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ABSTRACT
 

Oregon State University (OSU) and the Idaho National Laboratory (INL) are 
currently collaborating on a test program which entails hydro-mechanical testing 
of a generic plate type fuel element, or standard fuel element (SFE), for the 
purpose of qualitatively demonstrating mechanical integrity of uranium-
molybdenum monolithic plates as compared to that of uranium aluminum 
dispersion, and aluminum fuel plates due to hydraulic forces. This test program 
supports ongoing work conducted for/by the fuel development program and will 
take place at OSU in the Hydro-Mechanical Fuel Test Facility (HMFTF). 
Discussion of a preliminary test matrix, SFE design, measurement and 
instrumentation techniques, and facility description are detailed in this paper. 
 

1 INTRODUCTION 
Oregon State University (OSU) has been tasked by the Global Threat Reduction 
Initiative/Reduced Enrichment for Research and Test Reactor (GTRI/RERTR) Fuel 
Development Program to design, construct, and utilize a Hydro-Mechanical Fuel Test Facility 



(HMFTF) with the primary objective of producing a database of information to support the 
qualification of a new prototypic uranium-molybdenum (U-Mo) alloy, low enrichment uranium 
(LEU) fuel to be inserted into the five U.S. High Performance Research Reactors (HPRRs). This 
database of information will include fuel plate and element, plastic and elastic deformation, and 
vibration as a function of operating system pressure, temperature, and flow rate. 

2 FACILITY DESCRIPTION 
The current design of the HMFTF permits for hydraulic testing of a single full HPRR element, 
and can simulate certain design basis accident conditions of all the U.S. HPRRs including 
operation between Lower Safety System Settings to Limiting Conditions of Operation as seen in 
Table  1. Because the HMFTF’s purpose is providing hydro-mechanical information, its design 
has been limited to subcooled isothermal testing capabilities. Many unique challenges arise when 
designing a thermal-hydraulic test loop having such a wide range of operating conditions 
including mechanical configuration and sensing arrangement [1].  
 

Table  1: HMFTF Fluid operating range 
Parameter Value 

Flow Rate Range [m3/sec] 0 – 0.10094 
Pressure Range [MPa] 0.101 – 4.137 
Fluid Temperature Range [°C] 20 – 238 
Conductivity Range [micromhos] 1 – 3 
pH Range 4 – 8 

 

2.1 MECHANICAL CONFIGURATION 
The test facility design flow rate range spans from 0 to 0.10094 m3/s; for this reason two 
centrifugal pumps were selected to provide continuous flow capability through the entire 
operational spectrum [2, 3]. These main feed pumps (MFPs) are configured in parallel; the flow 
produced by each pump is regulated through independent variable speed drives (VSDs). Each 
VSD is equipped with internal proportional integral differential controllers in both single pump 
and multi-pump operational mode. The primary loop piping system is comprised of 6 inch 40 
schedule stainless steel 304 piping. Two multiport valves provide the capability for reconfiguring 
flow through the test section for up-flow or down-flow, as each of the HPRRs have unique flow 
directions through their core.  
 
The test section is 6 feet 8 inches in length from end to end and contains 25 ultra high precision 
pressure transducers for measurement of individual subchannel dynamic pressure of each tested 
element, three pressure indicating transmitters (PITs) for measuring bulk flow rate, three 
thermocouples for measurement of fluid temperature and the ability to connect 96 strain gages to 
a single test element for acquisition of elastic and plastic plate deformation. A rendering of the 
HMFTF is shown in Figure 1. 



  
Figure 1: Physical arrangement of the HMFTF 

2.2 SENSING ARRANGEMENT 
The data acquisition system (DAS) and programmable logic controller (PLC) are connected to a 
single network switch which allows for the upload of any sensing channel to the server and/or 
the HMFTF control center, as required. 
 
All quality data produced by the HMFTF is compliant with 10CRF-21, -Appendix B, and ASME 
NQA-1. Significant effort has been spent to functionally isolate all sensing channels that provide 
quality assured (QA) data versus those channels necessary for control and monitoring of the 
facility to reduce resources needed for auditing and managing the facility configuration. The 
HMFTF is controlled remotely; this is done through a closed network as seen in Figure 2. 
All channels sent through the HMFTF network can be broken into three sensor types: 
� Sensors 1 – Instrumentation signals that are sent only to the DAS that are not required for 

sensing/control/or monitoring of the online state of the facility. Example: strain gage signals 
measuring plate deformation. 

� Sensors 2 – Instrumentation signals that are split and then sent to both the DAS and PLC that 
are considered both quality data and required for sensing/control/or monitoring of the online 
state of the facility. Example: vortex flow meters measuring volume flow rate and controlling 
both MFPs. 
 

