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Abstract

The electron beam process, an advanced oxidation and reduction technology, is based in the field of

radiation chemistry. Fundamental to the development of treatment processes is an understanding of the

underlying chemistry. We have previously evaluated the bimolecular rate constants for the reactions of

methyl tert-butyl ether (MTBE) and with this study have extended our studies to include ethyl tert-

butyl ether (ETBE), di-isopropyl ether (DIPE) and tert-amyl methyl ether (TAME) with the hydroxyl

radical, hydrogen atom and solvated electron using pulse radiolysis. For all of the oxygenates the

reaction with the hydroxyl radical appears to be of primary interest in the destruction of the compounds

in water. The rates with the solvated electron are limiting values as the rates appear to be relatively low.

The hydrogen atom rate constants are relatively low, coupled with the low yield in radiolysis, we

concluded that these are of little significance in the destruction of the alternative fbel oxygenates (and

MTBE).

Introduction

The electron beam process, an advanced oxidation (and reduction) technology (AOT), is based in the

field of radiation chemistry. It appears that it may bean economically viable alternative for the

destruction of MTBE and alternative fiel oxygenates in aqueous solutions. One part of our research

program it to continue to develop a better understanding of this process as an alternative to other

AOT’S, particularly in the area of fuel oxygenate compounds.

The electron beam process can be thought of as a continuous injection of electrons into a flowing stream

of water. In distilled water the initial chemistry can be described by the following:

H20 -/VW-> 2.7 OH, 0.6 H, 2.6 e,~-, 0.45 H2, 0.7 HZOZ,2.6 H,~+ (1)

The numbers in bold are G values and represent the number formed for each 100 eV absorbed dose.

Fundamental to developing this treatment process is an understanding of the basic radiation chemistry.

We use an approach that involves first determhing bimolecular reaction rate constants between the

reactive intermediates in equation 1 and the compound(s) of interest. Secondly, we try to develop a

detailed understanding of the reaction mechanism that describes the radiolytic decomposition of the

compound in aqueous solution. Afler the rates and mechanism are known then we can use the kinetic

model that we have been working on for several years to predict the removal of the compound. Lastly,
we conduct large scale studies of the compound(s) at the Electron Beam Research Facility in Miami, FL.
From these studies we can estimate treatment costs of the process.
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ESTIMATES OF THERMAL FATIGUE DUE TO BEAM INTERRUPTIONS FOR AN
ALMR-TYPE ATW

Floyd E. Dunn and David C. Wade
Argonne National Laboratory, U.S.A.

Abstract

Thermal fatigue due to beam interruptions has been investigated in a sodium cooled ATW using the
Advanced Liquid Metal mod B design as a basis for the subcritical source driven reactor. A ~ff of
0.975 was used for the reactor. Temperature response in the primary coolant system was calculated,
using the SASSYS- 1 code, for a drop in beam current from full power to zero in 1 microsecond..
Temperature differences were used to calculate thermal stresses. Fatigue curves from the American
Society of Mechanical Engineers Boiler and Pressure Vessel Code were used to determine the number
of cycles various components should be designed for, based on these thermal stresses.

Introduction

The SASSYS-1 codel was used to calculate transient coolant and structure temperatures in an
Accelerator Transmutation of Waste (ATW) device using a sodium cooled configuration modeled on
the Advanced Liquid Metal Reactor (ALMR) mod B design2 for the reactor. The transient was a beam
interruption which drops the power from fill power to zero in 1 microsecond at the. start of the
transient. Cases were run both with and without a trip of the pumps when the beam interruption
occurred. The reactor ~ff was 0.975 for these calculations. A 12 channel thermal hydraulics model
was used for the reactor core, and a detailed treatment was used for the primary and intermediate heat
transfer loops. Figure 1 shows an approximate two dimensional representation of the three
dimensional arrangement of the components and piping in the ALMR mod B primary and intermediate
heat transfer loops. The nominal core temperature rise was 139 K, and the temperature rise in channel
1, the hottest channel, was 164 K. The coolant transit time through the core at full forced flow is 0.2
second. The transit time through the upper part of the subassembly above the core is 0.3 second, and
the transit time through the outlet plenum to the intermediate heat exchanger (IHX) inlet is51 seconds.

