
 
 
 

Proceedings of the HTR 2014  
Weihai, China, October 27-31, 2014  

Paper HTR2014-X-XXX  
 

 
 
 

Status of Research on Pebble Bed HTR Fuel Fabrication 
Technology in Indonesia  

 
M. Rachmawati, Sarjono1, Ridwan1, R. Langenati1,   

National Nuclear Energy Agency of Indonesia – Center for Nuclear Fuel Technology  
Kawasan Puspiptek Gd 20 Setu, Tangerang Selatan, Banten, Indonesia phone: 

+62-21-7560915, meniek@batan.go.id  
 

1 National Nuclear Energy Agency of Indonesia – Center for Nuclear Fuel Technology  
 
 
 

Abstract – Research on pebble bed HTR fuel fabrication is conducted in Indonesia. 
One of the aims is to build a knowledge base on pebble bed HTR fuel element 
fabrication technology for fuel procurement. The steps of research strategies are 
firstly to understand the basic design research of TRISO fuel, properties, and 
requirements, and secondly to understand the TRISO fuel manufacturing technology, 
which comprises fabrication and quality control, including its facility. Both steps are 
adopted from research and experiences of the countries with HTR fuel element 
fabrication technology. From the knowledge gained in the research, an experimental 
design of the process and a set of prototype process equipment for fabrication are 
developed, namely kernels production using external gelation process, TRISO 
coating of the kernel, and pebble compacting. Experiments using the prototypes 
have been conducted. Characterization of the kernel product, i.e. diameter, 
sphericity, density and O/U ratio, shows that the kernel product is still not in 
compliance with the specification requirements. These are deemed to be caused 
mainly by the selected vibrating system and the viscosity adjustment. Another major 
cause is the selected NH3 and air feeding method for both NH3 and air layer in the 
preparation for spherical droplets of liquid. The FB-CVD TRISO coating of the 
kernel has been experimented but unsuccessful by using an FB-CVD once‐through 
continuous coating process. For the pebble compacting, the process is still in the 
early stage of setting-up compaction equipment. This paper summarizes the current 
status of research on HTR fuel fabrication technology in Indonesia, the proposed 
process and its equipment setting-up for improvement of the kernel production. The 
knowledge and lessons learned gained from the research is useful and can be an 
assistance in planning for fuel development laboratory facilities procurement, 
formulating User Requirement Document and Bid Invitation Specification for the 
fuel procurement.  

 
I. INTRODUCTION  

Many factors influence the development and 
implementation of a nuclear reactor. There are six as 
major factor, i.e. the cost-effectiveness, safety, 
security and nonproliferation features, conformance to 
requirements, having a clear commercial roadmap 
including constructability and the ability to obtain a 
license, and fuel cycle management.  

The fourth generation of NPP is a power reactor 
resulted from innovative development of its previous 
generations. Generation IV of NPP consists of six 
types of power reactors which were selected from 

approximately 100 designs. Selection criteria are high 
economic aspects, advanced levels of safety, very low 
waste quantity, and resistance to the rules of the NPT. 
Generation IV of NPP is designed not only serves as 
an electrical power supply, but can also be used for 
thermal energy supply for industrial processes. 
Therefore, the fourth generation of NPP is no longer 
referred to as a nuclear power plant (NPP), but as 
Nuclear Energy System (NES). Six types of the fourth 
generation of NPP are the Very High Temperature 
Reactor (VHTR), Sodium-cooled Fast Reactor (SFR), 
Gas-cooled Fast Reactor (GFR), Liquid metal cooled 
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Fast Reactor (LFR), Molten Salt Reactor (MSR), and 
Super Critical Water-cooled Reactor (SCWR).  
 From  generation  IV  reactors,  the  High  
Temperature Reactor (HTR) ensures increased safety 
and burn-up significantly. Some of the interesting 
features of the HTR include [1]: 1.  Improved safety 
significantly.   
2. Operating the reactor at high temperatures gives 

higher efficiency compared to conventional 
commercial reactors.   