� Sensors 3 – Instrumentation signals that are sent only to the PLC that are required only for 
sensing/control/or monitoring of the online state of the facility. Example: valve position 
switches identifying state of flow path(s) in facility. 
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Figure 2: Sensor arrangement (photos courtesy of National Instruments) 

2.3 STATE CONTROL 
The PLC system is comprised of two National Instruments (NI) CompactRIO chassis, each 
holding up to eight sensing modules. Eleven of the total 16 available module slots are occupied 
by sensing modules which sense and/or control system pressure, water level, fluid temperature, 
flow, and valve position for all components in the facility. Facility operating conditions are 
maintained and monitored as follows:  
� System pressure in the facility is regulated via the MFPs and their pressure set-point relative 

to the sensed output from a controlling PIT. The signal from the PIT is sent to both the DAS 
and PLC as it is a logic function and quality assured parameter. The PLC senses the PIT 
through an NI 9208 16 channel analog input card. The signal is then received and sent to both 
VSDs and they respond relative to their set-point determined by the operator. 

 
� Water level is maintained in a similar manner as system pressure. It is regulated via a VSD 

controlled make-up pump and its set-point relative to the sensed output from level indicating 
transmitter (LIT) located in the accumulator. The PLC senses the LIT through an NI 9208 16 
channel analog input card. The signal is then received and sent to the pump’s VSD which 
responds relative to its set-point determined by the operator. 

� Fluid temperature is increased via band heaters wrapped around the primary loop piping 
system. They respond through the output temperature sensed at the outlet of each pump. The 
output temperatures are then sent to their corresponding heater controllers. Each heater 
control responds to the set-point temperature determined by the operator. Temperature is 
decreased by routing primary loop fluid through a passive bypass loop in line with the 
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primary loop heat exchanger (HX). A pneumatic valve is regulated in position by the sensed 
temperature read by thermocouples located at the inlet of the test section. 

� Flow control is regulated via flow control valves (one per MFP). Flow in each of the MFP 
branches is monitored by independent vortex flow meters. Their signal is sent to both the 
DAS and PLC as they are both a logic and quality assured parameter. The PLC senses the 
flow signal and it is then compared to the set-point determined by the operator. A 
corresponding output signal is sent to an electro-pneumatic converter which drives the flow 
control valve positioners to their appropriate positions. 

3 STANDARD FUEL ELEMENT DESIGN 
A design process has been employed through the iterative workings of the standard fuel element 
(SFE) as seen in Figure 3. The identification of objectives (presented above) for the SFE tests 
provided a basis for a variable range of dimensional parameters which the SFE may feasibly be 
designed and fabricated to accommodate; a preliminary SFE design followed suit. It is the intent 
to test each element type to ‘failure’1. 

 
Figure 3: Flow diagram of SFE design process 

                                                 
1 Failure is considered to be measurable plastic deformation of the plate under consideration. 
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For each geometric configuration (plate width and span, and subchannel width) a RELAP5 
(version 3.2) model was developed to perform bulk pressure drop calculations in order to 
determine the optimal geometric relations. As an example, Figure 4 was produced as a part of 
this on-going iterative design process; showing pressure drop along with axial length of the plate 
at 24 discrete locations (1 node per inch). Pressure in Figure 4 is presented for two of the seven 
subchannels incorporated into the SFE. These two subchannels include a narrow subchannel 
adjacent to a wide channel and separated by a fuel plate. In the case shown in Figure 4, a value of 
0.102 inches was applied for the width of the wide subchannel and 0.075 inches defined the 
width of the narrow subchannel forcing a bulk pressure drop of approximately 150 psid across 
the fuel element. It is noteworthy that the values used to produce Figure 4 are not representative 
of the current on-going design values regarding the SFE, but provide a qualitative demonstration 
of the design process being used.  

 
Figure 4: Axial pressure distribution of (��) wide subchannel and (o�) narrow subchannel 

 
For each design iteration the differential axial pressure distribution, created by taking the 
difference of the two pressures in adjacent subchannels at discrete axial locations (Figure 5a), 
was then input into an ABAQUS finite element model to estimate local plate deformations 
(Figure 5d), identify whether the yield strength of the material was reached or exceeded (Figure 
5b and c), and if the boundary conditions are suitable for the application at hand. Discussion 
arose at the conclusion of the stress analysis to address whether the results of the analyses satisfy 
the test objectives, and if so, whether the design is compatible with the HMFTF. If all criteria are 
satisfied then the design is to proceed to the design review and finally off to fabrication. 
 
