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ABSTRACT 

New plenum temperature models are under development to refine the accuracy of the 

TRANSURANUS code under steady-state and accident conditions (LOCA, RIA). Originally, 

two code options have been available in the code: a “low” temperature and a “high” 

temperature model. Referring to the uppermost zone of the fuel stack, the first option assumes 

that the plenum temperature is equal to the coolant temperature, the second calculates this 

quantity according to a weighted sum of the cladding inner temperature and the fuel central 

temperature. Efforts have been undertaken to improve the description of the plenum volume 

sub-system by means of 2–D models. For the purpose, a 2–D transient heat transfer model 

and, besides this, a finite elements model, implemented by means of the commercial software 

COMSOL Multiphysics, have been developed. For comparison, ENEA introduced in 

TRANSURANUS the FRAPCON–3 plenum temperature model as well. The paper presents 

the models and their predictions for a PWR fuel pin under steady-state conditions. In addition, 

preliminary results on the effect of fission gas release are presented. 

1 INTRODUCTION 

The fuel rod inner pressure is calculated through the definition of the temperature of 

each free volume filled with gas (upper plenum, lower plenum, gap, cracks, etc.) [1]. In LWR 

fuel rods a fraction between 40 and 50% of the filling gas is located in the upper plenum. 

Moreover, the rod internal gas pressure increases under irradiation due to the accumulation of 

gaseous fission products released into the free volume. To offset the increasing number of 

moles of fission gas, a reduction of the heat rate is applied towards the end of irradiation in 

highest power cases [2]. Therefore, the accurate computation of the plenum temperature is an 

important issue for the assessment of fuel safety. 

The TRANSURANUS modelling is under development to improve the description of 

the upper plenum temperature under steady-state and accident conditions. The paper presents 

the models under consideration (2–D transient, 2–D COMSOL Multiphysics, FRAPCON–3) 

and a comparison of their predictions for a typical 17x17 PWR fuel rod under steady-state 

conditions [2]. The paper focuses on the contribution of conductive, convective and gamma 

heating to the heat transfer occurring between the plenum volume and coolant. In the 
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concluding part, preliminary calculations on the effect of fission gas release on the plenum 

temperature are presented. 

2 TRANSURANUS MODELS FOR PLENUM TEMPERATURE 

2.1 Standard version options 

For the calculation of the average temperature in the upper plenum, the 

TRANSURANUS code offers a "low” temperature and a “high” temperature model [1]. In the 

first, the plenum temperature is coincident with the coolant temperature at the uppermost 

section, in the second, the temperature is calculated by means of a weighted sum of the 

cladding inner temperature and the fuel central temperature referring, as previously, to the 

uppermost slice. 

2.2 2–D Transient model 

The new 2–D transient model implemented in the TRANSURANUS code considers the 

plenum gas in a static condition under the hypothesis that the convective and the radiative 

heat transfers are negligible in comparison with the conductive contribution. The model 

calculates the heat conduction in the plenum volumes by means of a finite volume approach 

in a two dimensional geometry (r, z). According to the time constants of the plenum gas (1–5 

s) and cladding (~0.05 s), the model adopts a transient analysis approach for the first and a 

quasi-stationary for the second. 

Some relevant characteristics of the model are briefly resumed: 

─ system of linear equations; 

─ easy modification of initial and boundary conditions; 

─ optional solution schemes; 

─ standard mathematical routines. 

 

The heat transfer process is described by means of an integral form of the Fourier 

equation for the 2–D (r, z) domain Ω: 
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Crank–Nicolson, Forward Euler (explicit) and Backward Euler (implicit) schemes are 

the three optional methods developed for the solution of Eq. (1). The use of CPU time 

resources depends on the number of nodes used for the geometric description of the plenum 

volume. Time step controls assure the numerical stability and convergence of the solution. 

