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ABSTRACT 
 
An important characteristic of this reactor concept is its relatively high coolant flow 
rate.  Therefore, it is important to evaluate the pressure losses in different sections of the loop and 
devise methods to reduce them and come up with an optimized condition.  
The size of the reactor depends on how large the coolant pump we accept to have and what 
percentage of the total reactor power produced, we would allow to be fed to the pump. Thus the 
limit of  the reactor  power is not dependent on the design temperatures but on the percent of 
pump power consumption.  The standard reactor is chosen to be 70 MWe where about 3% of 
power is consumed by the pump.  One can have a  100, 150, and maximum 165 MWe reactor 
accepting 6, 19, and 34% of generated power going to powering the pump respectively. Above 
this maximum reactor size, the required pump power will exceed the additional energy produced 
by the reactor and thus the system become unproductive.  One does not need to use a single 
pump, but can use a combination of pumps in parallel and series to meet the needs.  
 
It is seen that in the operating condition of the 70 MWe reactor, the fuel elements are held 
together with a pressure of about 0.2 bar and the force on them is more than 27 times the force of 
gravity, thus guarantees the bed to remain a fixed bed during the reactor operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
Pressure loss calculations: 
 
Figure below shows the sections of the reactor loop with the corresponding table giving the 
calculated pressure losses at each section.  The operating condition of the 70 MWe reactor 
corresponds to the coolant flow velocity of 7.2 m/s.  In the table also is included the reactor 
condition at minimum coolant velocity of 1.5 m/s being the terminal velocity for the fuel 
elements.  Also included the pressure losses for a maximum flow velocity of 25 m/s above which 
the reactor operation becomes impractical. 
   
 



 
 
 
 

 
 
 
 
 
 
 
 
. 
Reactor Power [MWe] 15 70 165 

Pump Power [MWe] 0.02 2.05 85 

Power Pump [%] 0.12 2.84 34 

Mass Flow [kg/s] 220 1060 3670 

Velocity [m/s] 1,5 7,2 25,0 

Tube              
Diameter   

(cm) 

Section 1-2 0,02 0,38 4,56 40 

Section 2-3 0,48 4,85 54,93 40 

Section 3-3 -0,02 -0,51 -6,16 40 

Section 3-4 0,21 4,39 52,27 30 

Section 4-5 0,16 0,39 3,05 30 

Section 5-6 0,00 0,00 0,01 31  

Fixed Bed 0,06 1,31 15,57 171  

Section 7-8 0,00 0,00 0,00 172 

Section 8-9 0,08 0,14 0,84 192  

Section 9-10 0,00 -0,03 -0,36 -- 

Section 10-11 0,04 0,04 0,04 178 

Section 11-12 0,15 0,15 0,17 --  

Section 12-13 0,01 0,18 2,15 -- 

Section 13-14 -0,34 -0,32 -0,15 214 

Section 14-15 -0,02 -0,04 -0,31  -- 

Section 15-16 0,05 1,19 14,22 --  

Section 16-17 -0,05 0,15 2,34 40 

Section 17-18 0,00 0,01 0,12 40 

Section 18-19 -0,04 0,16 2,35   

Section 19-20 -0,26 -0,14 1,17 40 
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TOTAL 0,53 12,28 146,82   

 
 
 
 
 
 
 
 



The pressure loss in the loop are calculated by the following equation. 
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Where, 
             P = pressure at the section [Pa] 
  �  = density [kg/m³] 
  �  = correction factor for flow velocity profile. [non-dimensional] 
  V = average flow velocity at the section [m/s] 
   g = gravity acceleration [m/s²] 
   z = section height [m] 
   hlt = total pressure loss [m²/s²] 
 
and  
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Where:hlt = total pressure loss [m²/s²] 

hl = distributed pressure loss [m²/s²] 
 hlm = local pressure loss [m²/s²] 
 
and 
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Where:Re = Reynolds number 
 �  = density [kg/m³] 
 V = average flow velocity [m/s] 
 D = tube diameter [m] 
 µ = dynamic viscosity of coolant [N.s/m²] 
 
and 
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Where:hl = distributed pressure loss [m²/s²] 
 fe = Darcy friction factor 
 L = tube length [m] 
 D = tube diameter [m] 
 V = average flow velocity [m/s] 
 



and 

 
 
Where: hlm = local pressure loss [m²/s²] 
 K = pressure loss coefficient 
 V = average flow velocity [m/s] 
 
 
The pump power is calculated by: 

 
Where: PP = pump power [W] 
 V’  = volumetric flow [m³/s] 
 DP =  total pressure loss [Pa] 
 
The thermal power of the reactor is calculated by the following equation:   

 
Where: Pt = generated thermal power [W] 
 m’  = mass flow [kg/s] 
 hs = enthalpy of leaving coolant [J/kg] 
 he = enthalpy of entering coolant [J/kg] 
 
