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1. Introduction 
 

The effect of thermal feedback on a core neutronics 
analysis is important and it should be treated properly 
not only in a transient but also in a steady state analysis 
of pebble bed reactors. The temperatures from the 
thermal-hydraulic (T-H) analysis codes such as MARS-
GCR [1] or GAMMA+ [2] can be used for thermal 
feedback in the neutronics calculation of the CAPP 
code [3] for both steady state and transient analyses by 
coupling the CAPP code and one of the T-H codes. 
However, it is very inefficient especially in a steady 
state analysis because the T-H codes obtain the steady 
state solution by performing a null transient calculation. 

In this study, a simplified T-H analysis module for 
the CAPP code stand-alone steady state calculation was 
developed and it was verified and validated against a 
PBR-400 reactor [4] by comparing its results with those 
of the GAMMA+ code. 

 
2. Methods and Results 

 
2.1 Assumptions and Simplifications in T-H Model 

 
For an efficient T-H analysis in the CAPP code 

steady state calculation, the following assumptions and 
simplifications were adopted: 

1) The heat loss from the core through the 
conduction of the reflector is negligible. 

2) The cross flow in radial and azimuthal direction 
is negligible. 

3) The heat transfer by the conduction or radiation 
between the pebbles is very small compared to 
that by the helium coolant convection. 

4) The coolant inlet flow portion is proportional to 
the flow area of each coolant channels. 

5) The reflector region in which the coolant holes 
from the core to the lower plenum exist has the 
same temperature as the core outlet temperature. 

6) The heat transfer between the coolant and the 
reflector at the riser holes is negligible. 

7) Adiabatic condition at the bottom refl. surface. 
8) The Zehner-Schlünder correlation is also valid 

for the pebbles near the core-reflector interface. 
9) The radial/axial temperature distribution at the 

surface of the top/outer reflector is insensitive to 
the core power distribution. 

10) No bypass flow was considered. 
The assumptions and simplifications from1 to 7 are 
well known from the previous T-H analysis [4, 5]. 
Assumption 8 was adopted because it is also used in the 
GAMMA+ modeling. Figure 1 shows the core power 

distribution and the temperature distribution at the 
surface of the top reflector and the outer reflector for 
the three cases. We observe that the reflector surface 
temperature distribution is very insensitive to the core 
power distribution, which justifies assumption 9. 

 

  
(a) Radial power                             (b) Axial power 

  
(c) Temp. at top refl. surface         (d) Temp. at outer refl. surface 

Figure 1. Core power and reflector surface temperature 
distribution for the three cases. 

 
2.2 Development of Simplified T-H Model 
 

According to assumption 1, the temperature in the 
core region can be calculated without a coupling with 
the reflector region. The core can be divided into 
several closed coolant channels with axial channel cells 
and it can be assumed that all the heat generated in a 
channel cell is used to raise the temperature of the 
coolant by assumptions 2 and 3. The coolant inlet flow 
of each coolant channel is determined by assumption 4 
and the outlet temperature of each channel cell can be 
determined as follows : 
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Even though Eq. (1) is a more accurate expression 
for the coolant temperature and it is used in the actual 
calculation, the following equation based on an up-
wind scheme was used in comparison with the 
GAMMA+ results because GAMMA+ uses the up-
wind scheme for the sake of stability in a transient 
calculation. 
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Once the coolant temperature is determined for each 

coolant channel cell, the temperature distribution in the 
pebbles can be determined by solving the following 
conduction equation over a 1-D spherical pebble.  

 
qTk =∇⋅∇− ,                       (3a) 

)( bs TThTk −=∇− ,                   (3b) 
 

where  h , sT , and  bT  are the heat transfer coefficient at 
the pebble surface, pebble surface temperature, and 
coolant bulk temperature, respectively. 

The temperature distribution in the reflector region is 
determined by solving a 3-D conduction equation over 
the reflector region with the following internal and 
external boundary conditions: 1) adiabatic condition at 
the bottom reflector surface, 2) temperature distribution 
at the top/outer reflector surface, 3) convection from the 
coolant at the upper cavity, 4) conduction from the 
pebble bed, 5) internal temperature distribution in the 
bottom reflector region. They are shown in Figure 2. 
 

 
Figure 2. The internal and external boundary conditions. 
 
2.3 Results and Discussion 
 

The T-H module developed for the CAPP code was 
verified and validated against a PBR-400 reactor. A 
typical (Case 1) power distribution and reflector surface 
temperature distribution were used. The h in Eq. (3) is 
known to vary about by 10% throughout the core and 
the core-average value is used for this calculation. 

 Figure 3 shows the coolant temperature distribution. 
The maximum error is about 8.5°C. Figure 4 shows the 
reflector and the pebble average temperature. The 
maximum error is about 24 °C. 

 
Figure 3. Coolant temperature distribution 

 

 
Figure 4. Reflector (pebble) temperature distribution 
 

3. Conclusions 
 

A T-H module was developed for the thermal 
feedback in the CAPP code based on a simplified T-H 
model and it was verified and validated against a PBR-
400 reactor. It showed a good agreement with the 
GAMMA+ code results. Even though the bypass flow 
is not negligible in a pebble bed reactor, it was not 
modeled in this study because the bypass phenomena 
are not clearly known and no accurate bypass model is 
developed yet. It should be modeled in the CAPP code 
when an accurate model is developed in the future. 
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