2.3 FRAPCON−3 model 

The model predicts the plenum temperature by means of three terms: the energy transfer 

between the top of the fuel stack and the plenum gas, between the plenum gas and the coolant 

channel and, finally, between the plenum spring, usually a nickel based alloy heated by 

gammas, and coolant [3]. The model is applicable under steady-state conditions. The 

convective term is an empirical correlation for the heat transfer between horizontal plates [4]: 
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D

kNu
hp            (2) 

 

where: 

 

hp heat transfer coefficient     (W / m2 K); 

Nu Nusselt number      (–); 

k  thermal conductivity of the plenum gas   (W / m K); 

D cladding inner diameter – hot condition    (m). 

 

The value of the Nusselt number, calculated through the following correlation, is 

strongly dependent on the regime of heat transfer. A laminar regime is assumed for values of 

the Rayleigh number up to 2∙107, thereafter a turbulent regime is fully developed [3]. In Eq. 

(3), the values assumed for the coefficients C and m are 0.54, 0.25 and 0.14, 1/3 in the laminar 

and turbulent regimes, respectively.  

 
mGrCNu Pr)(          (3) 

 

where: 

 

Gr Grashof number (–): 

Pr Prandtl number (–). 

 

The second term of the FRAPCON–3 model deals with the calculation of the 

conductive heat transfer between the plenum gas and coolant according to the correlation (4) 

[3]. 
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where: 

 

Uc plenum-to-coolant effective conductivity     (W / m K); 

hf heat transfer coefficient at the cladding inner surface  (W / m2 K); 

kclad cladding thermal conductivity     (W / m K); 

D cladding inner diameter – hot condition    (m); 

hDB heat transfer coefficient at the cladding outer surface  (W / m2 K); 

Di, Do  cladding inner and outer diameter – cold condition   (m); 

α  cladding thermal expansion coefficient    (1 / K). 

 

This correlation has been implemented in TRANSURANUS by assuming that the 

laminar layer between the plenum spring and cladding is equal to the initial gap width. In the 

presented calculations, this value is kept constant. The heat transfer coefficient at the cladding 

inner surface has been modelled according to the URGAP subroutine [1]. The cladding-to-

coolant heat transfer coefficient was defined according to the evaluations of 

TRANSURANUS (ALPHAL) in the uppermost slice [1]. 
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The third term of the plenum temperature model accounts for the spring gamma heating 

[3]. This contribution is calculated by means of correlation (5) under the hypothesis that the 

gamma component is 10% of the power flux and that the attenuation coefficient in the plenum 

spring is 37.6 (1/m). The average heat flux was calculated accounting for the total inner 

surface of the cladding under the hypothesis that the radiative source is isotropic. 

 

springirr QVQ 76.3          (5) 

 

where: 

 

Qirr spring gamma heating      (W); 

Q rod average heat flux       (W/m2); 

Vspring spring volume       (m3). 

 

The resulting plenum temperature correlation is presented in Eq. (6). 
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where: 

 

TBLK bulk coolant temperature     (K); 

Tpa fuel average temperature in the uppermost slice  (K); 

D cladding inner diameter – hot condition   (m); 

Vp plenum volume      (m3). 

 

The plenum temperature model introduced in the code accounts for a filling gas mixture 

composed of helium, xenon, and krypton. For the purpose, the URGAP correlations for the 

thermal conductivity (IHGAP=3) and dynamic viscosity have been employed [1]. The 

calculation of density and specific heat was based on values found in the open literature [5]. 

The description of the thermophysical properties dependence on temperature and pressure 

needs further improvements. 

3 COMSOL 2–D MODEL 

The models presented in the previous sections have been introduced as part of the 

TRANSURANUS source code whereas the COMSOL Multiphysics model was developed as 

a stand-alone application [6]. The heat transfer process in the geometric domains under 

consideration (fuel, cladding, spring, plenum gas) is described by means of Eq. (7). 