3. Attractive in economic terms because it can be 
adapted to the needs where the market for small 
reactors is increasing (small size, as modules, that 
can be implemented in short while),   

4. Operating at high temperatures may allow the 
expansion of applications in the energy sector such 
as hydrogen production and desalination of sea 
water.  

5. HTGR Fuel Elements offers enhanced 
nonproliferation characteristics.  
 

 
 
Figure 1. Typical fuel types for High Temperature  
Gas Reactor: Prismatic HTR Fuel Element – MHTGR 
and Pebble Bed HTR Fuel Element – PBMR[3].  

 
There are two types of fuel element currently used 

in the HTR, i.e. prismatic type and spherical or pebble 
type as shown in Figure 1[2]. HTR fuel element 
developed in the USA and Japan is prismatic. On the 
other hand, Germany, South Africa, and China use a 
spherical fuel element. Studies and research on NPP in 
Indonesia strongly indicate that pebble type reactor is 
preferred to be deployed in the near future. The 
selection consideration is based on that the pebble 
bed has fuel cycle flexibility and enhancement 
opportunities which are better than the prismatic 
type fuel. The pebble fuel is based on TRISO coated 
particles with low-enriched uranium (LEU) contained 
in spherical fuel elements, the fuel type that was used 
in Germany as shown in Figure 2[3].   

Study on conceptual design of the HTR has been 
started and scheduled to be finished in 2014, and the 
research on HTR fuel fabrication techology is aimed 
to support the conceptual design realization.   

The steps of research strategy used are firstly to 
understand the basic design research of TRISO fuel, 
properties, and requirements, and secondly to 
understand the TRISO fuel manufacturing technology 
which comprises fabrication and quality control 
including its facility. Both steps are adopted from 
research and experiences of the countries with HTR 
fuel element fabrication technology.  

 

 
Figure 2. HTR reference TRISO fuel design data,  
FRG Design  

 
From the knowledge gained in the research, an 

experimental design of the process and a set of 
prototype process equipment for fabrication are 
developed, namely kernels production using external 
gelation process, TRISO coating of the kernel, and 
pebble compacting. Experiments using the prototypes 
have been conducted.   

The results show that the kernel production, i.e. 
diameter, sphericity, density and O/U ratio of the 
kernels still do not fulfill the specification 
requirements. These are deemed to be caused mainly 
by the selected vibrating system and the viscosity 
adjustment. Another major cause is the selected NH3 
and air feeding method for both NH3 and air layer in 
the preparation for spherical droplets of liquid. The 
FB-CVD TRISO coating of the kernel is still 
unsuccessful in using the FB-CVD once‐through 
coating process continuously. For the pebble 
compacting, the process is still in the early stages of 
setting compaction equipment.   

This paper summarizes both the proposed process 
and its set-up equipment for improvement of the 
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failures on kernel production, effort in coater and 
compaction equipments and the corresponding 
processes, and to make a plan for fuel development 
laboratory facilities procurement.  

 
II. TECHNICAL BACKGROUND  

 
The fabrication  technology and equipments of 

pebble bed fuel comprisesthree main process i.e. 
kernel technology and equipments, coated the kernel 
technology and equipments, and pebble technology 
and equipments. These three stages are describe as 
follow.   

 
Kernel Technology and Equipments  

Kernel preparation can be carried out using Solgel 
process, based on solidification of liquid droplets [4-5]. 
Figure 3 shows two methods of sol – gel processfor 
HTR fuel: external and internal gelation. The terms 
internal and external gelation refer to the source of the 
ammonia ion which provides a necessary component 
in the gelation process[6].  

 

 
 Figure 3. Sol-gel method for HTR fuel [6].  

