing systems 
(as for decay heat removal, pebble bed heat rejection, or gaseous and Uquid waste processing) can have significant 
impacts on overaU system complexity and cost which should not be overlooked. Systems that meet specific 
functional requirements (rather than individual components) should be compared. TTie potential for future expansion 
should be considered. Any ETS concept is, to a first ̂ proximation, a power Unoited system. Many of die individual 
component designs (piping and valving, injectors, heat exchangers, filters and adsorbers, for example) are designed 
based upon velodty. If it is desked to significantiy increase reactor power (and thus flow), it would be necessary to 
significanfly increase the size of the velocity limited components or to use process trains in paraUel. A total energy 
lintit also exists for an ETS. This limit is defined by the storage capacity (coolants, heat sinks, closed volume fission-
product retention, and so on) of the systems. The potential test duration at a given power can be extended by 
increasing the system storage capacity. This expansion can be accomplished in a more skaightforward manner (for 
example, adding coolant storage for injection or heat exchangers versus incorporating additional pebble bed heat 
sinks in flie process fi-am) for some systems than others. 

The need for low ETS operating pressures to support altitiide simulation can have a sigruficant impact on system 
design. It would be necessary to recover sufficient pressure from the high-speed flow to ovCTCome the system 
backpressure. Since many of tiie system components will be sized based upon flow velocity, the overall system size 
can be expected to increase as operating pressure decreases. The potential exists to incorporate a diffuser into the 
debris retention component design. Injectors or ejectors could be used to lower the system mlet pressure and to cool 
the effluent stream. 

Both the capital and the life cycle costs of system options should be evaluated. Evaluation to date has shown that 
the use of large complex equipment and systems should be minimized for a limited testing program. For example, 
when injection cooling is used, a large number of tests are requked before the increased capital cost of water removal 
systems is balanced by tiie increased operational cost associated with hydrogen injection. The system end of life 
decontamination and decommissioning costs should also be considered. 
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