
 

 

This is a preprint of a paper intended for publication in a journal or 
proceedings. Since changes may be made before publication, this 
preprint should not be cited or reproduced without permission of the 
author. This document was prepared as an account of work 
sponsored by an agency of the United States Government. Neither 
the United States Government nor any agency thereof, or any of 
their employees, makes any warranty, expressed or implied, or 
assumes any legal liability or responsibility for any third party’s use, 
or the results of such use, of any information, apparatus, product or 
process disclosed in this report, or represents that its use by such 
third party would not infringe privately owned rights. The views 
expressed in this paper are not necessarily those of the United 
States Government or the sponsoring agency. 

INL/CON-10-17680
PREPRINT

Hydraulic Shuttle 
Irradiation System (HSIS) 
Recently Installed in the 
Advanced Test Reactor 
(ATR) 
 

ICAPP ‘10 
 

A. Joseph Palmer 
G. L. McCormick 
S. J. Corrigan 

 

June 2010 
 



Proceedings of ICAPP ‘10 
 San Diego, CA, USA, June 13-17, 2010 

Paper 10354

Hydraulic Shuttle Irradiation System (HSIS) Recently Installed in the 
Advanced Test Reactor (ATR) 

A. Joseph Palmer, G. L. McCormick, S. J. Corrigan 
Idaho National Laboratory 
P.O. Box 1625, MS-3840 

Idaho Falls, ID 83415
Tel: 1 (208) 526-8700, Fax: 1 (208) 526-1078, Email: Joe.Palmer@inl.gov 

Abstract – Most test reactors are equipped with shuttle facilities (sometimes called rabbit tubes) whereby small 
capsules can be inserted into the reactor and retrieved during power operations. With the installation of the 
Hydraulic Shuttle Irradiation System (HSIS), this capability has been restored to the Advanced Test Reactor (ATR) 
at Idaho National Laboratory (INL). The general design and operating principles of this system were patterned after 
the hydraulic rabbit at Oak Ridge National Laboratory’s (ORNL) High Flux Isotope Reactor (HFIR), which has 
operated successfully for many years. 

Using primary coolant as the motive medium, the HSIS is designed to simultaneously transport fourteen shuttle 
capsules, each 16 mm OD x 57 mm long, to and from the B-7 position of the reactor. The available space inside each 
shuttle is approximately 14 mm diameter x 50 mm long. The B-7 position is one of the higher flux positions in the 
reactor with typical thermal and fast (>1 Mev) fluxes of 2.8E+14 n/cm2/sec and 1.9E+14 n/cm2/sec respectively. The 
shuttle containers are made from titanium which was selected for its low neutron activation properties and 
durability. Shuttles can be irradiated for time periods ranging from a few minutes to several months. 

The Send and Receive Station (SRS) for the HSIS is located 2.5 m deep in the ATR canal which allows 
irradiated shuttles to be easily moved from the SRS to a wet loaded cask, or transport pig. The HSIS system first 
irradiated (empty) shuttles in September 2009 and has since completed a Readiness Assessment in November 2009. 

The HSIS is a key component of the ATR National Scientific User Facility (NSUF) operated by Battelle Energy 
Alliance, LLC (BEA) and is available to a wide variety of university researchers for nuclear fuels and materials 
experiments as well as medical isotope research and production. 

I. INTRODUCTION 

The Advanced Test Reactor (ATR) is located at the 
ATR Complex on the Idaho National Laboratory (INL) 
site and has been operating continuously since 1967. The 
primary mission of this versatile facility was initially to 
serve the U.S. Navy in the development and refinement of 
nuclear propulsion systems; however, in recent years, the 
ATR has been used for a wider variety of government and 
privately sponsored research. 

Most test reactors are equipped with shuttle facilities 
(sometimes called rabbit tubes) whereby small capsules 
can be inserted into the reactor and retrieved during 
power operations. There are two major purposes for this 
type of irradiation facility:  (1) to provide an economical 
means of conducting small volume experiments, and (2) 
for the production of isotopes (particularly medical 
isotopes) with relatively short half-lives. 