 
In external gelation, the ammonia ion is provided 

from an external source, such as an ammonia 
hydroxide vapor, through which the formed particle 
passes [6]. Internal gelation utilizes an internal source 
of ammonia, which is normally triggered to release its 
ammonia by a combination of pH difference and 
temperature [6]. Sol – gel method developed in Japan, 
Korea, China, South Africa is external gelation. On the 
other hand the US, France use internal gelation [7]. 
Indonesia choose external gelation as it was found to 
be relatively simple, with few process steps and little 
waste material being produced, and the method being 
suitable for automated manufacturing [8].   

The external gelation process comprisesBroth 
solution preparation, Spherical Liquid Droplets 
Preparation,  Aging, Washing, and Drying Process, 

and Thermal Treatment. Identification and 
understanding of the correlation between the process 
parameters and product quality is very important to 
control the process in order to obtain products with 
specifications that meet the requirements. The process 
and experimental parameters are classified in table 1, 
2, 3, and 4.  

 
Table 1. The process classification and experimental 
parameters of broth solution preparation [6].  

Broth solution preparation Experimental parameters  
1  U3O8 (UO3) powder  

dissolution  
Concentration of uranium 
a nitric acid  

2  PVA selection and  
dissolution  

PVA selection and    
concen 

3  Preneutralization  Neutralization method,  
PH   

4  THFA mixing  
sequence  

Ratio of [U] / THFA  
Mthod  

5  Viscosity  Viscosity range  
 

The chemical reaction in broth solution preparation 
are as follow. U3O8 powder dissolutionin nitric acidto 
form an uranyl nitrate solution according to:  
 
3U3O8 (s) + 20HNO3 (aq) → 9UO2(NO3)2 (aq) +  

10H2O + 2NO (g).  
 

The uranyl nitrate solution is pre-neutralized with 
ammonium hydroxide just prior to precipitation:   

 
2UO2(NO3)2 (aq) + NH4OH (aq) →   
2UO2(NO3)1.5(OH)0.5 (aq) +  NH4NO3 (aq). 
 
Table 2. The process classification and experimental 
parameters of spherical liquid droplets preparation [6].  
Spherical  Liquid  
Droplets Preparation  

Experimental 
parameters  

1  Nozzle  Nozzle diameter and 
shape  

2  Broth Injection  
Method  

Flow rate, pressure, 
method  

3  Vibrating System  Frequency, amplitude   
4  NH3 and Air Layer  NH3 and Air feeding 

method  
5  Gas Layer 

Distance  
Distance  

 
The broth solution is pneumatically fed to the 

nozzle at the top of the column, where a vibrator 
“shakes off “ droplets from the feed stream. The 
droplets fall through air where they attain a spherical 
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droplets then pass through an ammonia atmosphere 
where ammonia gas is blown directly onto the droplets 
to create chemical reaction with the uranyl nitrate on 
the surface of the droplets. The uranyl nitrate 
precipitate as ADU in the outer layer of the droplets, 
forming a protective film. This film enables the 
droplets to retain their spherical shape on impacting 
the precipitation solution without deforming. 

As the reaction continues in the casting column 
ADU forms throughout the kernel, with ammonium 
nitrate as by product according to the following the 
reaction:  
 
Presolidification reaction   
Sol U [2UO2(NO3)1,5(OH)0,5+aditives] + 3NH3(g) → 
film layer ADU [UO3.xNH3.yH2O(s)] + sol U + 
NH4NO3 + H2O  

 
Solidification reaction  
Film layer ADU + sol U  
[2UO2(NO3)1,5(OH)0,5+aditives] + 2NH4OH → 
UO3.xNH3.yH2O(s) + NH4NO3(aq) + H2O   
 
The kernels are kept in the casting column until they 
are strong enough to be processed further.  
 
Table 3. The process classification and experimental 
parameters Aging, Washing, and Drying Process [9].  
Aging, Washing, 
and Drying Process  

Experimental parameters  

1  Aging solution  Concentration, temperature  
2  Washing 

solution  
Method, sequence  

3  Drying  Method, atmosphere, 
temperature  

 
The microspheres and the accompanying 

precipitation solution are transferred from the casting 
column to a flat tank for aging. During ageing the 
vessel is heatedwith steam to 80°C. The process fully 
converts the gel spheres to solid ammonium diuranate 
kernels, and ensures complete crystal growth. 

