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Abstract 

The objective of the 3-year project was to collect integral effects test (IET) data to validate the 
RELAP5-3D code and other thermal hydraulics codes for use in predicting the transient thermal 
hydraulics response of liquid salt cooled reactor systems, including integral transient response 
for forced and natural circulation operation. The reference system for the project is a modular, 
900-MWth Pebble Bed Advanced High Temperature Reactor (PB-AHTR), a specific type of 
Fluoride salt-cooled High temperature Reactor (FHR).  

Two experimental facilities were developed for thermal-hydraulic integral effects tests (IETs) 
and separate effects tests (SETs). The facilities use simulant fluids for the liquid fluoride salts, 
with very little distortion to the heat transfer and fluid dynamics behavior. The CIET Test Bay 
facility was designed, built, and operated. IET data for steady state and transient natural 
circulation was collected. SET data for convective heat transfer in pebble beds and straight 
channel geometries was collected. The facility continues to be operational and will be used for 
future experiments, and for component development.  

The CIET 2 facility is larger in scope, and its construction and operation has a longer timeline 
than the duration of this grant.  The design for the CIET 2 facility has drawn heavily on the 
experience and data collected on the CIET Test Bay, and it was completed in parallel with 
operation of the CIET Test Bay. CIET 2 will demonstrate start-up and shut-down transients and 
control logic, in addition to LOFC and LOHS transients, and buoyant shut down rod operation 
during transients. Design of the CIET 2 Facility is complete, and engineering drawings have 
been submitted to an external vendor for outsourced quality controlled construction. CIET 2 
construction and operation continue under another NEUP grant. IET data from both CIET 
facilities is to be used for validation of system codes used for FHR modeling, such as RELAP5-
3D. 

A set of numerical models were developed in parallel to the experimental work. RELAP5-3D 
models were developed for the salt-cooled PB-AHTR, and for the simulat fluid CIET natural 
circulation experimental loop. These models are to be validated by the data collected from CIET. 
COMSOL finite element models were used to predict the temperature and fluid flow distribution 
in the annular pebble bed core; they were instrumental for design of SETs, and they can be used 
for code-to-code comparisons with RELAP5-3D.  

A number of other small SETs, and numerical models were constructed, as needed, in support of 
this work. 

The experiments were designed, constructed and performed to meet CAES quality assurance 
requirements for test planning, implementation, and documentation; equipment calibration and 
documentation, procurement document control; training and personnel qualification; 
analysis/modeling software verification and validation; data acquisition/collection and analysis; 
and peer review.  
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I. CIET Project Objective   

The objective of the 3-year project was to collect integral effects test (IET) data to validate the 
RELAP5-3D code and other thermal hydraulics codes for use in predicting the transient thermal 
hydraulics response of liquid salt cooled reactor systems, including integral transient response 
for forced and natural circulation operation. 

The reference system for the project is a modular, 900-MWth Pebble Bed Advanced High 
Temperature Reactor (PB-AHTR), a specific type of Fluoride salt-cooled High temperature 
Reactor (FHR). The project contributes to the Viability Phase research defined in a recent 
development plan for the major activities needed for the Gen IV Viability, Performance and 
Demonstration phases for the FHR. A major goal of the Viability Phase research is to apply and 
experimentally validate a thermal hydraulics transient response code (RELAP5-3D) for modeling 
the coupled transient response of AHTR primary loops, intermediate loops, and direct reactor 
auxiliary cooling system (DRACS) loops, for transients that have been identified as Design 
Basis Events for FHRs.  

The IET results will also be applicable for validating models for the liquid-salt variant of the 
intermediate loop of the Next Generation Nuclear Plant, where liquid salt coolants would enable 
the long-distance transport of heat in the 500°C to 800°C range needed for common process 
heat applications in refineries and chemical plants. 

The IET experiments were designed, constructed and performed to meet CAES quality 
assurance requirements for test planning, implementation, and documentation; equipment 
calibration and documentation, procurement document control; training and personnel 
qualification; analysis/modeling software verification and validation; data acquisition/collection 
and analysis; and peer review. 

The Compact Integral Effects Test (CIET) facility uses a simulant fluid (Dowtherm A or Drakesol 
260AT) to replicate the coupled transient response of the FHR primary loop, DRACS loops, and 
intermediate heat transfer loop. Liquid salt heat transfer and fluid mechanics phenomena can be 
matched using Dowtherm A or Drakesol 260AT at a length scaling of 0.51, velocity scaling of 
0.70, and heater power scaling of 0.021. CIET is a 10 m high test facility, capable of replicating 
natural circulation phenomena in AHTR systems up to 20 m high. When fully constructed, CIET 
is planned to have a total heater power of 100 kW, equivalent to providing 4.7 MW of power into 
the prototypical salt coolant. For initial proof testing, however, one heater module of 10 kW is 
being used. 

II. Final Status 

Task 1a: Overall Configuration of the Compact Integral Effects Test (CIET) Facility 
 
The Compact Integral Effects Test (CIET) facility is used to study the coupled thermal hydraulics 
response of FHRs to the following transients: Loss of Heat Sink (LOHS) with and without 
SCRAM, and Loss of Forced Circulation (LOFC) with and without SCRAM. The two families of 
scenarios follow a similar time progression. As a representative scenario, the time 
decomposition of LOFC transient is given below: 

Phase I: Pump trip and SCRAM, power drops from 100% to 6%. 
o Facility: CIET 3 
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o Phenomena of interest: heat generation in the core, heat removal from the IHX, 
thermal inertia of the fuel, coolant, and graphite structures. 

o Objective: maintain core ΔT, identify at what maximum head of the primary 
pump we begin to observe establishment of natural circulation through the DHX 
branch (This second objective is important (1) because having one more of the 
primary pumps remain on with LOHS on the IHX will disable the functionality of 
the DRACS systems, and (2) because it will provide an understanding of when 
Phase I ends and Phase II of the transient begins). 

o Initial conditions: normal power operation. 
o Manipulated parameters: pump head, IHX heat removal rate, decay heat 

generation in the fuel, relative friction losses in IHX branch/core/DHX branch. 
o Primary loop: primary pump, inlet-plenum, core, outlet-plenum, IHX. 
o Secondary loop: primary pump, inlet-plenum, diode-up, DHX, outlet-plenum, 

IHX. 
 
Phase II: Flow reversal and establishment of natural circulation, power drops from 6% to 2%. 

o Facility: CIET 2 
o Phenomena of interest: establishment of NC flow, decay heat generation in the 

core, heat removal from the DHX, thermal inertia of the fuel, coolant, and 
graphite structure. 

o Objective: identify peak coolant temperature during transient, identify timing for 
achieving quasi-steady state that maintains core ΔT.  

o Manipulated parameters: NDHX heat removal rate, initial conditions of coolant 
temperature distribution, decay heat generation in the fuel, simulated effect of 
graphite and fuel thermal inertia on the coolant in the core region, primary-to-
secondary fluid heat transfer rate in the DHX, (relative friction losses in 
core/DHX/by-pass branch and DHX/NDHX). 

o Initial conditions: end of Phase II (one of the objectives of Phase I is to 
determine these conditions). 

o To consider: importance of core coolant distribution and variation of coolant 
residence time along different flow streamlines. This may be important to study 
for identifying peak local temperature differences at the outlet-plenum headers. 
However, for this study, it’s important to understand if this effect plays an 
important role on the establishment of natural circulation, or on the peak locally-
averaged coolant temperatures during the Phase II of the transient. 

o Primary loops: (1) inlet-plenum, core, outlet-plenum, DHX, diode-down. (2) DHX 
secondary side, hot leg, NDHX primary side, cold leg. 

o Secondary loop:(1) outlet-plenum, IHX, primary pump, inlet plenum, core (2) 
other core by-pass routes. 

 
Phase III: Quasi-steady state natural circulation, decay heat removal, power at 2%. 

o Facility: CIET Test Bay 
o Phenomena of interest: decay heat generation in the core, NC heat removal 

from the DHX. 
o Objective: maintain core ΔT.  
o Manipulated parameters: decay heat generation in the core and heat removal 

rate from the DHX, relative friction losses in DHX/core, relative elevation 
difference of DHX and core, length of heater section.  

o Initial conditions: 
o Primary loop: inlet-plenum,core, outlet-plenum, DHX, diode down. 
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o Secondary loop: (1) outlet-plenum, primary pump, IHX, inlet plenum, core (2) 
other core by-pass routes. 

 
The CIET facility is used to replicate the primary coolant paths of the FHR, and to validate 
simulation data obtained with the RELAP5-3D thermal-hydraulics systems code, with an 
example shown in Figure 1. 
 

(a) (b)  

Figure 1. (a) FHR Primary Coolant Paths Schematic. (b) RELAP5-3D Modeling of LOFC 
Transient for Cylindrical Modular PB-AHTR Core, Annular Pebbles. (Griveau, Fardin, Zhao, and 
Peterson, 2007) 

The progress for the design, construction, and data collection for the CIET Test Bay, CIET 2 
and CIET 3 facilities are described in this report. We also describe the progress of the PREX 
pebble bed fluid and pebble dynamics experiments, and the progress of the S-HT2 separate 
effects experiments for heat transfer with high-Prandtl fluids. These experiments are in support 
of the component design for the integral effects experiments. Finally, we also describe the 
modeling efforts for pre-prediction of the experimental results of these experiments, and the 
PIRT exercises performed through this project. 

CIET Test Bay 
 
Over the course of the project, the CIET Test Bay has been constructed and operated to 
provide extensive forced and natural circulation data. The detailed progress on the CIET Test 
Bay is described in Task 4 of this report. 

Most of the major components of the CIET Facility, listed in the following section, have been 
tested on the 10kW CIET Test Bay. The instrumentation configuration, data acquisition, and 
computer control systems for the CIET Facility have been developed and tested on the 10kW 
CIET Test Bay, and are further detailed under Tasks 3 and 4.  

A simple natural circulation (NC) loop was operational on the CIET Test Bay. The loop consists 
of a heater element and a reduced number of DHX modules. The NC loop has provided an 
initial simple validation case for RELAP5-3D modeling of natural circulation decay heat removal, 
and it has helped indicate any improvements needed in the choice of instrumentation for the 
CIET Facility. 

CIET Facility (CIET 2) 
 
The majority of the infrastructure for CIET 2 has already been installed, and it is described 
under Task 2 of this report. 
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Engineering design has been finalized for the CIET 2 facility over the last quarter of the project. 
The design was developed in SolidWorks, and construction will be outsourced to an outside 
company who will build the piping and structural supports, and attach all of the key components 
that we provide, such as pumps, flowmeters, heat exchangers. The piping will be stainless steel, 
with welded joints. The entire loop will be shipped on its side, as two large assemblies, then 
erected and secured in our laboratory. Leak testing will be done by the vendor. These elements 
of construction (pipe line-up, structural supports, seals, leak testing) have proven challenging 
with brazed copper piping; switching to welded stainless steel piping and outsourcing the 
construction to a company with extensive experience in this area gives us confidence that CIET 
2 will be constructed much more expediently than the CIET Test Bay. 

The objective of the CIET 2 set-up will be to simulate Start-up and Shut-down of FHRs and 
Phase I & Phase II of the LOFC with SCRAM transient. Phase III of the transient was simulated 
on the CIET Test Bay. 

CIET 2 will be scaled to the 900 MWth annular PB-AHTR, running at 10% power.  

It remains to be decided if other transients will also be in the design scope of CIET 2: LOFC 
without SCRAM (ATWS), LOHS, and overcooling transients with freezing. CIET 3 will be a 
multi-loop design, which will allow for scenarios such as failure of one of two pumps. CIET 2 is 
not designed with capability for expansion to that multi-loop configuration. 