Until 1990, the ATR was equipped with a pneumatic 
shuttle system used for low fluence experiments. The low 
fluence capabilities of this system, as well as the plastic 
transport capsules, limited the types of experiments this 
facility could conduct. As a result, the system was 
removed to make room for several instrumented 
experiments. With the installation of the Hydraulic Shuttle 
Irradiation System (HSIS), a much improved shuttle 
capability has been restored to ATR. The general design 
and operating principles of this system were patterned 
after the hydraulic rabbit at Oak Ridge National 
Laboratory’s (ORNL) High Flux Isotope Reactor (HFIR), 
which has operated successfully for many years.[1]

II. HSIS OVERVIEW 

The shuttles are transported between the send/receive 
station (SRS) in the canal and the B-7 experiment position 
in the core through the transport line that enters the 
reactor vessel through a flange at the L-13 position. 

© Battelle Energy Alliance, LLC, 2010 
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Figure 1. HSIS Simplified Flow Diagram in Send Mode. 

Figure 2. HSIS Simplified Flow Diagram in Return Mode. 

Figure 3. HSIS Simplified Flow Diagram in “Recirc” Mode. 
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Shuttle transport to the core is driven by the core 
differential pressure. Upper plenum pressure is available 
through the high pressure line, which also penetrates the 
reactor vessel L-13 flange. The transport line terminates 
in the lower plenum of the reactor at a pressure 
approximately 5.9 Bar less than the upper plenum. This is 
the differential pressure that drives the Send operation, as 
shown in Figure 1. 

Shuttles are returned to the SRS by opening a path to 
the warm waste drain, which operates at atmospheric 
pressure. During shuttle return, the full lower plenum 
pressure (18 Bar) drives the shuttles, not the core 
differential pressure, as shown in Figure 2. Flow orifices 
(OR-101, OR-102, and OR-104) control the flow rates 
during Send and Return operations and limit shuttle 
velocities. 

The flow path during experiment irradiation 
(i.e., normal operation) is recirculation and is shown in 
Figure 3. This configuration cross-connects portions of 
the high pressure and transport lines to supply continuous 
flow to the in-core experiment tube in order to cool the 

 shuttles in the core. Part of the recirculation flow path is 
via the “by-pass line,” which has no valves—only a flow 
restriction orifice—and is open at all times to ensure 
adequate cooling. By means of the isolation valves in the 
nozzle trench (VA-101, and VA-102), only short lengths 
of tubing near the reactor vessel are pressurized during 
reactor operations (except for the brief send and receive 
operations). 

III. INSTALLATION AND MECHANICAL 
DESCRIPTION 

The majority of the HSIS system was installed in the 
ATR reactor building during a nine month period in 2008 
with the final shielding installed in early 2009.  The 
overall physical installation of HSIS in the ATR reactor 
building is illustrated in Figure 4. The total developed 
length of tubing from the B-7 position in the reactor to the 
SRS in the canal is approximately 39 m. The tubing 
consists of two main lines, a 22 mm OD x 17.8 mm ID 
transport line, and a 19 mm OD x 16 mm ID “high 
pressure” line. Additionally, two 3 mm OD instrument 
lines (not shown in Figures 1–3) provide pressure signals 
to indicate that shuttles have seated correctly in the core. 

Hole Drilled 
Into Canal 

Figure 4. HSIS Installation in ATR Reactor Building. 
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Beginning with the installation of the HSIS transport 
tube in the ATR vessel, Figures 5-12 provide details of the 
HSIS installation in the ATR reactor building. 

Figure 5. HSIS Transport Tube Installation in the ATR 
Vessel. 

Figure 6. Tubing Exiting Vessel through L-13 
Penetration Flange. 

Routing of the tubing required two core drills through 
deep sections of concrete. The first core drill allowed the 
tubing to pass from the 1D cubicle (see Figure 4) up to the 
main floor (see Figure 7). 

Figure 7. First Core Drill, Out of 1D Primary Cubicle. 

On the way to the canal, the tubing passed over the 
canal walkway. In this area, the tubing was surrounded 
with 20 cm of lead shielding as shown in Figure 8. 

Figure 8. Shielding on Canal Walkway. 

The second core drill (illustrated in Figure 9) 
provided a path for the tubing to enter the ATR fuel 
storage canal. This core drill required the water level in 
the west end of the canal to be lowered approximately 
3m. Due to the difficulty and disruption of lowering the 
water level in a portion of the canal, several sets of 
Grayloc® pipe clamps were modified for remote 
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operation (see Figure 9). By means of these modified 
clamps, plus a number of Staubli® quick connect fittings, 
essentially all of the equipment submerged in the canal 
may be disconnected, lifted from the canal, serviced, and 
reinstalled in the canal without ever lowering the canal 
water level (see, for example, Figure 13). Note that 
Figures 7, 9, and 10 show two spare lines. These 
additional lines were run from the nozzle trench to the 
canal and would allow a second shuttle system to be 
installed at greatly reduced cost. 