 

  TρCQTk
t

T
ρC PP 




u


      (7) 

 

In this equation, T stands for temperature, Q for the volumetric heat source (only for the 

fuel and spring). The thermophysical properties , CP and k are, the density, specific heat and 

thermal conductivity of each domain. 
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In this model, the radiative contribution to the heat transfer was neglected. The effect of 

convection is embedded in the second term in the right part of the eq. (7) where u


 is the 

velocity vector. This term is included only in the model for the upper plenum1. The velocity 

field of helium in the upper plenum is calculated according to the Navier-Stokes equations 

(8a, 8b) for a laminar flow regime. 
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In the Eq. 8a and 8b, p stands for the pressure of fluid and I for the identity matrix,  is 

the fluid dynamic viscosity and g


 the acceleration due to gravity. The equations express the 

conservation of mass (8a) and momentum (8b). The rightmost term in the second equation 

accounts for the effect of buoyancy that is basically natural convection. For solving the given 

equations, the following boundary conditions need to be defined: cladding outer temperature, 

volumetric heat source within the fuel, gamma heating of the spring. 

Reference design data [2] 

Pitch (mm) 12.6  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cladding OD (mm) 9.4 

Cladding thickness (mm) 0.61 

Gap thickness (mm) 0.084 

Fuel pellet and spring diameter (mm) 8.0 

Pellet length (mm) 11.4 

Plenum length (mm) 254 

Turns in the plenum spring 28 

Plenum spring wire diameter (mm) 1.27 

Helium fill gas pressure (MPa) 2.41 

Active fuel length (m) 3.66 

System pressure (MPa) 15.5 

Coolant inlet temperature (°C) 277 

Coolant flow rate (106kg/m2h) 12.47 

Pellet density (% theoretical density) 95 

 

Figure 1: Fuel rod specifications and fuel section modelling (rodlet approach) 

 

In order to avoid discontinuities in the cladding temperature, the axial power profile was 

interpolated by means of a smoothing function in such a way that it drops to zero at a level of 

40 mm above the top of the fuel stack (Fig. 2). 

                                                 
1 The helium in the gap is considered as static (velocity = 0) so that heat transfer occurs only via 

conduction. 
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Figure 2: Smoothing function at the border fuel stack / plenum 

4 COMPARISON OF MODELS 

The comparison of presented models was performed under conditions typical of a 

17x17 PWR fuel rod as summarised in Fig. 1 [2]. At the top of the fuel stack, the linear heat 

rate was about 60% of the peak value (22.97 kW/m) [2]. In COMSOL calculations, a constant 

radial power profile and a cosine-shaped axial power profile were assumed whereas the 

cladding outer temperature boundary condition was defined by means of a simplified 

thermohydraulic model. The determination of the spring gamma heating relied on the 

correlation (5) [3]. The values of the fuel average temperature and coolant temperature 

applied in the TRANSURANUS analysis were set in agreement with the values adopted in the 

COMSOL analysis. The geometrical model employed in the comparison consists of the upper 

part of the fuel stack (0.05 m) and the plenum volume as shown in Fig. 1. This analysis deals 

with a very short irradiation history (120 s) during which the COMSOL model defines the 

absolute value of the inner pressure and reaches the steady state. Due to the Navier-Stokes 

equations, the model is not stable by solving a stationary problem. 

5 RESULTS AND DISCUSSION 

The models’ results are presented in Tab. 1. The table gives the values of the upper 

plenum temperature and pressure at the end of transient (120 s).  

Table 1: Results at the end of the short irradiation history (120 s) – upper plenum 

 TRANSURANUS models 
COMSOL 

model  "low" 

temperature 

"high" 

temperature 
2–D transient FRAPCON−3 

Temperature (K) 598.37 720.75 601.25 600.16 600.94 

Pressure (MPa) 4.83 5.81 4.86 4.85 4.84 

 

Results confirm that the models are in fair agreement with small deviations from the 

code “low” temperature option. The values of the 2–D transient model presented in Tab. 1 

refer to the Crank–Nicolson solution scheme whereas the results of the solution algorithms 

are gathered in Fig. 3. 