After ageing the solution is drained from the vessel. 
The ADUN kernels in the vessel are washed with 
waterto removethe ammonium nitrate as well as 
ammonium hydroxide and tetrahydrofurfuryl alcohol. 
Then the kernels are washed.  
The next step is to dry the kernels. The diameterof a 
dried ADU kernel is about 1 mm and the bulk density 
1 g.cm-3.  
 
Table 4. The process classification and experimental 
parameters [6].  

Thermal treatment  Experimental parameters  
1  Calcination   Temperature,  heating 

rate, atmosphere  
2 Reduction 

Sintering  
and  Temperature,  heating 

rate, atmosphere  
After drying the ADUN kernels are calcined in 

air up to 430°C. The remaining organic 
additivesare cracked and driven off during a 
gradual temperature increase. Above 400°C the 
ADU is converted to UO3:  
(NH4)U2O7 (s) + O2 (g) → 2UO3 (s) + 2H2O (g) +   
              NO (g).  
The diameter of a calcined kernel is ~0.8 mm and the 
bulk density ~2g.cm-3. The next process is reduction 
and sintering at temperature of 1700 oC  to convert the 
kernel UO3 to UO2 with density ≥ 95% theoretical 
density. The process is carried out under hidrogen 
atmosphere.  

 
Coated the Kernel Technology and Equipments.  

TRISO coated fuel particles are fabricated using 
Fluidized - Bed Chemical  
Vapor Deposition process. Specified properties of the 
4 layers are influenced by the process conditions[9] : 
Deposition temperature, Coating gas fraction Coating 
gas ratio (PyC dense), Deposition rate, Deposition 
time.  

Technology and size of CVD coater are also to be 
taken into account because coating mechanisms are 
depending on hydrodynamics, heat and mass 
transfer[9].     
 
Pebble Technology and Equipments  
Figure 4 shows Process Diagram of Spherical Fuel 
Element.   

 
Figure 4.Process Diagram of Spherical Fuel  

Element [9] 
To verify that a product satisfies the design 

criteria, quality control (QC) and quality assurance 
(QA) is required.  QC for coated particle fuel 
includes[9]: 1).Specifications on source materials, 
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production processes and process limits, 
2).Specifications on kernel, coating, and compact 
properties, 3). Specifications on defect populations 
that may impact performance.  

 

 

Figure 5.The main design specifications of pebble[9].  
 

III.  EXPERIMENTAL  
 
Pebble bed Fuel Fabrication and Equipments  

 

 
 

 
Figure 6. Pebble bed Fuel Fabrication for HTR  

 
Kernel Fabrication and Equipment 

Kernels are fabricated using a sol-gel process using 
external gelation method to form a spherical bead i.e 
droplets formation, age the kernels, wash and dry 
kernels . Dried spherical beads are calcined and 
reduction to form the desired metal oxide and/or 
carbide phases and sinter the kernels.  
 

 

 
 

Figure 7. Kernel Preparation and Equipment  
 

Feed preparation for sol – gel column is 
conducted by extracting and evaporating of 
UO2(NO3)2 solution resulted from extraction to 
obtain uranium concentration = 500-800 g / l and 
acidity or free HNO3 ≤ 1. Settings pH 
(prenetralisation) solution of UO2(NO3)2 with 
NH4OH at pH 1.6 - 2.  
 

