
2. Temperature inside the fuel elements 

Chapter 2 gives the methods for describing of the steady and of the transient tem-
perature fields in the fuel elements. Some information is provided regarding influ-
ence of the cladding oxidation, hydrogen diffusion and of the corrosion product 
deposition on the temperature fields. 
 
 
 
The fuel for the most nuclear installations used in these days is in form of small 
cylinders called pellets filled inside a closed tube called claddings. The closed 
cladding is the first barrier of the radioactivity in its way to the environment. A 
bundle of such tubes is called fuel element (in the east European countries) or rod 
bundle (in the western countries) and is prepared to be stable in transport and op-
eration for given number of years. Groups of such bundles form the heat generat-
ing part of a nuclear reactor called core. Nuclear reactor cores are very complex in 
their material constitution design and control facilities. The heat is releases with 

2.1 Steady state temperature field 

Consider the geometry of the most spread type of nuclear fuel given in Fig. 2.1. 
The fuel radius, the gas gap thickness and the cladding thickness are FR , gδ , Cδ , 

respectively. The heat transfer coefficient at the external wall is h . This coeffi-
cient is always related to a reference coolant temperature refT . The heat released 

per unit volume of the fuel and unit time is q′′′& . The heat has to overcome the 
thermal resistance to the coolant and therefore builds a temperature profile satisfy-
ing the Fourier equation as given in Fig. 2.1. The characteristic temperatures are: 
The external cladding temperature 3sT , the internal cladding temperature 2sT , the 

different intensity at different places of the core and varies with the time depend-
ing on the regime in which the reactor is operated. In any case something is common 
for all places and all times: The heat is released due to the nuclear fission inside the 
pellets, conducted from their volume to the gas gap and then to the cladding. Fi-
nally, the coolant is removing the heat from the surface. The subject of this section 
is to provide the steady state and the transient solution of the Fourier equation for 
the specific geometry of a fuel. 
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16      2. Temperature inside the fuel elements 

external fuel temperature 1sT , and the fuel temperature at the axis of the fuel pel-

lets 0sT .  
 
Problem 1: Given the volumetric heat source that is uniform along the angle and 
the axis, the heat transfer coefficient and the coolant reference temperature. Com-
pute the characteristic temperatures.  
 
Solution: Text book solution is available for this task given below. 
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Fuel: The Fourier equation for the cylindrical fuel is 
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Here λ  is the thermal conductivity. Its solution is  
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Fig. 2.1. Steady state temperature field in a fuel of nuclear reactor 
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with the boundary conditions 
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resulting in the quadratic function 
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The temperature gradient at arbitrary r inside the fuel 
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will be required in a moment. Using Eq. (2.5) we can compute the volume aver-
aged temperature between two radiuses 
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The point where its crosses the temperature profile is 
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I will use this expression by constructing the transient solution. The fuel will be 
divided on layers of equal volumes and the position of the averaged temperature 
within each layer will be postulated to be defined by Eq. (2.9). 
 
Gas gap: The Fourier equation for the gas gap is 
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Note that there is no dependence of the heat conduction of the gap. The solution of 
this equation is 
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The boundary condition at the fuel contact surface  
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provides the first missing constant 
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The second missing constant is provided by the boundary condition 
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Resulting in 
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Therefore the temperature as a function of the radius inside the gas gap is the 
quadratic function 
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with radial temperature gradient 
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which will be used in a moment. The temperature difference across the gas gap is 
therefore 
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The heat flux trough the gap can be expressed also in terms of the temperature dif-
ference 
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Note that if there is a cylinder consisting of concentric layers with left and right 
boundaries designated with i and i + 1 the heat transferred trough the layers is 
constant in the steady state conditions. 
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The expression can be written as 
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with  
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called thermal resistance. It is good exercise for the reader to prove that the heat 
transferred between the most left and the most right temperature is 
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Cladding: The procedure for the cladding is the same as the procedure for the gas 
gap because it is a heat conducting cylinder without internal heat sources. The so-
lution is again 
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The first constant is obtained using the boundary condition 
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The second constant is obtained from the following boundary condition 
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So finally the temperature as a function of the radius inside the cladding is 
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The temperature difference over the cladding thickness is then 
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The external wall temperature is still unknown to close the solution. It is obtained 
attracting the Newton’s heat transfer law at the surface. 
 
Heat transfer at the surface: The heat flux at the surface is defined by 
 

( )3w coolant s refq h T T→′′ = −& .     (2.32) 
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The energy conservation in steady state saying that what is generated over a fuel 
with axial size zΔ  is removed from the cladding interface over the same axial dis-
tance, 
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Replacing in (2.32) results in 
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A summary of the steady state solution is given in Fig. 2.1. So having a specified 
coolant with known temperature and velocity dictating the heat transfer coefficient 
all this temperatures can be computed. The relation between the heat flux and the 
heat inserted into unit flow is then 
 

Heated surface 4
Flow volume belonging to this heated surfacecoolant w coolant w coolant

heat

q q q
D→ →′′′ ′′ ′′= =& & & .