To evaluate the significance of the temperature transient results, low cycle fatigue caused by
thermal stresses was estimated for three structural elements: the above core load pads on the fuel
assembly duct walls, the wall of the core barrel at the above core elevation in the outlet plenum, and
the IHX shell wall at its primary coolant entrance. The thicknesses of these structural elements are
approximately 0.0057, 0.05, and 0.025 meters respective y. To compute transient thermal stresses, it
was assumed that the structure surface temperature was approximately the same as the coolant
temperature. Then the difference between the average structure temperature and the coolant
temperature was multiplied by the thermal expansion coefficient of the structure to obtain the surface
thermal strain. This strain was multiplied by the Young’s modulus of elasticity to obtain a stress. The
American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel code3 fatigue curves
were used to evaluate the fatigue effects of the stress. These curves give the design limits for the
number of cycles that a given stress can be applied. ThermaI fatigue calculations were made for the
above core ioad pads on the subassembly duct walls in channel 1, for the outlet plenum walk, and for
the H-IX shell at the primary inlet end to determine the number of allowed cycles. These were



compared to the failure rates per annum reported by Gudowsky4 for LANCE to determine the
allowable years of service.

Results

The first calculation was for a beam loss with no pump trip. Figure 1 shows the power and flow
for this case. The external source dropped from nominal to zero in .05 second. The power dropped
rapidly and approached the decay heat curve, while the coolant flow remained at its nominal value.
Figure 2 shows the coolant temperature and the structure bulk temperature at the axial node above the
top of the fuel. The structure thickness is equal to the load pad thickness. These results are for the
above core load pad. The coolant temperature initially drops faster than the structure temperature.
The difference between the structure temperature and the coolant temperature is given in Fig. 3. This
difference peaks 2.2 seconds into the transient at a value of 88.6 K. Thus, any beam interruption
longer than 2 seconds is going to give a thermal stress corresponding to almost 90 K at the above core
load pads. Figure 4 shows the outlet plenum coolant and wall temperatures, and Fig. 5 shows the
difference between the wall temperature and the coolant temperature. The temperatures in the outlet
plenum respond to the transient much more slowly than those in the core at the top of the fuel. The
temperature difference in the outlet plenum peaks 146 seconds into the transient at a value of 99.4 K.
Figure 6 shows the primary side coolant temperature, the shell temperature, and the tube temperature
at the top of the IHX. The shell starts out somewhat cooler than the cookmt because the calculation
accounted for some heat transfer from the shell to the RVACS system in normal operation. The shell
temperature represents the average of the temperature around the complete circumference. If the part
of the shell on the side away from the RVACS system had been modeled, then the initial shell
temperature would have been close to the coolant temperature. Figure 7 shows the difference between
the shell temperature and the coolant temperature. The tube temperature does not differ from the
coolant temperature by very much in this transient.

A second transient was made for a beam loss with a trip of both the primary and the intermediate
pumps. The pumps tripped at .25 seconds. Figure 8 shows the power and flow for this case. The
normal coastdown of the primary pumps is slower than the drop in power. Figure 9 shows the coolant
and structure temperatures in channel 1 above the active fuel, and Fig. 10 shows the difference
between these temperatures. Tripping the pumps reduces the maximum temperature difference in the
subassembly, but the difference between the structure temperature and the coolant temperature still
peaks at 64.8 K at 3 seconds into the transient. Figure 11 shows the outlet plenum coolant and wall
temperatures. The IHX coolant, shell and tube temperatures are shown in Fig. 12. The pump trip
greatly reduces the severity of the temperature transients in the outlet plenum and in the II-IX.