 
The pressure loss in the fixed bed is calculated by the following equation: 
  

 
 
Where:C1 = empirical value of 150 
 C2 = empirical value of 1.75 
 E = bed porosity 
 µ = cinematic viscosity [N.s/m²] 
 �  = density [kg/m³] 

Uo = flow velocity without spheres [m/s] 
 H = bed thickness [m] 
 dc = fuel element diameter [m] 
 g = acceleration of gravity [m/s²] 
 Z = relative height [m] 
 
The results are shown the following table and figures: 
 



Velocity 
[m/s] 

Mass 
Flow 
[kg/s] 

Bed 
Pressure 

Loss 
[bar] 

TOTAL 
Pressure 

Loss 
[bar] 

Pump 
Power 
[MWe] 

Reactor 
Power 
[MWt] 

Reactor 
Power 
[MWe] 

Net 
Power 
[MWe] 

Pump 
Fraction 

Binding 
Pressure 

[bar] 

Dynamic 
Force 
Factor 

1 147 0.0 0.2 0.01 30.2 10.0 10.0 0.1% -0.003 0.5 

1.50 220 0.1 0.5 0.02 45.3 15.0 14.9 0.1% 0.001 1.2 

2 293 0.1 0.9 0.05 60.4 19.9 19.9 0.2% 0.008 2.1 

3 440 0.2 2.1 0.1 90.6 29.9 29.8 0.5% 0.026 4.7 

4 587 0.4 3.8 0.3 120.9 39.9 39.5 0.9% 0.053 8.3 

5 733 0.6 5.9 0.7 151.1 49.9 49.2 1.4% 0.086 13.0 

6 880 0.9 8.5 1.2 181.3 59.8 58.7 2.0% 0.127 18.7 

7 1027 1.2 11.5 1.9 211.5 69.8 67.9 2.7% 0.176 25.4 

7.23 1060 1.3 12.3 2.0 218.4 72.1 70.0 2.8% 0.188 27.1 

8 1173 1.6 15.0 2.8 241.7 79.8 77.0 3.5% 0.232 33.2 

9 1320 2.0 19.0 4.0 271.9 89.7 85.8 4.4% 0.295 42.0 

10 1467 2.5 23.5 5.4 302.1 99.7 94.3 5.4% 0.366 51.8 

11 1613 3.0 28.4 7.2 332.4 109.7 102.5 6.6% 0.445 62.7 

12 1760 3.6 33.8 9.4 362.6 119.7 110.3 7.8% 0.531 74.6 

13 1907 4.2 39.7 11.9 392.8 129.6 117.7 9.2% 0.624 87.6 

14 2053 4.9 46.1 14.9 423.0 139.6 124.7 10.7% 0.725 101.5 

15 2200 5.6 52.9 18.3 453.2 149.6 131.2 12.2% 0.833 116.6 

16 2347 6.4 60.1 22.2 483.4 159.5 137.3 13.9% 0.949 132.6 

17 2493 7.2 67.9 26.7 513.6 169.5 142.8 15.7% 1.072 149.7 

18 2640 8.1 76.1 31.7 543.9 179.5 147.8 17.6% 1.203 167.9 

19 2787 9.0 84.8 37.2 574.1 189.5 152.2 19.6% 1.341 187.0 

20 2933 10.0 94.0 43.4 604.3 199.4 156.0 21.8% 1.487 207.2 

21 3080 11.0 103.6 50.3 634.5 209.4 159.1 24.0% 1.640 228.5 

22 3227 12.1 113.7 57.8 664.7 219.4 161.6 26.3% 1.801 250.7 

23 3373 13.2 124.3 66.0 694.9 229.3 163.3 28.8% 1.969 274.1 

24 3520 14.4 135.3 75.0 725.2 239.3 164.3 31.3% 2.144 298.4 

25 3667 15.6 146.8 84.8 755.4 249.3 164.5 34.0% 2.327 323.8 
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In table 2 the binding pressures (BP) and binding force factors (BFF) are also tabulated.  
The binding pressure is the pressure that is put by the flow thus holding the fuel elements 
together.  It is calculated by the following equation: 
 

 
Where: BP = binding pressure 
 � w = water density [kg/m³] 
 � s = sphere fuel density [kg/m³] 

U = inlet velocity  [m/s] 
 d = fuel element diameter [m] 
 g = acceleration of gravity [m/s²] 
 



The binding force factor (BFF) showing how many times the force on the sphere holding 
them together is greater than the force of gravity that would make the fuel element fall out 
of the reactor core.  It is calculated by the following equation: 
 

 
Where: BFF = binding force factor 
 � w = water density [kg/m³] 
 � s = sphere fuel density [kg/m³] 