Figure 9. Artist Conception of the Entry of HSIS Lines 
into the Canal. Note the corresponding highlighted 
region in Figure 10 below.  

Figure 10. Realized Entry of HSIS Lines into the 
Canal Following Installation. 

The SRS is submerged approximately 2.5 m in the 
canal to provide shielding. The SRS consists of a bearing-
mounted slide that is operated manually by a 
rack-and-pinion assembly, as shown in Figure 11. When 
the slide is closed, a lock holds it in place. When the lock 
is open, a small yellow indicator flag pops up showing 
this open condition. With the slide open, shuttles are 
placed manually using specially designed tools aided by 
an underwater video system. The shuttles are placed in a 
loading tray, which is essentially a tube with the top half 
removed. Fourteen shuttles are visible and directly 
accessible at a time in the SRS (see Figure 12). 

Figure 11. Send Receive Station (SRS) with Slide in the 
Closed Position. 

Figure 12. SRS with Slide Open and Shuttles in the 
Loading Tube. 

As mentioned previously, five air-operated valves, 
two on the valve skid in the nozzle trench and three 
underwater in the canal, provide flow path alignment for 
the three operating configurations of the HSIS. Two of the 
control/isolation valves are located in the nozzle trench 
and are accessible for maintenance during reactor outages. 
The other three valves are submerged in the canal. Two of 
these valves are mounted on a panel that is mounted to the 
same rack supporting the SRS. Both the valve panel and 
the SRS station itself are designed such that they can be 
remotely disconnected and pulled from the canal for 
maintenance or even modification. This maintenance 
technique was demonstrated during HSIS installation, 
when after the canal water level had been raised, one of 
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the fittings on the SRS was found to be leaking and the 
SRS was successfully raised from the canal, repaired, 
lowered back into the canal, and reconnected to the tubing 
lines (see Figure 13). 

Figure 13. SRS Being Raised from the Canal for 
Servicing. 

The HSIS control panel consists of a stainless steel 
enclosure with push-buttons, selector switches, indicator 
lights, and digital indicators mounted on its hinged face, 
as shown in Figure 14. Within the enclosure is a 
Programmable Logic Controller (PLC), various interface 
modules, 24 Vdc power supply, and an Uninterruptible 
Power Supply (UPS). The PLC executes a ladder logic 
program that provides the primary control functions for 
the system. 

Figure 14. HSIS Control Panel. 

The system may be operated in either manual or auto 
mode. Normally, the system will be operated in auto 
mode—while in this mode, operators need only press a 
single push button to automatically line up valves for 
Send, Return, or Recirc functions. 

The control panel also incorporates three digital 
differential pressure indicators (DPI) and three flow 
indicators (FI). The DPIs are the three displays along the 
top of the panel. The display at the upper left provides an 

indication of when the shuttles have seated in the core, the 
display at the upper right provides an indication of when 
shuttles have returned to the SRS. The display in the 
upper middle will provide an indication if one or more 
shuttles hang up in the transport line during either a send 
or return operation. 

The other three displays across the middle of the 
panel are flow indications and give assurance of adequate 
cooling when shuttles are being irradiated (recirc mode) 
and that flows are as expected during send and return 
operations. 

IV. EXPERIMENT CAPSULE DESCRIPTION 
(SHUTTLES)

The experiment capsules, or shuttles, are 
approximately 16 mm in diameter x 57 mm in length with 
interior useable dimensions of 14 mm in diameter x 50 
mm long (see Figure 15). The shuttles planned for use are 
made of commercially pure titanium. Titanium was 
selected based on three factors, low density, durability to 
impacts (having both high yield strength and good 
ductility), and relatively low neutron activation properties. 
The shuttles are welded using a standard tube welding 
head immersed in an inert gas environment. The welds are 
autogenous (without filler metal) and result in an 
extremely smooth surface that does not require post weld 
machining. The shuttles have been qualified as 
Department of Transportation (DOT) Special Form 
containers and as such, larger quantities of radioactive 
material can be shipped in DOT Type A materials 
packages than otherwise would be permitted if the shuttle 
capsules were not special form. 