Normal operation, start-up and shut-down 

CIET 2 will demonstrate the control logic for start-up from zero power. Controlled variables: 
NDHX, IHX, pump, heater power. 

 

Figure 2. FHR Start-Up Transient, Schematic Diagram. 

Design Considerations 

As was the case for the CIET Test Bay, scaling methodologies allow for building a lab scale 
facility that replicates fluid dynamics and heat transfer phenomena in the prototypical design, 
using Dowtherm A oil as a simulant fluid for the flibe salt coolant. Because of the hazardous 
nature of the Dowtherm A oil, other options are also being investigated, which would not require 
significant changes to the scaling of the lab scale facility. Drakesol 260AT (a mineral oil) is 
currently being considered, and thermophysical properties qualification tests have started over 
the last quarter of the project. While the design of the PB-FHR is still subject to scoping 
calculations, the baseline design for the CIET 2 facility is a 900 MWth channel-type PB-FHR, 
which has previously been modeled in RELAP5-3D at UC Berkeley. This gives a point design 
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for physical configuration of the reactor, and allows for pre-prediction of friction losses, pressure 
drops, temperature distribution, etc. along the primary and secondary loops in the prototypical 
reactor, which then serve as a basis for scaling and design of the CIET 2 facility. Figure 3 is a 
diagram showing dimensions and physical configuration of this baseline design. 

 

 

Figure 3. Diagram of a 900 MWth Channel-Type PB-FHR Reactor. 

Design of the CIET 2 facility 

While previous work on the CIET 2 facility had been focused on infrastructure and preliminary 
design (see previous reports), Q3-4 of 2012 have been dedicated to extensive work on finalizing 
the design of the coupled loops, including overall physical configuration and design of specific 
components. Based on the physical configuration of the baseline design for the PB-FHR, a 
diagram of the scaled facility has been finalized (Figure 4), which has served as a basis for the 
development of a SolidWorks model for the facility. From past experience in the construction of 
the CIET Test Bay, it has been decided that construction and assembly of the main components 
of the CIET 2 facility will be outsourced to a qualified vendor, based on the physical 
configuration set up in this SolidWorks model (Figure 5 and Figure 6). Engineering drawings of 
the components and the whole facility have been generated for the vendor to start construction 
and assembly of the loop in the next quarter. 
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Figure 4. CIET2 Equipment Diagram, Current Configuration. 

 

Figure 5. SolidWorks Model of the CIET 2 Facility with Infrastructure. 
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Figure 6. SolidWorks Model of the CIET 2 Coupled Loops (Back and Front). 

Scaling methodology has allowed for the design of loop dimensions, and providing design 
parameters to vendors for pressure drops and temperature differences (heat exchangers, 
heater, flowmeters, pump). Over the last quarter of the project, components for a straight shell-
and-tube DHX have been custom-fabricated at UC Berkeley, and will be given to a vendor for 
qualified furnace brazing assembly. The Task 2 section provides a detailed discussion on 
components of the CIET 2 loops. 

Quality Assurance 

QA applies to design, maintenance, data acquisition, computer modeling, and data analysis. A 
QA Plan (QAP) has been developed and reviewed by NEUP authorities (Daren Jensen and Val 
Seeley) over the course of the project, which must be followed. A detailed discussion of the 
QAP development and implementation is provided under the Task 5 section. 

CIET 3 
 
CIET 3 will be constructed as an extension to CIET 2, or a separate stand-alone facility. This 
decision will be made once construction of CIET 2 has started. 

Task 1b: Phenomena Identification and Ranking Table (PIRT)  
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Over the course of the project, a preliminary Phenomena Identification and Ranking Table 
(PIRT) effort has been performed for FHR systems for Loss of Forced Circulation (LOFC) and 
Loss of Heat Sink (LOHS) transients, with and without SCRAM.  

This PIRT process has two primary objectives: 

(1) To identify and rank the important phenomena in PB-FHR LOFC and LOHS, in order to 
ensure that CIET is designed and built to provide the most useful experimental data. 

(2) To identify and rank important phenomena in CIET that will lead to sources of scaling 
and experimental error, in order to guide the effort to characterize and reduce 
experimental error. This information will be instrumental in the design of CIET, as well as 
in subsequent analysis of experimental data. 

Applying the PIRT process early in the development path of the PB-FHR design allows for a set 
of secondary objectives for the PIRT: 

(3) To guide design development of the prototypical system: if dominant phenomena that 
are not well characterized can be excluded from the design, PIRT will help to identify 
these potential areas for design improvement early in the development process.  

(4) To identify dominant phenomena that are not well characterized, necessary to prioritize 
development of future SETs, and to prioritize areas in which need more detailed design 
is needed. 

(5) To identify and prioritize important phenomena and component behavior coupling, and to 
prioritize the potential areas or components for which multi-physics and multi-
dimensional modeling are needed.  

The specific deliverables of the PIRT process are as follows: 

(1) A ranked list of phenomena in PB-FHR that need to be reproduced and measurable by 
CIET and separate effects tests. 

(2) Documented knowledge base associated with the safety-related phenomena for molten 
salt cooled systems. 

(3) A ranked list of phenomena in CIET that lead to experimental error and scaling 
distortions. 

(4) A ranked list of phenomena in PB-FHR that lead to complexity and CIET scaling 
distortions, and a list of suggestions for design revision to reduce the importance of 
these phenomena, as well as a ranked list of separate effects tests and simulation 
efforts are needed to better characterized the complexities and to reduce the scaling 
distortions.  

FHRs have very large thermal margins to fuel damage during transients and accidents, typically 
exceeding 500°C, due to the use of TRISO fuel. Therefore, the primary thermal limits for FHRs 
are established by the peak temperatures reached by metallic structural components in the 
primary loop during LOFC and LOHS transients, as well as by freezing in overcooling transients. 
The evaluation criteria for the PIRTs have been established as follows: 

(1) Peak coolant outlet temperature, which is directly related to peak temperature of metal 
structural materials. 
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(2) Minimum coolant temperature and margin to freezing. 
(3) Thermal shock, thermal striping, thermal gradient, and differential thermal expansion of 

components, which can lead to stresses on the structural components. 

Each of the transients of interest has been decomposed in several sequential time-phases, as 
shown in Table 1. Establishment of natural circulation decay heat removal is a phenomenon 
common to all of the four transients studied, and understanding the flow and temperature 
redistribution in the pebble bed core is important in characterizing the integral behavior of the 
core. To this effect, over the course of the project, separate effect tests (SETs) have been 
performed, which are discussed under Tasks 3 and 4 of this report. Future SETs will be 
identified and prioritized based on the PIRT analyses.  

The system decomposition that has been established by the project is shown in Table 2. The 
specific break down process for primary coolant flows and inventories appears in Figure 7. The 
primary coolant flow path is used for momentum and mass transfer analysis, while constituents 
belonging to same modules as those appearing along this path are involved in energy transfer 
analysis. 
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Table 1. Time phase decomposition of LOFC and LOHC with SCRAM, and the corresponding 
Anticipated Transients without SCRAM (ATWSs). 

 

 

 

Figure 7. Primary coolant flows and inventories 

 

 

LOFC with SCRAM 

Phase I (pump trip, 1-10 sec) Phase II  (SCRAM) Phase III (quasi steady state, 
decayheatonly, hours) 
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Table 2. Decomposition of the PB-FHR primary coolant system.  

 
 

An initial high level ranking of the phenomena was done by generating sub-system coupling 
matrices (Table 3). These matrices can be developed from the very early design development 
stages, when detailed design information may not be available.  

The coupling matrices are organized by field, which means that one matrix is generated for 
each relevant conservation equation (energy, momentum, mass, etc). For each sub-system 
(matrix rows), a ranking is provided for the effect of every one of the other sub-systems (matrix 
columns), with respect to the field of consideration.  
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Table 3. PIRT sub-system coupling matrix, energy field matrix. 

 
 

Task 1c: Numerical modeling 
 
Numerical models have been developed to provide pre-predictions of the experimental results 
from the CIET facilities. The development of experimental work in the Thermal-Hydraulics 
Laboratory is coming along with extensive work on the simulation side. Efforts have been made 
to build RELAP5-3D models of Separate Effects Tests (SET) and Integral Effects Tests (IET) 
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performed in the laboratory, along with a continuous effort to improve models of the PB-FHR 
annular core itself. 

RELAP5-3D Models 
 
The license for RELAP5-3D has been extended to July, 2015. Version 4.0.3, which includes 
Dowtherm A oil thermophysical properties, has been used to develop preliminary models of the 
CIET Test Bay. The previous official version of the code (version 2.4.1.2) was used to develop 
models of the Pebble Recirculation Experiment (PREX 3.1) and the PB-FHR annular core, as 
detailed below. 

PREX 3.1 Modeling 

A RELAP5-3D model of the PREX 3.1 experiment has been developed in order to simulate all 
experimental runs to date. This model provides a validation case for the fluid distribution in the 
annular pebble bed core. Pressure drops through the pebble bed calculated with RELAP5-3D 
have systematically been compared to experimental measurements. Significant discrepancies 
have been observed between computational results and the experiment; however, high 
uncertainties in the experimental results come from unquantified by-pass flow in the test section. 
Further experimental runs of PREX 3.1 are planned for the near future, and a SET was also 
developed to assess pressure drops in the defueling chute of the PREX experiment. This SET 
has also been modeled in RELAP5-3D, and experimental results provided a validation case for 
flow distribution through a 1-D pebble bed. More details are provided below. 

 

Figure 8. Schematic of the PREX 3.1 experiment, showing water inlets and outlets. 

A COMSOL steady-state model of the PREX 3.1 experiment has also been developed in order 
to simulate experimental results to date. This model provides another validation case for the 
fluid distribution in the annular pebble bed core. Furthermore, it can also serve for code-to-code 
comparisons for the RELAP5-3D models of the PB-FHR system. The pressure distribution for 
run 4 of PREX 3.1 is shown on Figure 9. Table 4 and Table 5 are a summary of the parameters 
for that run. 
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Figure 9. Comparison of Experimental Results from Run 4, COMSOL Multiphysics Model and 
RELAP5‐3D Model Using Various Deterministic Correlations. 

Table 4. Parameters for run 4 of PREX 3.1 (mass flow rates given in kg/s). 

Pebble Injection Lines Inside Reflector - 
Injection Surface 

Outside Reflector - 
Injection Surface 

In_P_1 In_P_2 In_P_3 Estimated 
Bypass Fraction In_R_3 In_R_4 In_L_3 In_L_4 

0.22 0.22 0.22 33.5% 0.06 0.06 0.19 0.13 
 

Table 5. Parameters for run 4 of PREX 3.1 (mass flow rates given in kg/s) – continued 

Outside Reflector - Suction Surface 

Out_L_1 Out_L_2 Out_L_3 Out_L_4 Pump 
Speed 

Total 
Flow Uncertainty Uncertainty 

0.20 0.20 0.20 0.21 16 Hz 1.10 0.11 10% 
 
Beavers’ correlation proves to be the optimal correlation to use in order to predict pressure 
distribution for axial flow in the constant cross-section region of the bed (z = 0.4 m to z = 0.7 m). 
However, in the converging and diverging regions of the test section, none of the correlations 
properly accounts for pressure distribution in the bed. Ergun’s correlation input in RELAP5-3D 
gives much worse results than Ergun’s correlation in COMSOL Multiphysics. This is explained 
by the fact that the Reynolds-dependent term of the friction factor cannot be input in the radial 
direction in RELAP5-3D, thus significantly decreasing the accuracy of the model when cross-
flow cannot be neglected, as it is the case in the converging and diverging regions of the test 
section. 