U = entrance bed velocity  [m/s] 
 d = fuel element diameter [m] 
 g = acceleration of gravity [m/s²] 
 
 
 
It is seen that in the operating condition of the 70 MWe reactor, the fuel elements are held 
together with a pressure of about 0.2 bar and the force on them is more than 27 times the 
force of gravity, thus guarantees the bed to remain a fixed bed during the reactor operation. 
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ABSTRACT 
 
1.  Basic data 
 
The inlet and outlet temperatures of coolant in the core are 290 C and 326 C corresponding 
to enthalpies of 1283 and 1489 KJ/Kg corresponding to an enthalpy rise of 206 KJ/kg.  The 
mass coolant rate at the operating condition is 1060 Kg/s corresponding to a coolant 
velocity of 7.23 m/s, thus the reactor produces a thermal power of 218.4 MWt and electric 
power of 70 MWe.  
 
The 200 cm height core has 4.78 m3 volume and contain 2.87 m3 fuel that corresponds to 
1.62 millions of spherical fuel elements.  The volumetric heat generation is 76.10 w/cm3 or 
134.40 watts per sphere.  Each fuel element having 7.4 g of UO2 contain 6.52 g of uranium 
metal.  
 

the critical heat flux of 2290 kW/m² is obtained.   
 
 
2.  Fuel sur face temperature calculation 
 
The heat generated in the fuel is transferred to the coolant by convection.  A constant heat 
generation in all the fuel elements is assumed. 
 
 The formula for the heat flux transferred through convection is : 
 
  
 

 
 
 
 

Where, : q’ ’  = heat flux [W/m²] 
   h = coefficient of heat transfer [W/m.C] 
   Ts = surface temperature [C] 
   T�  = coolant temperature [C] 
 
The coolant velocity on the fuel surface is calculated by the following expression:   



Where  Vs = superficial velocity in the fixed bed [m/s] 
  Uo = velocity in the bed without spheres [m/s] 
  E = bed porosity 
 

 The Reynolds number is calculated by: 

Where,  Re = Reynolds number  
  �  = coolant density [kg/m³] 

   Vs = superficial velocity in the fixed bed [m/s] 
   d = fuel element diameter [m] 
   µ = coolants dynamic viscosity [N.s/m²] 
 

The Nusselt number is calculated by the expression given by Whitaker: 

Onde: NuD = Nusselt number  
   ReD = Reynolds number  
   Pr = Prandtl number 
   �  = dynamic viscosity of coolant [N.s/m²] 
   � s = dynamic viscosity of coolant at the surface temperature [N.s/m²]    
 
(Recomended for   0,71<Pr<380; 3,5<ReD<7,6E+04) 
 
The Nusselt number being: 

Where,  Nu = Nusselt number 
   h = heat transfer coefficient [W/m².C] 
   d = fuel diameter [m] 
   Kw = coolant thermal conductivity [W/m.C] 
 
Knowing that the heat transfer rate is: 

Where,  q = heat transfer rate [W] 
   As = surface área of the fuel [m²] 
   q’ ’  = heat flux [W/m²] 
 



The fluid temperature is considered to be 326 C.  The surface to volume of a sphere is: 

where Sv is given in m²/m³, and  d is the diameter of a sphere.  Therefore, we can 
calculate : 

where, q’ ’  = heat flux [W/m²] 
   q’ ’ ’  = volumetric heat generation [W/m³] 
   Sv = surface to volume ratio [m²/m³] 
 
Since the viscosity of coolant at the surface temperature is required, an iteration process i 

was needed to be performed and the surface temperature of 357.7 was determined.  
Consequently, under reactor’s operating condition of mass flow of 1060 Kg/s, the thermal  
parameters are:  

 
Re = 4,57E+04 
Nu = 181,2 
h = 6003 kW/m².K 
q = 218,4 MW 
q’ ’  = 190,2 kW/m² 
T�  = 326 ºC 
Ts = 357.7 ºC 

 
We note that the fuel surface temperature (357.7) is higher than the water saturation 
temperature at 160 pressure (347 C), thus a DNB analysis is needed to be performed. 
 
 
3.  Temperature distr ibution in the fuel 

 
Solving the equation of heat conduction for a sphere and applying the common appropriate 
boundary conditions results in the following expression:  

Onde: T(r) = temperature as a function of radius r [C] 
   Ts = surface temperatura [C] 
   q’  = volumetric heat generation rate [W/m³] 
   k = thermal conductivity of fuel element [W/m.C] 
   R = radius of fuel element [m] 
   r = vector radius [m] 
 
The surface temperature of the 15 mm diameter fuel was calculated to be 357.7 C and its 

volumetric heat generation is 76.10 w/cm3.    Figure below shows the thermal 



conductivities of Zr and UO2 as a function of temperature.  The CERMET fuel being 
composed of 55% Zr and 45% UO2, thus using thermal conductivity of 18 for Zr and 6 
W/m.C for UO2, one finds an average value of 12.6 W/m.C for thermal conductivity of the 
cermet fuel. 