        (2.36) 
 
Here the heated diameter is defined generally as follows: 

Flow volume belonging to this heated surface4
Heated surfaceheatD = .  (2.37) 

The material temperatures are subjects to several limitations. Some of them are 
given in Tables 2.1 and 2.2. 

Table 2.1. Upper limits for the temperatures of some fuel materials, Fratzscher and Felke 
(1973) 

Fuel Upper limit °C 
U Tα β→<  600

UO2 T ′′′<  2878 ± 20 
UC T ′′′<  2370
UC2 Tα β→<  1827

The remarkable property of this definition is that the heated diameter does not de-
pend on the form of the channel and on the form of the heated surface. 
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Fuel Upper limit °C
UN T ′′′<  2850
PuO2 T ′′′<  2240
ThO2 T ′′′<  3300
 

Table 2.2. Upper limits for temperatures of some cladding materials, Fratzscher and Felke 
(1973) 

Cladding °C 
Aluminium 150 

200–300 
H2O
Air 

Magnesium alloys 500–550 CO2

Zirconium alloys 300–400 H2O
Stainless steel 350–360

400–600 
800–900 

H2O
H2O Steam 
Na 

 
The order of magnitude of some thermal conductivities is given in Table 2.3. 

Table 2.3. Thermal conductivity of some fuel and cladding materials, Fratzscher and Felke 
(1973) 

Application Material Thermal conductivity 
in W/(mK) at 20°C 

Fuel UO2 
U 
22%U+Al alloy 
UC 
Th 
Pu 

5.4
25.1 
163 
29.3 
37.7 
33.5 at 40°C 

Cladding Aluminum 
Magnesium 
Magnox 
Steel 
Zirconium 
Graphite 

209
147 
117 
167 
14.6 
167–251 

 
Note that the local thermal properties are functions of the local temperatures so 
that the obtained solutions are idealizations. 
 
The art of designing a safe and reliable nuclear core is to select so the geometry as 
to guarantee in all situations the initial geometry. 
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2.2 Transient temperature field 

Axial non-uniformity of the heat flux and angular asymmetry makes the tempera-
ture field in a fuel really three dimensional. Frequently the asymmetry is neglected 
and the Fourier equations  
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is solved in two dimension numerically in order to describe the transient tempera-
ture fields in the fuel. The model used by myself since many years, see Kolev 
(1985, p. 220, 1986, p. 113, 1987, p. 108), is based on the following simplifying 
assumptions: 
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Fig. 2.2. Definition of the geometrical sizes needed for the numerical solution of the 2D-
Fourier equation for nuclear reactor fuel 

 The fuel is axis-symmetric: only the radial and the axial heat conduction is 
taken into account but not the angular; 

–
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 The gap consisting of gas does not accumulate heat because of its much 
lower volumetric thermal capacity pcρ compared to the neighbouring ma-

terials; 
 The thermal properties of the material are function of the local volume av-

eraged temperature. 
 
The computational grid is defined by I radial and K axial cells – see Fig. 2.2. The 
fuel has nF = I – 1 cells. Each of the fuel cell has the same volume resulting in 
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The radius defining the position of the fuel cell averaged transient temperature 
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is obtained under the assumption that the radial temperature profile at each mo-
ment remains quadratic. Indication for such assumption is given by the steady so-
lution of the Fourier equation, as already mentioned before. 
 
Using these definitions the dicretized Fourier equation reads: 
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Radial cell i = 2, I - 2: 
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Harmonic averaging of the thermal conductivities of the two neighbouring half 
layers is the natural choice here: 

 

–

–
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Radial cell i = I - 1: 
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        (2.45) 
 
Here steady heat conduction is assumed in order to compute the heat flux trough 
the three layers between the last fuel layer temperature and the cladding averaged 
temperature 
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resulting in the definition of the effective thermal resistance 
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Cladding i = I: 
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Here steady heat conduction is assumed in order to compute the heat flux trough 
the half of the cladding thickness 
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resulting in a effective thermal resistance 
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h is the heat transfer coefficient between the wall and the flow. Note that at any 
moment the heat flux at the wall is  
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and the external wall temperature is 

 

w coolant w coolantT T q h→′′′= + & .     (2.52) 
 
Note also that in transients the heat produced inside the fuel is not necessarily the 
heat removed from the external wall by the coolant. 
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In most of the cases it is recommendable to pool the axial conduction in the term 
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because it is not as strong as the radial (long slabs L/D >> 1). For strong transients 
for instance reflood after loss of coolant accident with fast axial and temporal 
changes of the heat transfer coefficient in which the steam cooling is replaced fast 
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by water cooling, iterations are needed to resolve the thermal wave propagation 
with enough resolution. 