Figure 15. HSIS Shuttle Capsules. 
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V. OPERATIONAL FEATURES AND 
CHARACTERISTICS OF THE HSIS 

The HSIS system is designed to transport fourteen 
shuttles simultaneously and will always transport fourteen 
even if only one or two are active; the other spaces will be 
filled with dummy shuttles. This policy was established so 
that the readings on the control panel will always be 
reproducible. A shuttle train of fourteen occupies only the 
middle 0.8 m of the ATR’s 1.22 m active core height. 
Occupying the middle section of the core like this results 
in a fairly flat neutron flux profile over the entire shuttle 
train—the ratio between peak to minimum flux is only 
about 1.6 over the entire shuttle train.[2]

As discussed previously, the shuttles are irradiated in 
the B-7 position of the reactor. The B-7 position is one of 
the higher flux positions in the reactor with typical 
thermal and fast (>1 Mev) fluxes of 2.8E+14 n/cm2/sec 
and 1.9E+14 n/cm2/sec, respectively. Because the B-7 
position is next to the fuel, but yet is not in one of the nine 
flux traps, it offers a good compromise between high flux 
yet minimal effect on reactivity when shuttle trains are 
inserted or removed from the core. The HSIS is currently 
limited to 0.08$ reactivity change, either positive or 
negative. Calculations performed to date indicate that 
typical shuttle trains (materials experiments without 
strong neutron absorbers) will result in reactivity changes 
less than one half of this limit. Figure 12 is a plot of the 
ATR regulating rod movement during the first shuttle 
train irradiation performed. These shuttles were empty 
and the calculated reactivity change of 0.005$ matched 
the actual regulating rod movement within 0.005$ 
equivalent. 

R
eg

 R
od

 T
ra

ve
l (

in
ch

es
) 

29

29.5

30

30.5

31

31.5

32

9/26/2009
13:26

9/26/2009
13:55

9/26/2009
14:24

9/26/2009
14:52

9/26/2009
15:21

9/26/2009
15:50

9/26/2009
16:19

Figure 16. ATR Reg-Rod Movement during First 
Shuttle Train Insertion. 

Samples in the shuttles may be irradiated at specific 
temperatures of the customers’ choosing. This is achieved 

by establishing a gas gap between the sample material and 
the shuttle walls which are cooled by reactor primary 
coolant.  By filling the gas gap with an appropriate blend 
of helium and argon gases, irradiation temperatures from 
100oC to 1000oC may be achieved. 

The shuttles travel at a modest velocity of 1.2 to 1.5 
m/s through the 39 m of tubing between the SRS and the 
core, resulting in a total transport time of about 30 
seconds for either send or return operations. The stops in 
the reactor core and at the SRS are solid stops and so the 
samples must be cushioned to prevent any damage. 

VI. USE OF THE HSIS 

In 2008, the ATR was designated a National 
Scientific User Facility (NSUF). The goal of this 
designation is to provide nuclear energy researchers 
access to world-class capabilities to help facilitate the 
advancement of nuclear science and technology. The 
HSIS is an integral part of the ATR NSUF mission. The 
ATR NSUF program conducts two proposal calls each 
fiscal year. Proposals are competitively selected on the 
basis of an independent peer review that utilizes expert 
reviewers from universities, national laboratories, and 
industry. Selection is based on scientific merit and 
relevancy to U.S. Department of Energy - Nuclear Energy 
(DOE-NE) missions. Proposal teams must be led by an 
accredited U.S. college or university. Others interested in 
performing research with the ATR NSUF must be 
collaborators on a U.S. university-led team. The INL does 
not intend to restrict participation to U.S. citizens; 
however, in some cases, access to INL facilities may be 
restricted for non-U.S. citizens from sensitive countries. 

The ATR HSIS is available for use outside of the 
NSUF program. However, in this case, users are required 
to pay full cost recovery for all expenses incident to the 
irradiation program, such as safety reviews, shipping and 
handling of the shuttles, etc. 

VII. CONCLUSIONS 

The Hydraulic Shuttle Irradiation System (HSIS) was 
installed in the Advanced Test Reactor (ATR) during 2008 
and 2009. This system greatly increases the ATR’s 
capability for performing small volume experiments as 
well as producing and performing research on short lived 
isotopes. 
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