PREX Defueling Chute SET Modeling 
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A RELAP5-3D model of the SET used to assess pressure drop in the defueling chute of PREX 
3.1 has been developed, and experimental results provide a validation case for flow distribution 
through a 1-D pebble bed. Pressure drops through the test section calculated with RELAP5-3D 
have systematically been compared to experimental measurements. Results are shown on 
Figure 10. 

 

Figure 10. Pressure distribution in the defueling chute experiment: experimental data and 
results of the RELAP5-3D model, using Ergun's and Beavers' correlations. 

For simplicity, only a subset of the numerous runs is presented in Figure 10. However, all the 
runs show the same trend as that observed here: Beavers’ correlation implemented in RELAP5-
3D gives the same pressure distribution in the defueling chute as experimental data, thus 
validating the model. Unfortunately, this only confirms the fact that Beavers’ correlation 
implemented in RELAP5-3D accurately models pressure distribution in the pebble bed for axial 
flow and a limited range of Reynolds numbers. No conclusion can be drawn as to how to 
improve the model in order to better account for cross-flow and model lower-Reynolds flows. 

CIET Test Bay Modeling 

A Dowtherm A property file for RELAP5-3D has been developed by Idaho National Laboratory 
for use in the simulation of heat transfer experiments. This file has been tested using very 
simple cases whose results were compared to analytical solutions. Results to date are very 
satisfactory. 

A RELAP5-3D model of the CIET Test Bay has been developed in order to simulate all 
experimental runs to date. This model provides a simple validation case for natural circulation 
with high Pr fluids. Initial computational results from this model have been compared to results 
from an analytical code giving pre-predictions of pressure and temperature distributions in the 
CIET Test Bay natural circulation loop. This code-to-code comparison serves as a verification 
case. 
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The RELAP5-3D model of the natural circulation operational mode of the CIET Test Bay is 
described in Figure 11. 

 
Figure 11. 2D schematic of the CIET Test Bay RELAP5-3D model for natural circulation. Logical 
junctions are highlighted and do not take physical space. The positions of the components are 
not to scale. 

The heater is modeled as a cylindrical pipe, using the same hydraulic diameter as that of the 
real annular heater, and applying two sets of boundary conditions: 

• Thermal insulation to replicate adiabatic conditions at the inner cylinder of the annular 
heater; 

• Variable heat flux to replicate heat input from the power supply at the outer cylinder of 
the annular heater. 

The four heat exchangers are modeled as cylindrical pipes, applying constant temperature 
boundary conditions (T=10°C) to replicate the temperature imposed by the circulating water in 
the real heat exchangers. The expansion tank is modeled as a temperature dependent volume, 
used to accommodate volume changes of the fluid when temperature changes. The rest of the 
piping is cylindrical piping with 0.02664m inner diameter, and elevation changes of the hot leg 
and the cold leg are modeled. 
 
This is a simplified model, not taking into account many elements in the actual loop 
(components, junctions, elbows, etc.) that contribute to form losses around the loop. Only 
friction losses along the piping are accounted for. Data from the model has been collected for 
comparison with experimental data and further validation of the model, as more and more 
details are added to properly account for all phenomena under natural circulation operation of 
the Test Bay. One preliminary observation when runnning the code was that, due to lack of 
information when the Dowtherm A property file was developed at the INL, the fluid can only run 
at temperatures above 318.15 K (45°C). This is a serious issue for code validation using data 
from the CIET Test Bay, because for most of the runs, the minimum fluid temperature along the 
loop was below 30°C. Although this problem should be fixed shortly after the end of the project, 
and further validation efforts can be pursued without additional spending, this report only shows 
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comparisons between results from the RELAP5-3D model and theoretical results, using a heat 
exchanger surface temperature higher than the actual CIET Test Bay configuration (45°C 
instead of 10°C) in order to avoid code crash. This can be considered a simple verification case, 
before the code can be run through a wider range of parameters replicating the CIET Test Bay 
runs conditions. 
 
Figure 12 shows a comparison between theoretical and RELAP5-3D results for mass flow rate 
and temperature rise across the heater, depending on heater power, from 1 to 10 kW (operating 
power levels of the CIET Test Bay). 

  
Figure 12. Mass flow rate and temperature rise across the loop vs. heater power: theoretical 
and RELAP5-3D results comparison. 

As can be seen on Figure 12, RELAP5-3D overestimates the mass flow rate along the loop, and 
as a result, at fixed power, underestimates the temperature rise across the heater compared to 
theoretical natural circulation results based on geometry and friction losses along the Test Bay 
loop. In order to better understand this discrepancy, friction losses along the loop were obtained 
from the RELAP5-3D model, and compared to analytical results. Table 6 shows the results of 
this comparison for a heater power of 5 kW, using a characteristic friction loss parameter 
defined as: 

𝐹 = 𝑓 ∙
𝐿

𝐴2 ∙ 𝐷
=

2 ∙ 𝜌 ∙ Δ𝑝
�̇�2  

with 𝑓 the friction factor, 𝐿 the length along the flow path, 𝐴 the cross-sectional flow area, 𝐷 the 
hydraulic diameter, 𝜌 the density of the fluid, Δ𝑝 the pressure drop along the flow path, and �̇� 
the mass flow rate. 

Table 6. Comparison of friction losses between the different segments of the loop, analytical vs. 
RELAP5-3D results, for a heater power of 5 kW. 

 Heater F [m-4] HX F [m-4] Hot leg F [m-4] Cold leg F [m-4] 
Analytical 3.37E+09 1.26E+08 2.01E+07 1.32E+07 
RELAP5 2.27E+09 5.12E+08 7.83E+07 4.50E+07 

 

As can be seen in Table 6, the heater accounts for the largest part of friction losses in the 
system (95% in the analytical case). However, friction losses across the heater as calculated by 



CIET Final Report  UC Berkeley 

25 
 

RELAP5-3D are 1/3 lower than those predicted analytically. This explains that the mass flow 
rate as calculated by RELAP5-3D is significantly higher than that predicted analytically. No 
reason has been found to date as to where this decrepancy comes from. However, further 
investigation will be pursued as more cases are studied and the updated Dowtherm A property 
file is received. The higher value for the friction losses as calculated by RELAP5-3D, compared 
to predicted analytical results, may result from form losses at the junction between the main 
piping and the four heat exchanger tubes in the RELAP5-3D model, which were neglected in the 
analytical model, as well as form losses at junction with abrupt area change, such as the 
entrance and exit of the annular heater tube. 

Another run of the model was performed in order to compare the loop behavior under sudden 
power transients. Again, a formal comparison with actual data from the CIET Test Bay runs 
couldn’t be performed, because at the power values at which the Test Bay data was collected, 
temperature of the fluid goes below the lowest value of the range accepted by the code. 
However, a plot of the mass flow rate in the loop depending on an abrupt change in heater 
power, obtained with RELAP5-3D, is shown in Figure 13, and normalized mass flow rate data 
from the Test Bay and the RELAP5-3D model are shown in Figure 13 for qualitative comparison 
(a power surge from 1.9 to 2.6 kW was modeled with an increase from 7.2 to 9.3 kW). 

  

Figure 13. Heater power and mass flow rate vs. time from RELAP5-3D (left); Normalized mass 
flow rates from CIET Test Bay data and RELAP5-3D (right). 

One first observation from this figure is that, in the RELAP5-3D model, as expected, the mass 
flow rate suddenly increases with heater power, with a time shift due to thermal inertia of the 
fluid. The oscillatory behavior of the mass flow rate is due to the residence time of the fluid in 
the loop, with pockets of colder fluid reaching the higher power heater region after traveling 
along the loop. 

Some qualitative conclusions can also be drawn from the comparison between the RELAP5-3D 
model and data from the Test Bay. First, one discrepancy comes from the fact that the 
simulation starting point in RELAP5-3D has to be a steady-state condition, while the data was 
taken during a series of several power transients. Future validation data shall therefore be 
collected starting in steady-state mode. Also, one can observe a sharp mass flow rate change 
and oscillatory behavior in the results from RELAP5-3D, which is not visible on the much slower 
evolving data from the Test Bay. It is probable that the mass flow rate peak was present in the 
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actual system without being detected by the flowmeter. This points to the need for a flowmeter 
with a faster response time, with either a better transmitter averaging logic, or with a flow tube 
that can physically record faster mass changes. This point is especially applicable to the design 
of CIET 2, and requires careful examination of the technical specifications of all instrumentation 
that will be needed to record time evolution during transients, with respect to their response 
time. 

A lot more validation cases will be run when the updated property file for Dowtherm A is 
received from the INL, based on the numerous runs of the CIET Test Bay over the last year of 
the project. 

PB-FHR Modeling 

Over the course of the project, a RELAP5-3D model of the annular core PB-FHR design has 
been developed and refined in order to reflect conclusions from modeling of the PREX 3.1 
experiment regarding flow distribution in the pebble bed. The data collected from the CIET 
facility will provide validation cases for this model. The design and appropriate location of a 
chemistry control system for PB-FHR depends on surface areas of the various materials in the 
primary coolant loop, and the coolant temperatures that these materials are exposed to. 
Therefore, the RELAP5-3D model of the PB-FHR core has been updated to include the new 
annular core design and get this data. Future work includes updating the rest of the primary loop 
model – IHX, DHX, etc. – in order to take these changes into account. Coolant temperature 
distribution in the PB-AHTR annular core is shown on Figure 14. 

 
Figure 14. Coolant Temperature Distribution in the PB-AHTR Annular Core, RELAP5-3D 

Results. 
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COMSOL Multiphysics Models 
 
COMSOL Multihysics is a CFD code that has been used to model the annular core of the PB-
FHR. The annular core geometry is presented in Figure 15. 

 
Figure 15. Geometric configuration of the annular PB-AHTR core. 

Optimization study 

A set of functional requirements was presented at the first FHR Workshop (Scarlat et al., 2012). 
An optimization study of the flow distribution in the core has been performed using the 
COMSOL Multiphysics CFD software. The optimization is based on the set of sub-system 
functional requirements that applies to the thermal-hydraulic behavior of the reactor core. This 
applicable subset of requirements is listed in Table 7, and associated with metrics that are 
calculated from thermal-hydraulic modeling of the core. 
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Table 7. Reactor functional requirements related to thermal-hydraulic modeling of the core. 

Subsystem Functional Requirements  
Related Metrics 

PRIMARY COOLANT    

1 Provide negative temperature 
feedback RDC 2 

Coolant to fuel temperature 
difference; temperature distribution in 
the core 

2 Coolant remains in liquid phase RDCs 3, 
5 Minimum coolant temperature 

3 
Maintain low temperature for coolant 
in vicinity of reactor vessel and other 
core metallic components 

RDC 5 Maximum outlet coolant temperature 

4 Provide sufficient flow to maintain 
100°C core temperature rise  Core temperature rise 

5 Control reflector by-pass leakage  Minimize core pressure drop 
GRAPHITE REFLECTORS   
6 Provide thermal inertia  

Maximize heat transfer 
flux/coefficient with graphite blocks 

FUELING STAND-PIPE   
7 Prevent primary coolant inventory loss RDC 4 Minimize core inlet pressure (ie core 

pressure drop) 
FUEL SUBSYSTEM   

8 Transfer heat to the coolant                     RDC 3 
Predict temperature drop across the 
fuel element; predict core pressure 
drop during natural circulation 

9 Fuel element manufacturability (and 
fuel qualification requirements)  

Fuel element geometry should 
respect manufacturability limits 

10 Provide the first barrier to radionuclide 
emission RDC 1 Predict peak fuel temperature 

11 Provide negative temperature 
reactivity feedback RDC 2 Minimize average fuel temperature  

12 
Minimize difference between average 
fuel and coolant temperatures at full 
power operation (for ATWS response)  

Minimize coolant to fuel temperature 
difference 

 

In summary, the primary objectives for this optimization study are: (1) minimize the difference 
between the average fuel temperature and the bulk fluid temperature, (2) minimize core 
pressure drop during forced circulation, and (3) maximize heat transfer with the graphite 
reflectors during transients. 