 

  
broth reactor and  
viscosity sensor  

Data Acquisition 
viscosity parameter  

  
Digital Microscope  Sphericity and density 

characterisation  
 
Figure 8. Characterization Equipment in Kernel 
Preparation  

 
Coating Deposition and Equipment The kernels 
resulted from sintering process are heated in 
fluidizing bed chemical vapour deposition (FB – 
CVD) using once ‐ through continuous coating 
process in argon gas atmosphere.   
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Figure 9. Flow Diagram of the Coating Process  
 

 

 
 

Figure 10. Flow Diagram of Kernels Coating 
Equipment  

 
The coating process sequence is as follow. Firstly, 

deposite buffer layer using a mixture of acetylene gas 
and argon,. Secondly, deposite IPy using a mixture of 
acetylene gas and prophylene and argon gas. Thirdly, 
deposite SiC using a mixture of MTS and hidrogen 
and argon gas, Fourthly, deposite OPy using a mixture 
of acetylene and prophylene and argon, cool and 
remove TRISO particles / kernels from the furnace in 
argone atmosphere.  

 
 
 
 

  
FB-CVD  

  
 
Figure 11. Control and Monitoring of the Coating 
Process  

 
 

Pebble bed Compacting and Equipment.  
 

TRISO coated particles resulted from coating 
process are compacted into a graphite matrix fuel 
form to spherical / pebble – bed fuel elements. The 
process is preparing matrix percursor that consist 
of natural graphite and binder resin.  Furthermore,  
overcoat TRISO particles using the matrix 
percursor, and compacts overcoat particles using 
cylindrical Ramp and Die with spherical rubber 
form to form spherical / pebble fuel element. 
Finally carbonize matrix and heat – treat the 
spherical / pebble fuel element.  

! 

! 
 

Figure 12. Compaction of Spherical Fuel  
Equipment  
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TRISO Fuel Characterization.  
Analysis of size and shape  
Typically image thousands of particles or kernels 
using transmitted light to detect edges. Image 
analysis program automatically selects each 
particle and identifies 360 points around the 
perimeter. Data is processed for radius, diameter, 
shape and curvature.  
 

IV. RESULT AND DISCUSSION  
 
IV.A. Result  
 

 
 

Figure 13. The result of   kernel preparation.  
 
 

Table 5. Result of the kernel produced from the 
experiment.  
 

 Requirement Specifi
cation  

Methode Average 
Result 

Diameter 500±50
µm 

Digital 
Microsco
pe 

558±37 
µm 

Sphericity <1.2 Image 
Analyser 

0.90 

Density > 10.5 
g/cm 

Picno 
meter 

8.83 

Stoichiometry ≤2.01 Thermo  
gravimet
ric 

2.00 

 
Problem encountered in drop formation.  

The equipment produces kernels but with 
unsatisfactory sphericity and uncontrollable diameter. 
This is because the column does not equipped with 
NH3 feeding layer and appropiate vibrator (Figure 15). 
Figure 14 show the actual gelation process [6]. The 
drop formed its spherical shape in air, then passed 
through an ammonia gas layer, which hardened the 
surface into the final shape. Exposing the droplets to 
ammonia gas thereby strengthening the surface of the 
sphere.  

 

 
Figure 14.  External gelaion process flow diagram. 

 

 
Figure 15. Not 

equipped with NH3  
Figure 16. Equipped with 

NH3 Feeding layer  
Feeding layer   

 
An efforts has been made to design a smaller 

scale precipitation column equipped with NH3 gas 
layer (Figure 16). In operation, NH3 gas layer is not 
functioning satisfactorily because of the design. In 
many occasion the needle / nozzle clogging due to 
frequent contact with NH 3 gas. Figure 17 show the 
proposed process and its set-up equipment for 
improvement of the failures on kernel 
productionusing design reference.  

 

 
 

 
Figure 17. Schematic Diagram of Proposed 

External Gelation of ADU Gel.  
 
Another problem encountered in the preparation of 

ADUN solution is the time required to concentration 
by evaporation is a relatively long way to get the 
uranyl nitrate containing high concentration of 
uranium with small nitric acid.  
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V. CONCLUSION  

 
From each step of HTGR fuel fabrication process, 

the product still not fullfil the requirement. However, 
empirical experience in this study provide sufficient 
capital to formulate the User Requirement 
Documentfor fuel procurement and also for building 
collaboration with other countrieshaving experience 
on HTGR fuel fabrication.    
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