As no fission gas release occurs in these preliminary simulations, presented results refer 

to a helium-filled plenum. The agreement shown in the models’ predictions is understandable 

when considering that the conductive heat transfer is the dominant contribution. This 
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hypothesis is confirmed by the low value of the Rayleigh number calculated by the 

FRAPCON–3 model. This value is fully consistent with a laminar regime of the convective 

heat transfer that is well described in the COMSOL model. In general, the contribution of the 

gamma heating is of minor importance. 
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Figure 3: Plenum temperature: 2–D transient model (left side), COMSOL (right side) 

 

A further calculation was performed by means of TRANSURANUS on an integral fuel 

rod consistent with the data in Fig. 1. In this analysis, the irradiation reaches a burn-up of 

about 56 GWd/t at a constant heat rate consistent with the values presented in section 4. The 

results of this analysis are shown in Tab. 2. 

Table 2: Results at the end of the irradiation history (56 GWd/t) – upper plenum 

Models "low" temperature "high" temperature FRAPCON−3 

Temperature (K) 594.73 746.29 603.27 

Pressure (MPa) 8.17 9.90 8.27 

 

The FRAPCON–3 model introduced in TRANSURANUS treats the presence of the 

xenon and krypton fission products vented to the free volume of the fuel rod. The results 

presented in Tab. 2 deal with a fission gas release of 3.86% at the end of irradiation. The 

values of the upper plenum pressure are higher than the corresponding results presented in 

Tab. 1 accounting for the presence of free volumes at higher temperatures not taken into 

account in the simplified geometry adopted in the previous analysis. Moreover, the increase 

seen in the prediction of the "high" temperature model confirms the effect of fission gas 

release on the average fuel temperature of the uppermost fuel section. This consideration is 

confirmed in the results of the FRAPCON–3 model where the deviation of the upper plenum 

temperature if compared to the results of the ”low” temperature option is higher than in Tab. 

1. The Rayleigh number moves from a value of 0.37∙105 at the beginning of irradiation to a 

value of 0.54∙107 at the end of irradiation thus approaching the transition to a turbulent regime 
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[3]. During the irradiation, the Prandtl number moves from 0.68 to 1.16 and the Grashof 

number from 0.55∙105 to 0.48∙107. 

Two factors may affect the regime of convection: the increase of the fuel central 

temperature due to the degradation of the gap conductance and the change in the 

thermophysical properties of the gas mixture. The density of the gaseous fission products 

xenon and krypton is notably higher than helium [5]. According to the COMSOL results in 

the rodlet geometry, TRANSURANUS is expected to overestimate the first factor not 

accounting for the effect due to the presence of the plenum spring. As shown above, the value 

of the Prandtl number is slightly changing with the composition of the gas mixture. On the 

contrary, the value of the Grashof number has a significant dependence on the filling gas 

composition. With a plenum temperature of 600 K and values of the inner pressure ranging in 

the interval 2–8 MPa, the Grashof number increases, for a common geometry and ΔT, by a 

factor 550–600 if, instead of helium, xenon is adopted as filling gas [5]. According to these 

observations, the values of the Rayleigh number calculated for a rodlet filled with helium was 

0.23∙105 while for a xenon-filled rodlet this value increases to 0.40∙108 well beyond the onset 

of a turbulent regime for the convective term. For a xenon-filled rodlet, the FRAPCON–3 

model predicted a plenum temperature higher than presented in Tab. 1 (633.52 K) while no 

significant deviations were noted in the results of the 2–D transient model (599.14 K).  

6  CONCLUSIONS 

The paper presents a comparison of the models developed to refine the 

TRANSURANUS evaluations of the upper plenum temperature. The models’ predictions 

showed a good agreement under the conditions selected for the comparison and indicated that 

the conductive heat transfer has a prominent role in helium-filled rods. The results of the 

FRAPCON–3 model showed that fission gas release could cause a transition from a laminar 

to a turbulent regime of heat transfer. Therefore, the hypothesis of negligible convective 

contribution to heat transfer assumed in the 2–D models should be reconsidered in the case of 

significant fission gas release. A limited effect was noted for the gamma heating of the 

plenum spring. These preliminary conclusions will be further assessed and verified. 

Geometrical effects not modelled in a 1.5 dimensional code and transient conditions will be 

considered as well. 
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