Subsequently, the objectives of thermal-hydraulic modeling of the core are: (1) to predict the 
coolant and fuel temperature distribution in the core, during forced and natural circulation, and 
(2) to predict pressure drop in the core during forced and natural circulation. 

The following metrics are determined by sub-systems external to the core, and are not 
considered in this analysis: (1) minimum coolant temperature, (2) maximum outlet coolant 
temperature, and (3) core temperature rise. 

COMSOL Model 
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Optimal results have been obtained by changing the positions of inlet and outlet faces and 
ports, and changing the mass flow rate distribution among the inlets and outlets. The final 
geometry of the model is shown in Figure 16, and details on the locations and dimensions of the 
outlet ports are provided in Table 8. 

 

 
Figure 16. Geometric configuration of the annular PB-AHTR core as modeled in COMSOL 
Multiphysics. 

Table 8. Detailed positions and dimensions of the outlet ports in the COMSOL Multiphysics 
model of the annular PB-AHTR core. 

 Position Width 
Outlet 1.1 2 m from Point B 0.005 m 
Outlet 1.15 1.63 m from Point B 0.001 m 
Outlet 1.2 1.26 m from Point B 0.003 m 
Outlet 1.25  0.65 m from Point B 0.001 m 
Outlet 1.3 0.38 m from Point B 0.003 m 
Outlet 2.1 0.08 m from Point B 0.002 m 
Outlet 2.2 0.45 m from Point B 0.008 m 
Outlet 2.3 0.88 m from Point B 0.01 m 
Outlet 3.1 0.1 m from Point A 0.005 m 

 
The detailed design of the PB-AHTR will be used to calculate FHR-relevant operating condition 
parameters for corrosion and degradation analysis. Figure 17, Figure 18, Figure 19 and Figure 
20 present the bulk coolant temperature, fuel temperature, pressure and Reynolds number 
distributions in the PB-AHTR core from this model, respectively. 
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Figure 17. Bulk coolant temperature [°C] distribution in the PB-AHTR core under normal 
operating conditions, calculated in COMSOL Multiphysics. 

As shown in Figure 17, the minimum coolant temperature is 600°C, and the bulk coolant 
temperature reaches 769°C in some regions of the core. However, the average core outlet 
temperature is 700°C, and designing the outlet plenum structures for proper mixing will ensure 
that the coolant reaching the inlet of the intermediate heat exchangers (IHXs) is well mixed, at 
the bulk temperature. The average coolant temperature in the core is 652°C, slightly higher than 
the average of the core inlet and outlet temperatures, due to bypass flow around the core. 

Due to a high heat transfer coefficient between the graphite shell of the pebbles and the salt 
coolant (ℎ~15 𝑘𝑊/𝑚2𝐾 on average in the core), the temperatures of the pebble surfaces never 
exceed those of the surrounding coolant by more than a few 10°C. 
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Figure 18. Fuel temperature [°C] distribution (average kernel temperature in fuel pebble) in the 
PB-AHTR core under normal operating conditions, calculated in COMSOL Multiphysics. 

The average fuel temperature in the PB-AHTR core under normal operating conditions is 714°C, 
with a minimum value of 600°C and a maximum value of 1110°C in a very small region of the 
core. These results will inform fuel performance and potential material degradation of the pebble 
fuel. 
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Figure 19. Pressure [kPa] distribution in the PB-AHTR core under normal operating conditions, 
calculated in COMSOL Multiphysics. 

 

 
Figure 20. Reynolds number in the PB-AHTR core under normal operating conditions, 
calculated in COMSOL Multiphysics. Streamlines: velocity field. 
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The pressure drop across the PB-AHTR core is only 52kPa. Combined with a pool-type 
configuration, this allows for operation at nearly atmospheric pressures, removing the stored 
energy associated with pressurization in conventional systems such as LWRs, and thus greatly 
reducing the risk of certain transients such as loss of coolant accidents (LOCA). This low 
pressure drop also facilitates the establishment of natural circulation for passive decay heat 
removal during loss of forced circulation (LOFC) transients. This pressure distribution will be 
used for fatigue analysis of the core components. 

Task 2: Infrastructure for the CIET Facility 

CIET 2 Infrastructure 
 
Infrastructure detailed design, purchasing and construction was performed in the first year of the 
project. It includes the following: 

(1) Drip tray: The purpose of the drip tray is to contain the heat transfer oil, in the event of a 
leak. Assembly and installation of the drip tray is complete. 

(2) Scaffolding and equipment support rack: A stationary scaffold tower has been erected, 
to allow convenient access to the experimental set-up at all elevations. The scaffold has 
three working floors, an internal stair case, and guard rails, with the highest standing 
level at six meters above the ground. 

(3) Electrical connections: Electrical outlets and electrical pannels are needed for the heater 
power supply, the pumps, and the instrumentation and control system. Installation of 
electrical outlets for 100kW power supply, pumps, and instrumentation has been 
outsourced to building electricians. 

(4) Vent and inert gas lines: The Dowtherm A heat transfer oil oxidizes slowly upon 
exposure to oxygen, so the oil loop will be operating under inert nitrogen gas. The vent 
lines from the expansion and drain tanks have to be routed to a chemical hood, or 
through an organic vapor filter. Routing for these lines is currently under design. 

(5) Acrylic panel shielding: A transparent acrylic enclosure around the oil loop will protect 
operators and the surrounding lab space against oil spraying, in the event of leaks. The 
enclosure will also allow for the possibility to increase the ambient air temperature by 
installing a hot air fan at the bottom of the oil loop; this will act as a guard heater and 
significantly reduce the heat losses from the loop. 

(6) Ultimate heat sink: routing of the cooling water supply and return proved to be 
challenging due to the old infrastructure of the building. Several alternatives have been 
investigated: a closed-loop cooling cycle, and air cooling using variable speed fans for 
control of the cooling rate. The air-cooled option has been selected as ultimate heat sink, 
due to the simplicity of the design. Off-the shelf oil to air heat exchangers will be used. 
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Figure 21. Schematic of scaffold and the working environment. 

Work on the metal structures for CIET has been completed, including addressing safety issues 
following the safety review. Key safety items are detailed below: 

(1) Seismic: The rack and scaffold are bolted to the floor and attached to the concrete 
columns, to meet seismic stability requirements. The walking platforms and all other 
detachable parts have been secured with metal wire, to prevent displacement, in the 
event of an earthquake. 

(2) Worker Safety: Guard cables have been posted around the working decks on the rack, 
in order to safely stand on the decks while working on the experimental facility. Two sets 
of harnesses and connecting strips have been purchased. The purpose of these 
harnesses is to allow people to work safely outside the safe zones if required. 
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Figure 22. CIET Facility Infrastructure installed tray in 1140 Etcheverry Hall, UC Berkeley: photo 
of scaffolding and drip (left, taken April 2010); photo of scaffolding and equipment rack with 
guard rails (right, taken August 2010). 

CIET 2 Components 
 
IHX 
Designed to extract up to 10% of reactor full power. Fan with variable speed drive. Buy 
commercial air-cooled HX. 
 
DHX 
Designed to extract up to 2% of reactor full power. Oil to oil heat exchanger. Modular design to 
accommodate a twisted tube heat exchanger (custom made) or a baffled tube in shell heat 
exchanger (commercially available). 
 
NDHX 
Designed to extract up to 2% of reactor full power. Fan with variable speed drive, which can 
throttle down to 5-10% of the fan’s full power. Buy commercial air-cooled HX. 
 
Diode 
Buy commercially-available check valve, with controllable by-pass. 
 
Heater 
Designed to generate up to 10% of reactor full power. 10 kW heater power. 
Note on the scaling: a smaller loop leads to higher distortions due to parasitic heat loss, 
inventory of fluid in the piping, and thermal inertia of the piping and the fluid in the piping. 
The electrodes used to connect the power supply unit to the heater have the same design as 
those used in the CIET Test Bay, but lock washers must be added to prevent the bolts from 
loosening under thermal cycling and avoid failure of the external surface of the heater, which 
occurred in the CIET Test Bay. 
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Valves 
Needle valves will be used on each branch to provide additional friction losses and control them; 
ball valves will be used for flow routing between different operational modes; a single-direction 
flow control needle valve will be used to simulate the fluidic diode on the DHX branch. 
 
Piping 
In order to limit thermal inertia of the piping, 1’’ diameter Schedule 10 stainless steel piping will 
be used in most parts of the loop. Diameter shall be adapted in parts of some branches to 
properly scale residence time of the fluid. 
 
Structure 
Assembly of the loops will be outsourced to a qualified vendor. All parts will be assembled on a 
¼’’ aluminum plate. A frame will support the back and sides of the plate to provide rigidity to the 
whole structure. The whole assembly will be lifted with a crane and mounted against existing 
scaffoldings (see previous section). 
 
Instrumentation 
Manometers and DP pressure transducers for pressure drop measurements. The manometers 
are used for calibration.  
Thermocouples and RTD probes for temperature measurements. The RTD probes are used for 
calibration, and they will need to be removed every year, for NIST calibration by the vendor.  
Mixers and double in-line TCs must be installed wherever there is a possibility for non-well 
mixed flow. 
One key conclusion from the CIET Test Bay runs and comparisons with RELAP5-3D models is 
that instrumentation must have fast response times to record short-scale parameter changes 
during transients. 
 
Flowmeter 
Coriolis flowmeters such as that used in the CIET Test Bay provide a direct measurement of 
mass flow rate. One flowmeter in each branch of the CIET2 facility will allow for mass flow rate 
measurements at each point of the coupled loops during steady-state and transient operation. 

In-line thermocouples 
In-line thermocouples are used for measuring bulk fluid temperature. At each measurement 
point, two redundant thermocouples are installed, at different locations in the flow pipe. The 
thermocouple tips should be installed at different radial locations in the flow pipe, to indicate any 
radial temperature non-homogeneity in the flow. In horizontal pipe segments, the tips should 
also be at different vertical elevations in the flow pipe, to detect thermally stratified flow. 
  
In-line static mixers are installed upstream of in-line thermocouples, to ensure an accurate 
measurement of bulk fluid temperature. The mixers have two downsides: (1) they add pressure 
drop to the flow line; (2) they add thermal inertia upstream of the temperature measurement, 
which limits the measurement of fast transients of bulk fluid temperature. Mixers should be used 
only where flow that is not well mixed is expected, such as downstream of heaters, heat 
exchanges, other surfaces with significant heat exchange, and junctions where flows of different 
temperatures combine. 
 
Thermocouple calibration 
Thermocouples must be periodically calibrated against a NIST-calibrated RTD measurement 
system. The calibration will be initially done off the loop, in an oil bath, before the TCs are 
installed. After installation, calibration can be redone in one of two ways: (1) drain the loop, 
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uninstall thermocouples, and recalibrate in the oil bath; (2) calibrate against an RTD installed on 
the loop, by running the loop at isothermal conditions, at two temperatures. Option (2) is much 
more convenient, and allows for frequent recalibration. Furthermore, if changes are made to the 
TC wiring, recalibration of the TC measurement is easy. The on-loop RTD should be designed 
such that it can be easily removed and sent to the vendor for recalibration. 
 