A set of example ABAQUS results are presented Figure 5. These results were produced by 
assuming simply supported boundary conditions along both axial edges (vertical) and free 
boundary conditions along each span-wise edge. However, a comb (bridge) is incorporated into 
the simulation and design of the SFE at the leading edge (top) preventing all local deformation of 
the plate at this location. 
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(d) 
Figure 5: Examples of Stress and Displacement of (a) axial pressure distribution applied to plate, (b) full plate 

Von Mises Stress [psi], (c) cropped plate Von Mises Stress [psi], and (d) full plate out-of-plane deformation [in] 
 
Regarding the results presented in Figure 5, a variable load (Figure 5a) was applied to the plate. 
In this solution set, the maximum plate deformation (Figure 5d) occurs approximately 6 inches 
downward from the leading edge along the span-wise center of the plate creating a candid 
location for strain gage measurements. Furthermore, the maximum Von Mises stress observed 
occurs at the same location with a value of ~1.251e4 psi. The yield strength of Aluminum is 
approximately 8000 psi. The results presented above provide evidence of a potential candidate 
set of geometric values and flow conditions for the testing of the SFE. 
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The standard fuel element is of flat plate type geometry consisting of six fuel plates separated by 
modular plate spacers; all plates and spacers are held together by the element’s side plates. The 
element is capped at the top and bottom with end restraints. A comb (bridge) is located at the 
span-wise center on the leading each of each plate to provide mechanical resistance from local 
buckling. The purpose for this design feature is to force the maximum deformation to occur in a 
region of the plate where the fuel meat is located to provide for an objective comparison of the 
plate’s mechanical stability due to a change in the fuel core material.  
 
Each plate is 24 inches in length, 4 inches in width, and has a total thickness of 0.05 inches. 
While the overall SFE is 27 by 5 by 1.852 inches in dimension (refer to Figure 6). These plates 
are restrained through compressions along the axial length of the element at a ‘pinch-point’ in 
the fuel plate spacers. The purpose of this pinch-point restraint provides a method for support of 
each plate with a pinned or hinged mechanical boundary restraint. Six of the seven sub-channels 
in the SFE are spaced evenly, while the center sub-channel (Figure 6, b) is slightly larger in 
width than all others. This change in flow geometry biases flow through the center channel, 
increasing the superficial velocity in that region relative to the others, therefore reducing the 
local pressure. By creating a pressure differential between the center flow channel and its 
adjacent flow channels, membrane stresses are created on the fuel plates separating these 
channels (a and c). By incrementally increasing the flow rate through the element, one therefore 
incrementally increases the membrane stresses observed on the center plates. Plate failure occurs 
when the membrane stresses exceed the yield strength of the plate. 

 
Figure 6: Geometric layout of the SFE 
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4 INSTRUMENTATION AND MEASUREMENT TECHNIQUES 
The instrumentation and measurement techniques used in the HMFTF are similar to those 
historically employed as a part of research reactor hydraulic characterization [4] and fuel 
qualification.  
 
As seen in Figure 7 total- and static-pressure probes (pitot tubes) are used to estimate coolant 
velocities in each subchannel. The open end of the total pressure probe is aligned with the flow 
direction and is located in the span-wise center of each sub-channel, inserted approximately 0.25 
inches inside the channel. By locating each total probe in the span-wise center it can be assumed 
that its location acquires pressure which reflects that of the maximum coolant velocity passing 
through the channel. The total pressure probes are located inside each flow channel in order to 
collect representative data of each prescribed channel and filter out large fluctuations in pressure 
which may occur at the channel outlet where mixing occurs.  
 
An assessment for the local coolant velocity (vlocal) in each prescribed subchannel may be 
completed through the acquisition of the total- and static-pressure pitot tube measurements 
collected in each subchannel.  
 

 
Figure 7: Isometric and break-out of pitot tubes at exit of SFE 
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where Pt and Ps are the total and static pressure, respectively. These local velocities will provide 
for an objective evaluation of the local coolant characteristics upon the approach to mechanical 
failure of the standard fuel element during testing. 
 
Temperature compensated strain gage measurements are collected during each test on the two 
plates of interest (plates adjacent to the large sub-channel). The strain gages are located at 
discrete locations along the span-wise centerline of the plate to provide data regarding the 
maximum location of plate deformation (refer to Figure 5d). 

5 CONCLUDING REMARKS 
The SFE design team finds themselves nearing the end of the iterative design process. Using the 
design process being employed the SFE includes 6 fuel plates each being 24 inches in length, 4 
inches in width, and 0.05 inches in thickness. Given these geometric positions and pinned edge 
boundary conditions along the axial length with non-finalized subchannel widths the observation 
of maximum plate deformation along with the hydraulic conditions which onsets the mechanical 
instability will be acquired during SFE testing in the HMFTF. 
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