 
 

 
Figura  : The thermal conductivities of the materials used in the CERMET fuel. 

 



Fig.  The temperature distribution in the fuel element  : 

 
 

 
 

Temperature of 357.7 at the fuel surface corresponds to the temperature of 414.3 C at fuel 
centre giving a temperature difference of 56.6 C. 

 
 

4.  Calculation of cr itical heat flux and boiling regime 
 

Considering the fuel element in the worst position namely at the upper and outer position of 
the core where the coolant temperature is hottest flowing at a lower rate.  Also the 
conservative pool boiling regime is assumed.   
 
 
The bubble diameter is calculated by the expression: 
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Where, Db = bubble diameter [m] 
   �  = surface tension [N/m] 
     g = acceleration of gravity [m/s²] 
   � f = fluid density [kg/m³] 
   � g = steam density [kg/m³] 
 
Considering the following values:  
 
g = 9.81 m/s² 
� f = 586.51 kg/m³ 
� g = 106.38 kg/m³ 
�  = 0.0045 N/m 
 
We obtain the bubble diameter to be 9.8 E-04 and thus we can calculate the 

dimensionless number R’  to choose the adequate expression: 

 Where  R’  = dimensionless number 
  R = fuel radius [m] 
  Db = bubble diameter [m] 
 
The value of R’=7.67 is obtained and according to Lienhard (1981), it is classified as 

“ large sphere” , wher the critical heat flux can be calculated by the following formula (p. 
165,Convective Boiling and Condensation, John G. Collier and John R. Thome): 

  Where:  q’ ’crit  = critical heat flux [W/m²] 
  hfg = latent heat [J/kg] 

  �  = surface tension [N/m] 
  g = acceleration of gravity [m/s²] 
  � f = coolant density [kg/m³] 
  � g = steam density [kg/m³] 
 
Using the previously used value of hfg = 941 kJ/kg, the critical heat flux of 2289.6 

kW/m² is obtained.  This is more than 12 times higher than the operating condition of 76.1 
w/cm3 or corresponding 134.4 w/sphere. 

 
 
 
 
 



5. Temperature behavior  as a function of time 
 

Let us assume that the reactor is operating at a steady state condition and suddenly occurs a 
power excursion.  This transient situation is analyzed using the lump sum method.  It is 
assumed that the initial coolant temperature remains at 326 C, fuel surface temperature 
357.7 C,  and the heat transfer coefficient at 6003 W/m².K .  The Bio number is calculated 
by:   

  Where,  Bi = Biot number 
  h = coefficient of convection [W/m².C] 
  R = Radius of sphere [m] 
  K = thermal conductivity of the sphere [W/m.C] 
 

The Biot number is 3.57 that is higher than 0.1, but even under this condition we use the 
lump sum method in order to obtain an estimative result.  The constants are taken from the 
PNNL-16647 report.  “Spherical Cermet Fuel Elements for the Atoms for Peace Reactor 
Concept” , tabela 3.1, “Accident Conditions, 600 ºC” , pág. 3.15. 

 
c = 520 J/kg.K 
k = 12.6 W/m.K 
�  = 8100 kg/m³ 
 
Using the following equation for transient regime with heat generation: 
 

 Where, T = temperature as a function of time t [ºC] 
  T�  = coolant temperature [ºC] 
  Ti = initial temperature as a function of time [ºC] 
  t = time [s] 
  Sv = surface to volume ratio of fuel element [m²/m³] 

h = coefficient of convection [W/m².K] 
  �  = coolant density [kg/m³] 
  V = fuel element volume [m³] 
  c = specific heat [J/kg.K] 
  q’ ’ ’  = volumetric heat generation rate [W/m³] 
 
The fuel temperature as a function of time for various values of volumetric heat 

generation are shown below. 



figura : The fuel temperature as a function of time for various values of volumetric heat generation 
 
 
 



A study is done on the effect of the effect of initial coolant temperature and consequently 

the fuel surface temperature on the fuel temperature as a function of time.  
 
 

Figura : Fuel temperature as a function of time when the initial coolant temperatures are varied. 
 

The effect of convective heat transfer coefficient on the fuel temperature was also studied.  
The following figures show the temperature variation as a function of time for various 
volumetric heat generation and the heat transfer coefficients of h=10 and 6000 W/m².K.  

 
 
 



Figura : Fuel temperature as a function of time with heat generation of  76,10 MW/m³. 
 
For the worst condition of h=10, it will take 48 seconds for the fuel reach a temperature 

of 1200 C.  Should the heat generation doubles to 152 MW/m³ this time falls to 24 
seconds.,  
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Figura : Fuel temperature as a function of time. 
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