Pressure measurement 
Manometers and pressure transducers are used for pressure drop measurements. 
 
Data acquisition and computer control 
Feedback control will be implemented for heater power, to simulate thermal inertia response of 
the core. 
Feedback control will be implemented for start-up transient. 
The software interface will be LabView. As necessary, LabView can make use of Matlab 
modules. 
Data archiving system must be put in place, as per QAP. 
 
Thermal Insulation 
Trace heating or guard heating will need to be used to effectively raise the ambient temperature 
to ~80oC and reduce heat losses. The ambient temperature limit for instrumentation (pressure 
transducers, thermocouples, flow-meters), and other equipment (pump) will need to be 
considered. Guard heating is done using an acrylic enclosure, with access for valve 
manipulation through sliding panels. 
 
S/D Rod channel and Core by-pass line 
Glass with double-o-ring seals (vacuum seals) will be used for the line to be transparent; a 
neutrally buoyant element will be inserted in this channel, to demonstrate passive S/D insertion 
capability. 
This line also simulates the core by-pass flow, and will be instrumented with a control valve, and 
flow measurement.  
 
Pump 
A single pump is needed, on the primary coolant circuit. Connections between the primary and 
secondary circuits will permit forced circulation testing of the secondary loop, using the primary 
circuit pump. 
The pump will be controlled by a variable speed drive. This is an important functionality for the 
start-up, shut-down transients as well as for Phase I of the LOFC transient. The variable speed 
drive will be computer-controllable, so that feedback control can be done on the primary coolant 
flow-rate. Pump manifold is included in order to run the primary loop in both directions for 
pressure measurements across the DHX. Also, the routing is done in such a way as to be able 
to run in forced circulation in the secondary (DRACS) loop in the counter clockwise direction. 
 
Sight glasses 
Gas entrainment in the loop must be avoided. It is monitored through sight glasses located at 
the high points of both the primary and the DRACS loops. Glass sections with double o-ring 
flanges are considered as the best option. 
 
Drip Tray 
The drip tray is made of aluminum. 
In order to avoid failure of the joints if a leak is to occur, the joints will be welded and leak tested 
with water during several days prior to first operating the loop. 
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Operational Modes 
 
Fill-up 
The fill tank is sitting in the drip tray. Flexible tubing is inserted to the bottom of the fill drum, 
connected to a small pump, which is connected to the fill valve (V-43) with flexible tubing. Fill 
the primary pump region. If the little pump’s head is not sufficient to fill the entire loop, use the 
primary pump to complete the fill-up procedure. 
 
Draining 
Most of the loop can be drained through the drain ports, using flexible tubing connected to the 
drain drum. The lowest sections of the loop are drained using the same pump used for the fill-up 
procedure. 
 
Start-up 
A start-up strategy has been developed over the last quarter of the project and will be tested 
when the required material is procured. 

LOFC Phase II 
Phase II of the LOFC transient follows the logic presented under the Task 1a section. Control 
strategy is under development in order to replicate transient behavior of the PB-FHR system in 
the CIET Facility. 

Task 3: Component Design and Testing 
 
The major components of the CIET Facilities are described below. The majority of these 
components have been built and installed on the CIET Test Bay, and will be used on the 
subsequent CIET facilities, with design modifications if needed.  

(1) A heater annular tube and the associated computer-controlled power source simulates 
the response of the PB-FHR core; the integral heat transfer and fluid flow behavior of the 
core had to be well understood for the heater to be designed with fidelity to the PB-FHR 
core, and supporting work for this was included in the scope of the project.  

(2) A scaled Direct Reactor Auxiliary Cooling System (DRACS) heat exchanger (DHX), to 
model passive removal of decay heat, at 2 to 10% of the full core power.  

(3) A core by-pass flow, to simulate the effect of core by-pass on the establishment of 
natural circulation flow for decay heat removal. 

(4) A shut-down rod channel to simulate the transient response of flow and temperature 
distribution in the channel, which in turn determine the response time of the passive, 
buoyancy-driven shut down rod mechanism. This element of the CIET Facility is referred 
to as the Passive Rod Insertion Shutdown Module (PRISM).  

(5) A control valve, to model the fluidic diode located in series with the DHX. 

(6) A scaled intermediate heat exchanger (IHX) to model forced circulation heat removal 
from the core, with ultimate heat sink to air in the CIET Facility. Variable speed fans will 
be used to control the heat removal rate from the IHX. 
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(7) A primary loop pump controlled by a variable speed drive, to allow for simulation of 
pump trip coast-down curves.  

(8) An NDHX on the secondary side of the DRACS system, with ultimate heat sink to air. 
Variable speed fans will be used to control the heat removal rate from the NDHX.  

(9) Thermal insulation and any necessary guard heating or experiment enclosure with use 
of hot air fans to increase ambient air temperature. 

(10) Additional instrumentation: Coriolis flow-meter, manometers and pressure transducers, 
in-line, surface, and in-thermal insulation thermocouples. 

Heater Elements simulating the PB-AHTR Core 

For the heater, which simulates the response of the PB-FHR core, detailed design has been 
completed. The heater is an annular flow pipe, electrically heated with DC current, and 
instrumented with thermocouples and pressure transducers. A test heater element of reduced 
length has been assembled and leak tested. One of these annular heater elements is installed 
on the CIET Test Bay and has been used for data collection in the Test Bay.  

 

Figure 23. Assembled end-sections for the annular heater element tested on the CIET Test Bay. 
For complete assembly of the annular heater element, two concentric tubes slide into the end 
sections, and are separated by Teflon spacers, to ensure concentricity. 
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Figure 24. Detailed design of an annular heater element for the CIET facility. 

DHX 

The DRACS Heat Exchanger (DHX) has been assembled from silver-brazed copper tubing and 
connectors, and a limitted number of NPT connections. The DHX is instrumented with 
thermocouples on the inner tube (which is in contact with both fluids). These thermocouples are 
submerged in water and adhere to the copper tube with a silicone adhesive. Attachment of the 
thermocouples was done before brazing the connections for the outer tubes. Manometers at 
inlet and outlet are used for direct measurement of pressure drop.  

The DHX component on the CIET Test Bay is a four-tube symmetrical array. This provides the 
capability to select the heat exchanger area to among three options: 4 tubes, 2 tubes, or 1 tube. 
This flexibility is needed to allow for operation of the simple natural circulation loop on the CIET 
Test Bay over the 1kW to 10kW power range while maintaining a high Reynolds number on the 
water side of the DHX. A high water Reynolds number leads to an isothermal boundary 
condition on the water side, reducing the importance of uncertainties associated with the heat 
transfer coefficient on the water side.  

Instrumentation 

A Coriolis flow-tube was used on the CIET Test Bay. The flow transmitter was configured for 
integration with the LabView Data acquisition system, through the National Instruments data 
acquisition bus. We use a National Instruments data acquisition bus that measures voltage in its 
default configuration. Current reading was achieved by installing high precision resistors to the 
terminals that measure current. 

For the manometer tubes, 1/8" semi-transparent Teflon tubing was used. This tubing is 
designed to work with compression fittings, allowing for an easy connection to the metal fittings 
on each of the components. The liquid interface was filmed against a back-drop of a ruler-tape 
with mm-gradations. Data acquisition software was used to integrate the level-readings with the 
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data-acquisition for the rest of the sensors. This software uses as a starting point the software 
used for the manometer measurements on the PREX experiment, detailed below. The 
construction and routing of the manometer tubes was designed to ensure that gas bubbles are 
not trapped in the lines. 

In-line thermocouples were installed and tested. Several measures were taken to ensure that 
the in-line thermocouples accurately reflect the bulk fluid temperature. We have designed and 
built custom TC guides (Figure 25) to ensure that the temperature reading is taking in the center 
of the piping, and not against the surface of the piping or other solid components. At the outlet 
of the heater and heat exchanger, we have added a static mixer before the in-line 
thermocouples (Figure 26), to ensure that the measured temperature is representative of the 
bulk temperature of the fluid. We have designed and custom-built the static mixers, out of 
copper sheet, and attached them to the copper piping by high-temperature silver brazing. We 
have installed two redundant thermocouples (Figure 27), instead of one, to verify that the fluid 
stream is well mixed at the point at which the bulk fluid temperature is measured.  

 

  
Figure 25. In-line thermocouple assembly, with Teflon guide-tube (left), and 3D SolidWorks 
model of Teflon guide-tube (right). 

 
Figure 26. Photo of the first static mixer prototype. 2.5 cm diameter, 4.3 cm length. 
Subsequently, the manufacturing procedure was improved, and two other mixers were 
manufactured and installed on the the CIET Test Bay. 

 
Figure 27. 3D SolidWorks model of two redundant thermocouples connected in-line to the oil 
flow. 

Calibration of the thermocouples was done on the as-installed state, with the same wiring and 
the same connections to the data acquisition channels as used on the experimental loop. 
Calibration is done against an RTD hand-held temperature measurement system, whose 
calibration was done by the vendor and is NIST-traceable. For calibration, the thermocouples 
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were inserted in an isothermal oil flask and heated with a hot plate over the temperature range 
of 12oC to 200oC. An on-loop calibration procedure that does not require disconnection of 
thermocouples from the experimental loop was developed and used for time-efficient periodic 
calibration of the thermocouples against the RTD probe. The RTD probe is yearly re-calibrated 
by the vendor. 

 
Figure 28. Flask with Dowtherm A oil, used for thermocouple calibration against RTD 
temperature measurement. Thermocouples are shown with Teflon sheaths attached. 1/8" RTD 
probe is visible behind the two thermocouples. 

Task 3a: PREX 3.1 Development (SET in support of Task 3) 
 
While the annular core configuration for the PB-FHR has several distinct advantages, it also 
introduces an additional level of complexity in core fluid dynamics compared to the previous 
pebble channel assembly design. This additional complexity arises due to the multi-dimensional 
radial flow from the inner to the outer reflector. This flow configuration is dramatically different 
from the existing experience base in porous media flow, which is based primarily on Darcy 
column experiments. Therefore, the annular core design merits further study to determine the 
applicability of multi-dimensional porous media flow correlations for Darcy and Darcy-
Forchheimer flow regimes. This validation effort is especially important in order to understand 
the flow redistribution in the PB-FHR in the transition from forced to natural circulation for the 
CIET facility. 

In support of the shift to the annular core design, the Pebble Recirculation Experiment (PREX) 
3.1 (Figure 29) was instrumented to validate flow correlations relevant for the PB-FHR and CIET 
design. The facility consists of a quasi-2D bed of buoyant pebbles that are inserted into hoppers 
at the bottom of the test section and removed from the defueling chute at the top. Appropriate 
scaling methodology at reduced length and velocity scales allows the use of water as a simulant 
fluid in the PREX 3.1 facility. The major source of distortion in this experiment is the shift from 
2D axisymmetric to quasi-2D. This effect can be dealt with, however, by collecting data over a 
broad set of flow configurations. 
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Figure 29. Photograph of operating PREX 3.1 experiment. Blue arrows indicate fluid flow, green 
arrows indicate pebble flow. 

The PREX 3.1 test section allows for a significant amount of flexibility in flow configuration as 
water can be injected through six surfaces at the inside reflector (right side), four surfaces at the 
outside reflector (left side) and through the three pebble injection lines. Suction at the top of the 
outside reflector allows for cross flow that resembles that in the PB-FHR design. Bypass flow 
can also be directed through the defueling chute. For data collection, flow meters are installed 
for each of the injection and discharge lines and 44 manometer taps on the bed surface give a 
direct measurement of pressure gradients. 