For the numerical integration of the system it is convenient to write it in the fol-
lowing form 
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where E is the unit matrix, ( )1, ,,...,T
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The coefficient matrix for each k is 
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where the upper diagonal is 
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and the lower diagonal is 
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Observe that the matrix is close to symmetric. It is recommendable to use explicit 
differentiation in the radial direction. In this case  
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The axial heat fluxes can be computed explicit for slow thermal transients. For fast 
transients iteration is necessary to update them until a solution is obtained with 
prescribed accuracy. The steady state solution is easily obtained writing τΔ → ∞ , 
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2.3 Influence of the cladding oxidation, hydrogen 
diffusion and of the corrosion product deposition 

2.3.1 Cladding oxidation 

Oxidation of the cladding reduces the thickness of the cladding and therefore its 

time depends on the cladding temperature 
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Here 

2Zr OM  in kg is the accumulated mass of zirconium oxide and F is the surface 

in m² on which its is build. The observations are covered with data in the region 

3274.15 723.15sT< < K. Because the critical thickness sustaining the pressure 

strength. Rassohin et al. (1971) reported that the oxidation progression with the 
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difference pΔ  of the cladding is ( ), ,C cr F g C Zr crp Rδ δ δ σ= Δ + +  where 

, 90 to 162Zr cr MPaσ = , the cladding oxidation reduces the strength of the clad-

ding. The second effect is that the additional thickness of oxide possesses consid-
erably lower thermal conductivity and presents additional thermal resistance that 
increases the surface temperature of the metal. 

2.3.2 Hydrogen diffusion 

Hydrogen is generated in nuclear rectors due to the radiolysis of water. In some 
plants hydrogen is additionally introduced in the water in order to reduce the con-
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Here 

2H ZrD →  is the diffusion coefficient of hydrogen into zirconium and Zrρ  is 

the density of the zirconium. The effect of the hydrogen is in the reduction of 

,Zr crσ . 

2.3.3 Deposition 

Depending on the water chemistry fuels standing long time in the core exhibits 
thin layer of corrosion products (Fe, Ca, Mg etc.) deposition. So for instance for 

( ) 6
 oxides 0.05 to 0.2 10 /FeC kg kg−= ×  can be found in some water cooled reactors, 

Rassohin et al. (1973). The deposition mass flow rate was reported to be function 
of the wall heat flux and of the mass concentration in the coolant 
 

( )
6

4 102.5 10
3600w depositsdeposits

w q Cρ − ′′= × & ,    (2.71) 

 
Rassohin et al. (1973). The roughness of the deposits is depending on the time of 
the exposition and can take values between 0.6 to 0.65 µm up to 5 µm. The density 
of the deposits is reported to be very low of about 286 kg/m³. The heat conductiv-
ity for iron oxides is about 3.5–10 W/(mK) and the heat conductivity of the other 
oxides (Ca, Mg etc.) can be about 3.5–35 W/(mK). Therefore we have two effects 
of the deposits: (a) They increase the friction pressure loss because they increase 
the roughness; (b) They increase the thermal resistance and therefore increase the 
cladding temperature level. 

tent of atomic oxygen and therefore to reduce the oxidation of the structures. 
Rassohin et al. (1971) reported the following kinematic expression for the reached 
mass concentration of hydrogen in the cladding as a function of time 
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2.4 Nomenclature 

Latin 
 

b Coefficients 
c Coefficients 

pc  Specific capacity at constant pressure, J/(kgK) 

2H ZrD →  Diffusion coefficient of hydrogen into zirconium, m²/s 

h  Heat transfer coefficient, W/(m²K) 

FR  Fuel radius, m 

,C inR  := F gR δ+ , inside cladding radius, m 

,C outR  := F g CR δ δ+ + , outside cladding radius, m 

ir  Boundary radius of layer i, m 

ir  Radius at which the averaged layer temperature is defined, m 

refT  Fluid temperature to which the heat transfer coefficient is related, K 

q′′′&  Heat release per unit volume and unit time, W/m³ 

0sT  Fuel temperature at the axis of the fuel pellets, K 

1sT  External fuel temperature, K 

2sT  Internal cladding temperature, K 

3sT  External cladding temperature, K 

kz  Axial coordinate of the cell boundaries, m 
 
Greek 

τΔ  Time step, s 
zΔ  Axial size of the cell, m 

gδ  Gap thickness, m 

Cδ  Cladding thickness, m 

λ  Thermal conductivity, W/(mK) 
ρ  Density, kg/m³ 

Zrρ   Density of the zirconium, kg/m³ 
τ  Time, s 
 
Subscripts 
 
F Fuel 
C Cladding 
g Gap 
i Layer i 
k Layer k 
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Superscripts 
 
. per unit time 
´´´ per unit volume 
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