Steel properties used in evaluating thermal stresses are listed in Table 1. The cladding and
subassembly duct walls in the ALMR are made of I-IT-9, which is a ferritic steel. For the outlet
plenum walls and the II-IX shell both ferritic and austenitic steel were evaluated using the same
temperature differences. Fatiame curves from the ASME Boiler and Pressure Vessel Code were used
to convert thermal stresses into the number of design cycles for a component. The results of these
calculations are summarized in Table 2. Note that the failure frequency used for the results in Table 2
is based on the number of beam interruptions longer than three seconds ‘for the impact on above core
load pads. A lower failure frequency is used for the impact on the outlet plenum wall and the IHX
shell, since a short beam interruption of less than a minute would result in lower temperature
differences and thermal stresses in these components. The beam interruption data in Ref. 4 is broken
down by the duration of the interruptions, making it possible to estimate the number of interruptions
per year longer than 3 seconds or longer than 1 minute.
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Ferritic Steel Austenitic Steel

Thermal expansion coefficient 1.4 x 10-5 2.0 x 10-5
(m/m/K)

Young’s modulus (psi) 30x 106 28.3 X 10s

The results in Table 2 indicate that tripping the pumps when beam interruptions occur can greatly
reduce the thermal fatigue consequences in the outlet plenum and the II-IX. Tripping the pumps has
less benefit for the subassembly above core load pads, but it helps. Also, the use of austenitic steel
instead of ferntic steel reduces the fatigue consequences. Austenitic steel is not used for cladding and
subassembly duct walls because of irradiation swelling problems, but it might be used in the outlet
plenum and the IHX. Without tripping the pumps when a beam interruption occurs, the design would
be very limited. The 1.7 year design life for the subassembly above core load pads would be a real
limitation, since fast reactor subassemblies are usually left in the core for three years or more. Also,
the 1.3 or 6.6 year design life for the outlet plenum wall would be significantly less than desired. The
IHX shell might be less of a problem, especially since an H-IXis often designed with a shroud near the
shell to protect the shell from thermal shocks. On the other hand, the difference between II-IX tube
temperature and shell temperature leads to thermal stress in the tube sheet. Protecting the shell with a
shroud will increase the transient difference between die tube and shell temperatures and increase the
thermal stress in the tube sheet.

For these calculations it was assumed that the feedwater pump control system held the steam
generator sodium outlet temperature at a constant value. Thus, there was little change in the core inlet
temperature during the transient and there was little thermal strain on the inlet grid structure.

One large uncertainty in this analysis is the frequency of beam interruptions. The ATW
accelerator has not been designed or built, so the actual reliability of the beam is unknown. The
frequency of beam interruptions used for the results in Table 2 leaves little margin for error in the
design life of the above core load pads, even if the pumps trip when an interruption occurs. Worse
beam performance would not be acceptable.

Tripping the pumps tens of thousands of times during the life of the device may cause safety
problems. A beam interruption followed by a pump trip followed by an immediate return to power
with no restart of the pumps would induce an accident equivalent to a traditional loss of flow accident.
In an ATW loss of flow case, the negative reactivity feedbacks of the ALMR design would have little
impact on power; so the consequences of an unprotected loss of flow case in the ATW could be much
worse than in a critical reactor.

This study was a quick study using sodium coolant. The work will be extended to lead-bismuth
and lead coolant. Also, the impact of beam interruptions on the fuel will be considered.



Table 2. Results of Beam Interruption C
I

component Pump max. temp. time of steel
trip difference max. temp.

(K) difference
(see)

above core No 88.6 2.2 ferritic
load pads

Yes 64.8 3.0 I ferntic

outlet No 99.4 145.6 ferritic
plenum
wall

No 99.4 145.6 austenitic

Yes 17.0 182 ferritic

Yes 17.0 182 austenitic

IHX shell I No I 63.7 { 91.3 I ferntic

I No I 63.7 I 91.3 I austenitic

I Yes I 10.7 I 99.5 I ferntic

Yes I 10.7 I 99.5 I austenitic

!Culations

Tstress number
ksi of cycles

37.2 15,000

---t-

27.2 40,000

41.7 4600

56.3 I 23,000

*

36.1 250,000

4.5 106+

6.1 106+

Years of
operation
(see note)

1.7

4.5

1.3

6.6

287 +

287 +

12.1

71.8

287 +

287 +

Note: The years of operation are based on 8844 interruptions per year longer than 3 seconds for the
above core load pads, 3480 interruptions per year longer than 1 minute for the outlet plenum wall and
the IHX shell. These frequencies are from W. Gudowski for the LANSCE accelerator In 1997.
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