The PREX 3.1 facility was used over the course of the project to generate a large volume of 
data useful for the validation of porous media flow correlations in these reactor geometries. Flow 
and pressure data was collected for 18 axial flow and 10 cross flow configurations, covering a 
range of lower Reynolds numbers (compared to actual core configuration) from 30 to 700. 
Pebbles were re-circulated in each data collection run to account for distortions from local 
packing configurations near the manometer taps. Analysis of the manometer data gives a 
continuous pressure field (Figure 30) that can be compared directly to analytic one-dimensional 
solutions for the axial flow configurations and numerical multi-dimensional solutions for the 
cross flow configurations. Figure 31 shows the linear pressure gradients in the constant area 
section for several axial flow configurations. 
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Figure 30. Sample pressure field (left) and isobars (right) for axial flow configuration. 

 

 
Figure 31. Linear pressure measurements in PREX 3.1 constant area region for several axial 
flow configurations. 

During 2011 Q4, the PREX 3.1 facility was temporarily disassembled in order to perform several 
retrofits for further data collection in the following year. This retrofit included the installation of 
higher capacity flowmeters on the suction face that allow data collection for a range of higher 
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Reynolds numbers, particularly for cross-flow configurations. The manometer board has also 
been improved to decrease the uncertainty for low pressure measurements. 

The set of experimental results from PREX 3.1 was used to identify the best deterministic 
correlation to use in order to properly account for pressure distribution in the constant cross-
section region of the pebble bed. The friction factor was obtained for a series of Reynolds 
numbers, in the experiment and for the three deterministic correlations commonly used for 
porous media flow. Results are shown on Figure 32. 

 

Figure 32. Friction factor as a function of Reynolds number for a set of 11 experimental runs of 
PREX 3.1, compared to deterministic correlations. 

From this comparison, one can conclude that Beavers’ correlation gives the best approximation 
of the relationship between fK and ReK for 2<ReK<16 (60<Red<500). However, as ReK 
decreases, discrepancies between experimental results and the three deterministic correlations 
increase. This becomes a concern when one wants to properly model pressure drop across the 
bed in natural circulation situations – on which the passive safety decay heat removal system of 
the PB-FHR relies –, and merits further investigation in future analyses. 

During 2012 Q1, a small SET, in support of PREX 3.1 data, was designed and built to directly 
measure correlations between flow rates and pressure drop for the defueling chute geometry.  
This experiment was used to complete the porous media data for PREX 3.1 by allowing a direct 
calculation of bypass flow.  The experiment also served as a one-dimensional SET to test 
porous media flow correlations using pebbles of multiple sizes. 

The cross-sectional area of the test section matches that of the defueling chute in PREX 3.1. 
Water is recirculated from the bottom of the test section to the top by an electric pump, and flow 
rate is adjusted using a ball valve after the outlet of the pump. Flow rates are read on a versa 
mount flow meter located at the outlet of the test section. In order to ensure uniform axial flow, a 
diffuser, consisting of two diverging plates, is located at the bottom of the test section, after the 
water inlet. The test section is filled with the same HDPE spheres as those used in PREX 3.1. 
Pressure data is collected for the pebble-bed through an array of manometer lines at the right 
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surface of the test section.  These lines allow for a direct measurement of pressure, which can 
be used to determine the local pressure gradients and momentum transfer to the pebble bed. 

A picture of the experiment, along with a diagram showing the positions of the manometer taps 
is shown in Figure 33. The red dots represent the positions of manometer taps matching those 
of the manometer taps initially present in the defueling chute of PREX 3.1. Additional 
manometer taps are represented by blue dots. 

 

Figure 33. The defueling chute experiment: picture (left) and positions of the manometer taps on 
the right surface of the test section (right). 

For each of the 4 runs of this SET, pressure drop between the two red manometer taps (see 
Figure 33) was measured as a function of the measured mass flow rate through the test section. 
Results of these measurements, along with a fitting curve for these measurements, are 
presented in Figure 34. 
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Figure 34. Pressure drop across PREX 3.1 defueling chute as a function of mass flow rate, 
measured with the defueling chute experiment. 

The 4 runs of the SET provided consistent data, which allowed to accurately deduce mass flow 
rates in the defueling chute of PREX 3.1, knowing the pressure drop across the defueling chute 
as measured in the experiment. This allowed to indirectly calculate bypass flow in the test 
section, by substracting the measured outlet mass flow rates from the measured inlet mass flow 
rates. 

This new set of experimental results was also used to identify the best deterministic correlation 
to use in order to properly account for pressure distribution in the Defueling Chute Experiment 
test section, which is a good example of a narrow 1-D channel. The friction factor was obtained 
for a set of Reynolds number, in the experiment and for the three deterministic correlations 
commonly used for porous media flow. The results of this comparison are shown in Figure 35. 

 



CIET Final Report  UC Berkeley 

48 
 

 
Figure 35. Friction factor as a function of Reynolds number for a set of 4 runs of the defueling 
chute experiment, compared to deterministic correlations. 

From this comparison, one can again conclude that Beavers’ correlation gives the best 
approximation of the relationship between fK and ReK for 2<ReK<9 (60<Red<300). However, as 
ReK decreases, discrepancies between experimental results and Beavers’ correlation increase. 
This becomes a concern when one wants to properly model pressure drop across the bed in 
natural circulation situations – on which the passive safety decay heat removal system relies –, 
and merits further investigation in future analyses. More data should be obtained at low 
Reynolds numbers, in order to assess the capacity of any of the three deterministic correlations 
to properly account for pressure drops in low velocity situations. 

Task 3b: PS-HT2 Development (SET in support of Task 3) 
 
The test bay includes a pebble bed test section for measuring pressure drop and heat transfer 
coefficient in forced circulation regime; this information is important for designing the computer-
control algorithm for the heater power during transients. The pebble bed test section consists of 
a randomly-packed copper pebbles inside of a dimpled glass cylinder. The dimpling of the glass 
was custom-made by an outside glass shop according to three-dimensional maps of randomly 
packed pebble bed, to provide the appropriate geometrical boundary condition for the pebble 
bed. 

The pebble bed test section is instrumented with thermocouples measuring inlet and outlet oil 
temperature, thermocouples measuring pebble temperatures at 5 axial location and three radial 
locations. Seals for up to 16 pebble-embedded thermocouples have been built into the metal 
flanges of the test section. Manometer ports at inlet and outlet of the packed bed have been 
built into the Teflon diffuser and metal flanges. 

The test section has been designed to be easily removable from the CIET Test Bay, so that the 
pebble bed can be re-packed, and the experiments repeated. This is important for obtaining 
statistically-relevant measurements of the in-pebble temperatures. 
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The axial distribution of the packing fraction is measured for each experimental run. This is 
achieved by gradually up-filling the bed with alcohol and measuring the level increase and the 
volume of alcohol inserted. Alcohol is used because it dries quickly, and it is not toxic so this 
procedure can be done outside of a fume hood. The filling is done through the bottom (from an 
elevated reservoir connected to the bottom manometer port), to allow for an accurate 
measurement of the volume of fluid inserted in the bed.  

Performing this measurement of packing fraction, we found that the packing technique is 
extremely important. The bed must be filled slowly, and shaken every two pebble layers to 
create random packing uniformly throughout the bed, and to achieve the high packing fraction 
characteristic of randomly packed beds. The measurements also show that we successfully 
achieve close to 60% packing fraction, with the dimpled wall test section. 

 
Figure 36. Design of pebble bed test section for the CIET component test bay. 
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Figure 37. CIET Test Bay, Pebble Bed Test Section: picture of custom-manufactured dimplelled 
glass tube to be filled with copper pebbles. Side view (left), and top view (right). 

 
Figure 38. Image of an in-pebble thermocouple. 13 in-pebble thermocouples have been 
installed on the pebble bed test section. 

Task 4: CIET Test Bay 

Experimental Set-up 
 
The CIET Test Bay simulates the last time phase of the LOFC and LOHS families of scenarios, 
the quasi-steady state natural circulation decay heat removal from the core. This IET has been 
used to generate data for an initial validation case for the RELAP5-3D models. A simple natural 
circulation loop is operational on the CIET Test Bay, and consists of an annular heater element, 
and a four-branch tube-in-tube DHX.  

The CIET Test Bay is also designed for forced circulation operation, and has been used for 
separate effects in support of the design of future IET experiments. The pebble-bed scaled high 
temperature heat transfer (PS-HT2) experiment measures the pebble to coolant forced 
convection heat transfer coefficient. The scaled high temperature heat transfer (S-HT2) 
experiment investigated forced and mixed convection for high aspect ratio pipes, for high 
Prandtl-number fluids.  

The CIET Test Bay has also been used for single effects experiments, to measure pressure 
drop and heat transfer cofficients in the CIET heater elements and the heat exchangers, in 
natural and forced circulation regimes. The forced circulation mode was used to measure the 
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friction coefficients in each segment of the natural circulation loop. These correlations serve as 
inputs to the RELAP5-3D modeling of the natural circulation loop.  
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Figure 39. Piping and Instrumentation diagram of the CIET Test Bay, reflecting the as-built 
configuration. 

Figure 40. 3D SolidWorks Model of the CIET Test Bay, used for documenting the as-built 
configuration. 

The Test Bay includes a pebble bed test section for measuring pressure drop and heat transfer 
coefficient in forced circulation regime; this information is important for designing the computer-
control algorithm for the heater power during transients. More details on this test section are 
provided under the Task 3b section. 

The test bay is instrumented with a low pressure-resistance coriolis meter, which provides a low 
uncertainty direct measurement of mass flow rate and eliminates the need for calibration, with 
type T thermocouples for fluid and surface temperature measurements, and manometers for 
direct measurements of pressure drop, and with voltage and current meters for the heater 
element. 

After construction and before loading with oil, the loop was leak tested with pressurized air up to 
40 psi. Leaks were detected using soap solution painted over the piping, which generated 
bubbles at leak points. We have found that this is not a very accurate method of leak testing for 
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very small leaks. After loading with oil, it was possible to repair small pin-hole leaks using metal 
epoxy, however, this is a more time-consuming and less reliable method. 

 

  

Figure 41. Photograph of the CIET Test Bay, without thermal insulation. 

All data acquisition was integrated in LabView: thermocouples, flow-meter, heater voltage and 
current. A LabView interface was developed focusing on the safety features of the loop 
operation. This interface served as the template for developing details of the interfaces for each 
of the operational modes. The most important difference among operational modes is the data 
storage, different sets of instruments being used for each mode. 

A comprehensive list of the operational modes for the component test bay was developed, with 
their corresponding valve line-un tables and sensor list. The experimental plan includes a total 
of 16 operational modes; the facility has 42 valves and 70 sensors. We have implemented QA 
procedures for the operation of the CIET Test Bay. 

Prior to loading the facility with oil, a safety review was performed with peers (inside and outside 
the lab) and with the safety representatives of our department. Following the safety reviews, 
updates were made to the operating procedures, a spray shield was installed on the South face 
of the experiment, where the data acquisition computer is located, and changes were made to 
the power supply electrical connection. 

 
Table 9. Example Valve Line-up Table, showing the valve positions for 5 of the operating modes 
of the CIET Test Bay. There are a total of 16 operating modes. 
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Table 10. CIET Test Bay Sensors List. 
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The natural circulation loop consists of a vertical annular heated section, a vertical straight pipe 
heat exchanger with four parallel branches, and the connected piping. The hot leg is the piping 
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connecting the top of the heater to the top of the heat exchanger. The cold leg is the piping 
connecting the bottom of the heat exchanger to the bottom of the heater. The physical 
dimensions of each segment is given in Table 11. 

Table 11. Physical Parameters of the Natural Circulation Loop 

Elevation Change (SI units) 
heated section 1.4605 

hot leg 0.8396 
cooled section -1.0110 

cold leg -1.2891 
buoyancy head 1.0643 

 
Heated Section (SI units) 

OD of annulus 0.01930 
ID of annulus 0.01372 

hydraulic diameter 0.005580 
annulus length 1.7810 
heated length 1.4605 

cross-sectional 
area 1.447E-04 

 
Piping (SI units)   

pipe diameter 0.02664 
cross-sectional area 5.576E-04 

length of hot leg 3.34700 
length of cold leg 2.36930 

total length of piping 5.71630 
 

Cooled Section (SI units) 
pipe diameter 0.02093 

length 1.69560 
cooled length 1.0111 

cross-sectional 
area 3.440E-04 

Experimental Results 
 
Pressure drop measurements for the heater element 
 
Pressure drop measurements across the heater were taken with forced convection using the 
pump, with flow downwards through the heater and upwards through the heat exchanger. The 
loop was isothermal, with less than 1oC temperature rise across the heater, and less than 4oC 
between the maximum and the minimum temperatures on the loop. Data for pressure drop was 
collected on three days. The collected data is given in Table 12. The calculation for the 
predicted friction coefficient, fh,predicted, assumes laminar flow. 

Table 12. Data for friction losses in the heater element of the CIET Test Bay 
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# m ΔPh 
(M73‐
M72) 

Th,a

v 
Tambie

nt 
μh ρh ρmanon. Reh ΔPh F'h fh fh 

predict
ed 

 
[kg/s

] [m] [oC
] [oC] [Pa‐s] [kg/m

3] 
[kg/m

3] [‐‐] [Pa] [1/m4] [‐‐] [‐‐] 

1 0.051
4 2.100 31.

8 18.6 0.0031
9 1051.0 1062.2 622 21,88

2 
1.74E+

10 1.14 0.10 

2 0.048
1 2.053 32.

8 18.6 0.0030
8 1050.1 1062.2 601 21,39

2 
1.95E+

10 1.28 0.11 

3 0.044
4 1.894 33.

1 18.6 0.0030
6 1049.9 1062.2 560 19,73

6 
2.10E+

10 1.38 0.11 

4 0.042
8 1.797 33.

6 18.6 0.0030
1 1049.5 1062.2 548 18,72

5 
2.15E+

10 1.41 0.12 

5 0.040
8 1.721 34.

0 18.5 0.0029
7 1049.1 1062.3 531 17,93

4 
2.26E+

10 1.48 0.12 

6 0.039
7 1.658 34.

4 18.5 0.0029
3 1048.8 1062.3 523 17,27

8 
2.30E+

10 1.51 0.12 

7 0.037
2 1.587 34.

8 18.6 0.0029
0 1048.5 1062.2 495 16,53

7 
2.50E+

10 1.64 0.13 

8 0.094
7 1.535 27.

3 20.4 0.0037
5 1054.8 1060.7 973 15,97

2 
3.76E+

09 0.25 0.07 

9 0.113
1 1.465 29.

4 19.8 0.0034
7 1053.0 1061.2 1,25

8 
15,25

1 
2.51E+

09 0.16 0.05 

10 0.137
8 1.455 30.

8 19.8 0.0033
0 1051.9 1061.2 1,60

8 
15,14

7 
1.68E+

09 0.11 0.04 

11 0.158
6 1.470 31.

4 19.8 0.0032
4 1051.4 1061.2 1,89

0 
15,30

3 
1.28E+

09 0.08 0.03 

12 0.170
6 1.760 32.

6 19.7 0.0031
1 1050.3 1061.3 2,11

6 
18,32

3 
1.32E+

09 0.09 0.03 

13 0.141
7 2.505 33.

4 19.6 0.0030
3 1049.7 1061.3 1,80

4 
26,08

1 
2.73E+

09 0.18 0.04 

14 0.131
4 1.465 25.

0 20 0.0041
2 1056.8 1061.0 1,22

8 
15,24

8 
1.87E+

09 0.12 0.05 

15 0.188
9 2.180 25.

0 20 0.0041
2 1056.8 1061.0 1,76

6 
22,69

0 
1.34E+

09 0.09 0.04 

             
Ch [1/m

4] 
1.52E+

10           
dh/A

h 
[1/m

] 38.56           
 
In order to minimize uncertainty, instead of calculating a correlation for the nondimensional 
friction coefficient, fh, we calculate F'h. The parameter F'h(Reh) is an input to calculating the 
natural circulation steady state mass flowrate. To obtain the dimensionless friction coefficient, fh, 
from F'h, one must divide by the constant Ch that depends on the dimensions of the heater. 
Because the dimensions of the heater annulus are very small, the uncertainty for Ch is 17%. To 
avoid the introduction of this large uncertainty, we work with F'h instead of fh. 
 
Assuming a laminar friction coefficient, it is possible to back-calculate the dimensions of the 
annulus from measured pressure drop data; the results are given in Table 13. There is a 5% (+/-
1mm) discrepancy between the back-calculated values, and the measured dimensions of the 
annular heater; this is outside of the measurement uncertainty bands, which are 1% for the 
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back-calculated value, and 2% for the measured value. Thus, there must be a systematic error 
that leads to a smaller effective hydraulic diameter. These reasons could be:  

o the steel tubes are not perfectly concentric 
o the teflon spacers that separate the two tubes may disrupt the laminar boundary layer, 

and thus boundary layer development may be occurring several times along the length 
of the tube; boundary layer development is associated with higher friction losses, which 
then necessarily appear as a smaller effective hydraulic diameter 

o the annulus is physically smaller due to deposition of decomposed organic material in 
contact with the hot heater surface, or deposition of other debris; inspection of the heater 
element upon disassembly can verify this, however, given that the loop operated a total 
of less than ten days at high temperature, it's hard to believe that a 1mm coating could 
have formed in such a short time. 

 
Note, however that dh/Ah, which is needed for calculating Reynolds, changes only by 1% or less. 
So generating a correlation for F' versus Reynolds number, from the pressure drop 
measurements, is a good approach to circumventing the large uncertainty in Ch, dh, and Ah. 

 
Table 13. Dimensions of annular heater element on the CIET Test Bay. 

(SI units) 
As measured before 
assembly, at room 

temperature 

Back‐calculated 
from pressure 

drop data 
OD of annulus 0.01930 0.01827 
ID of annulus 0.01372 0.01441 

Hydraulic diameter, dh 0.005580 0.003867 
Annulus length, Lh 1.7810 1.78100 

Cross‐sectional area, Ah 1.447E‐04 9.925E‐05 
dh/Ah 38.56 38.96 

Ch 1.52E+10 4.68E+10 
  
Figure 42 shows the correlation for F' versus Re from data runs 8-15, and the correlation from 
all data. The data that was collected at lower mass flowrates (run #1-7) yields a suspiciously 
high friction coefficient, and a Reynolds correlation with an expectedly high exponent for the 
Reynolds number. At Reynolds number below 700, we expect laminar flow with a 1/Re 
dependence, and instead we observe a 1/Re2.3 dependence. This type of erroneous data can be 
caused by bubbles entrained in the flow, or gas pockets trapped in the manometer lines.  The 
data for Reynolds below 700 was collected in one day and repeatability cannot be verified, the 
data in the higher Reynolds range was collected on two different days and we see an indication 
of good repeatability. Because at this point additional data is not available, the best option is to 
use the correlation based on runs 8-15, and extrapolate it in the lower Reynolds region. 
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Figure 42. Empirical friction coefficient for the heater element of the CIET Test Bay. 

Steady state natural circulation results 

Data has been collected for steady state natural circulation. Preliminary data is shown in Figure 
43. 

  
 

Figure 43. Steady state natural circulation data, CIET Test Bay 

Note that for the plots that show comparison between predicted and measured data, the 
elevation difference between heater and the heat exchanger is corrected for non-isothermal hot 
and cold legs. This is done by using a ∆zHL that is calculated based on the measured 
temperatures around the natural circulation loop. Bulk fluid temperature around the natural 
circulation loop is measured at discrete points; the temperature profile is assumed to be linear 
on each pipe segment between two adjacent temperature measurement points. 

Pebble bed forced convection heat transfer 

Data was also collected for forced convection heat transfer in a pebble bed. Representative 
data is shown in Figure 44. 

1000 1500 2000
0.1

0.2

0.3

0.4 Data
 Fit

F'
h/1

09  (1
/m

4 )

Re

Equation y = a*x^b
Reduced Chi-Sqr 5013.91
Adj. R-Square 0.45525

Value Standard Error

F
a 7.3E+12 2.1E+13
b -1.13577 0.38385

outliner (?)

500 1000 1500 2000 2500

0

5

10

15

20

25

30

 Data
 Fit

F'
h/1

09  (1
/m

4 )

Re

Equation y = a*x^b
Reduced Chi-Sqr 1.48E+18
Adj. R-Square 0.99

Value Standard Error
F a 3.2E+16 3.2E+16
F b -2.3 0.2



CIET Final Report  UC Berkeley 

60 
 

 
Figure 44. Convection heat transfer in a pebble bed; sample experimental run for upwards 
heated flow. 

Transient Natural Circulation 

Transient natural circulation data has been collected for validation of the RELAP5-3D model of 
the CIET Test Bay. Figure 45 shows a representative set of data from natural circulation 
transients. As mentioned in the Task 1c section, validation efforts have been compromised by 
the fact that the property file for Dowtherm A in RELAP5-3D does not allow for modeling of 
temperatures below 318.15 K (45°C). However, an updated property file should be generated 
shortly, and will allow for modeling of the Test Bay runs and validation of these models using the 
very large amount of data that has been collected over the course of the project. 
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Figure 45. Representative data for natural circulation transients: loss of forced circulation, power 
ramp-up and power ramp-down. 

Several leaks on the loop lead to the temporary shut-down of the CIET Test Bay. Leaks 
developed at compression fittings connecting to Teflon tubing, and at the connection between 
the electrical electrode and the heater surface. The drip tray failed at the seams, because the 
silicone sealant was not resistant to extended exposure to the heat transfer oil. 

The Teflon tubing was replaced with copper Tubing, and a short Teflon sight-glass was 
installed, using modified compression fittings. Subsequent operation of the Test Bay, with 
temperature cycling, showed that the modification was successful, and no new leaks developed. 
The heater leak will be fixed by replacing the outer tube of the annular heater. The electrode will 
be modified to ensure a better contact surface between the electrode and the heater surface, no 
sharp corners on the electrode, and self-locking nuts to hold the electrode in place.  

Air samples were taken during the time when the leak was generating odor in the laboratory. 
The organic vapor concentration in the air was ten times below the exposure limit for 8-hour 
workdays. However, the unpleasant odor of the heat transfer oil spread outside the laboratory; 
in an effort to prevent this from happening again, a different heat transfer oil will be used in the 
CIET Test Bay. Tests are underway to verify the thermal stability of the thermophysical 
properties of Drakesol 260, upon thermal cycling and extended operation at high temperature. 

The drip tray was temporarily fixed by double lining with a Teflon sheet. The drip tray will be 
replaced with a new aluminum drip tray, with welded seams. 
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Task 5: Quality Assurance Plan (QAP) Development and Maintenance 
 
A Quality Assurance Plan for CIET has been developed. The QAP was developed to ensure 
that CAES quality requirements are met for the data produced by the CIET facility. The quality 
plan is modeled after the quality plan for the Oregon State University High Temperature Test 
Facility (HTTF), and NQA-1 (QA Requirements for Nuclear Facility Application) and 10 CFR 50 
Appendix B (QA Criteria for Nuclear Power Plants and Fuel Reprocessing Plants) are used as 
guidance.  

As proposed in NQA-1, a graded application of quality assurance is applied to the CIET facility. 
Quality assurance for thermal-hydraulics modeling that is being validated by CIET data, such as 
RELAP5-3D modeling, also falls under the CIET QAP. 

External review of QAP 
 
For the external review of our QAP, we've had correspondence with Peter Persoff at LBNL. He 
has provided cursory feedback, and indicated that we have set up a good QA structure. He 
recommended that we include the QA requirement cross-walk tables in the first level document 
of our QAP. Crosswalk tables are included in Appendices A through C of the CIET QAP, and 
they are included below in Table 16, Table 17 and Table 18.  

Table 14. Derived documents for each chapter of the CIET QAP. 

QAP 
Chapter Derived Document 

I n/a  
II CIET -CONFIG-QAP-001  Configuration Management Plan 
III CIET-DESIGN-QAP-001  Design Control 

IV CIET-QAP-ENGR-001 Instructions, Procedures and 
Drawings 

V CIET-MAT-QAP-001  Material, Equipment and Services 
VI CIET-MEAS-QAP-001  Metrology 
VII CIET-TEST-QAP-001  Test Control 
VIII CIET-MODEL-QAP-001  Software and Modeling 
IX CIET-TRAIN-QAP-001  Training Program Plan 
X CIET-DISCR-QAP-001 Corrective Action 
XI CIET-AUDIT-QAP-001 Audits and Surveillance 
XII CIET-REC-QAP-001 Records 
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Table 15. Graded Approach for Applicability of QA Requirements to Nuclear-Related R&D 
(Source: NQA-1-2008. Part IV Nonmandatory Appendix, Subpart 4.2.). 

10CFR50 App. B Requirements 
(ASME NQA-1-2008 Part I) 

Graded Approach for Applicability to Research 
(ASME NQA-1-2008 Part IV, Subpart 4.2) 

Basic Applied Development 
Work 

Organization Applicable Applicable Applicable 

Quality Assurance Program Applicable Applicable Applicable 

Design Control Not Applicable to 
R&D 

Graded 
Applicability Applicable 

Procurement Document Control Applicable Applicable Applicable 

Instructions, Procedures, and 
Drawings 

Graded 
Applicability 

Graded 
Applicability 

Graded 
Applicability 

Document Control Applicable Applicable Applicable 

Control of Purchased Items and 
Services Applicable Applicable Applicable 

Identification and Control of 
Materials, Parts, and Components Applicable Applicable Applicable 

Control of Special Processes Graded 
Applicability 

Graded 
Applicability Applicable 

Inspection Not Applicable to 
R&D 

Not Applicable to 
R&D 

Graded 
Applicability 

Test Control Not Applicable to 
R&D 

Graded 
Applicability Applicable 

Control of Measuring &Test 
Equipment 

Graded 
Applicability 

Graded 
Applicability Applicable 

Handling, Storage and Shipping Applicable Applicable Applicable 

Inspection, Test, and Operating 
Status 

Graded 
Applicability 

Graded 
Applicability Applicable 

Control of Non-conforming Items Not Applicable to 
R&D 

Not Applicable to 
R&D 

Not Applicable to 
R&D 

Nonconforming Materials, Parts, or 
Components 

Graded 
Applicability 

Graded 
Applicability Applicable 

Corrective Action Applicable Applicable Applicable 

Quality Assurance Records Graded 
Applicability 

Graded 
Applicability Applicable 
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Table 16. Cross-walk between NEUP QA requirements and CIET QAP. 
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Table 17. Crosswalk between 10CFR50 Appendix B, and CIET QAP. 
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Table 18. Crosswalk between Oregon State University (OSU) High Temperature Test Facility 
(HTTF) Program Quality Plan, and University of California Berkeley (UCB) Compact Integral 
Effects Tests (CIET) Quality Assurance Plan.  

OSU HTTF Program Quality Plan 
OSU-HTTF-000000-ADMIN-001-R0 

CIET QAP 
 

1.0 INTRODUCTION   Ch.  I 
  Scope   Ch.  I.1 
  Applicability   Ch.  I.2 
  Tailoring   Ch.  I.3 
2.0 APPLICABLE DOCUMENTS    
  Source Requirements Documents   Ch.  I.3.1 
  Derived Requirements Documents   Ch.  I.3.3 
  Order of Precedence   Ch.  I.4 
 ORGANIZATION   Ch.  I.5 
3.0 TRAINING AND INDOCTRINATION   Ch.  IX 
4.0 DESIGN CONTROL   Ch.  III 
5.0 INSTRUCTIONS, PROCEDURES AND DRAWINGS   Ch.  IV 
6.0 DOCUMENT CONTROL   Ch.  XII 
7.0 TEST CONTROL   

Ch.  VII 
   

  Test Procedure Definition   
  Matrix Testing   
  Deviations from the Matrix Test Procedure   
  Matrix Test Records   
  Matrix Test Log   
  Documentation of Test Results  Ch.  VII 
  Discrepancies in Test Data or Quality Records Affecting Test Data   Ch.  VII 
8.0 INSTRUMENTATION AND INSPECTION/TEST EQUIPMENT & 

CALIBRATION   
Ch.  VI 

9.0 REPORTING OF DEFECTS AND NON-COMPLIANCE   Ch.  X.1 
10.0 RECORDS   Ch.  XII 
  Quality Records   Ch.  XII.1 
  Authentication of Records   

Ch. XII   Quality Records Availability   
  Formatting and Content   
  Storage and Backup   
11.0 COMPUTER SOFTWARE CONTROL   Ch.  VIII 
12.0 AUDITS AND SURVEILLANCE   Ch.  XI 
13.0 MANAGEMENT OF MATERIAL, EQUIPMENT AND SERVICES   Ch.  V 
  Control of Purchased Material, Equipment, and Services   Ch.  V.2 
  Identification and Control of Materials, Parts, and Components   Ch.  V.1 
  Handling, Storage and Shipping  Ch.  V.4 
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Implementation and maintenance of QAP 
 
Two independent documents have been maintained to reflect the as-built facility: a piping and 
instrumentation diagram, and a three-dimensional SolidWorks model. Peer review of these 
documents on a regular basis ensures that the facility is being built to meet the design 
specifications. 

For special parts that we have designed and manufactured, the manufacturing procedure has 
been documented using a standard template. Examples of special parts: in-line static mixer, in-
pebble thermocouple. 

Procedures have been written and implemented for roles and responsibilities attribution, 
following a hierarchy presented in Figure 46, and documents identification and records. A list of 
controlled documents has been initiated in order to keep track of current versions of QA 
documents. Also, a controlled inventory of items, both for design and as-built assemblies, has 
been created. Templates have been created for procedures, purchase orders and inventories. 

The QAP will systematically be followed as progress is made in the project. An external review 
by NEUP authorities (Daren Jensen and Val Seeley) was conducted on April 11-13, 2012. Very 
valuable information was shared at that occasion, and it appears that for the initial phase of the 
project, proper practices have been implemented. Updates to the QAP have been made 
according to their review, which will apply to future phases of the project. The core of QAP 
implementation will start when the CIET Facility construction begins, and then when data starts 
to be collected. Their advice will also be followed as to improvements in data collection and 
storage procedures for ongoing experiments on the CIET Test Bay. 

 
Figure 46. Responsibility breakdown for the CIET2 project. 
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III. Future Work 

The project has been completed. 
 
The CIET Test Bay Experimental Facility will continue to be operational. The CIET 2 
construction has been outsourced for quality controlled construction, and installation and 
operation will continue under a different NEUP grant.  
Validation of natural circulation models in RELAP5-3D with high Prandtl number fluids will 
continue, as soon as an updated Dowtherm A property file is procured for RELAP5-3D. The 
COMSOL numerical models of the pebble bed core that were developed will continue to be 
used. 
IV. Publications/Presentations 

1. Global Scaling Analysis for the Pebble Bed Advanced High Temperature Reactor. Blandford, 
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VI. Milestones and Funds 

Table 19. Minor Milestones. 
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Table 20. Major Milestones. 

 
 

Table 21. Funds. 

 
 


	Design and proof testing of the AHTR
	Compact Integral Effects Test (CIET) Facility
	Final Report
	Covering Period of Report: January 1, 2010-Sept. 30, 2012
	Principal Investigator: Per F. Peterson
	Raluca O. Scarlat
	Thermal Hydraulics Laboratory
	Table of Contents
	List of Tables
	List of Figures
	I. CIET Project Objective
	II. Final Status
	Task 1a: Overall Configuration of the Compact Integral Effects Test (CIET) Facility
	CIET Test Bay
	CIET Facility (CIET 2)


	Normal operation, start-up and shut-down
	Design of the CIET 2 facility
	Quality Assurance
	CIET 3
	Task 1b: Phenomena Identification and Ranking Table (PIRT)

	Figure 7. Primary coolant flows and inventories
	Task 1c: Numerical modeling
	RELAP5-3D Models


	PREX 3.1 Modeling
	PREX Defueling Chute SET Modeling
	CIET Test Bay Modeling
	PB-FHR Modeling
	COMSOL Multiphysics Models

	Optimization study
	COMSOL Model
	Task 2: Infrastructure for the CIET Facility
	CIET 2 Infrastructure
	CIET 2 Components


	IHX
	DHX
	NDHX
	Diode
	Heater
	Valves
	Piping
	Structure
	Instrumentation
	Flowmeter
	In-line thermocouples
	Thermocouple calibration
	Pressure measurement
	Data acquisition and computer control
	Thermal Insulation
	S/D Rod channel and Core by-pass line
	Pump
	Sight glasses
	Drip Tray
	Operational Modes
	Fill-up
	Draining
	Start-up
	LOFC Phase II
	Task 3: Component Design and Testing

	DHX
	Instrumentation
	Task 3a: PREX 3.1 Development (SET in support of Task 3)

	Figure 30. Sample pressure field (left) and isobars (right) for axial flow configuration.
	Task 3b: PS-HT2 Development (SET in support of Task 3)
	Task 4: CIET Test Bay
	Experimental Set-up


	Table 11. Physical Parameters of the Natural Circulation Loop
	Experimental Results

	Pressure drop measurements for the heater element
	Table 12. Data for friction losses in the heater element of the CIET Test Bay
	//
	Figure 43. Steady state natural circulation data, CIET Test Bay
	Air samples were taken during the time when the leak was generating odor in the laboratory. The organic vapor concentration in the air was ten times below the exposure limit for 8-hour workdays. However, the unpleasant odor of the heat transfer oil sp...
	Task 5: Quality Assurance Plan (QAP) Development and Maintenance

	Figure 46. Responsibility breakdown for the CIET2 project.
	III. Future Work
	IV. Publications/Presentations
	V. References
	VI. Milestones and Funds
	/
	New Cover Page.pdf
	Final Report
	Covering Period of Report: January 1, 2010-Sept. 30, 2012
	Principal Investigator: Per F. Peterson
	Raluca O. Scarlat
	Thermal Hydraulics Laboratory

	09-789 Website Cover Page Template.pdf
	Integral and Separate Effects Tests for Thermal Hydraulics Code Validation for Liquid-Salt Cooled Nuclear Reactors


