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ABSTRACT 

 
One of the greatest concerns when studying a nuclear reactor is the warranty of safe temperature limits all over 

the system at all times. The preservation of core structure along with the constraint of radioactive material into a 

controlled system are the main focus during the operation of a reactor. The purpose of this paper is to present 

the temperature distribution for a nominal channel of the AP1000 reactor developed by Westinghouse Co. dur-

ing steady-state and transient operations. In the analysis, the system was subjected to normal operation condi-

tions and then to blockages of the coolant flow. The time necessary to achieve a new safe stationary stage (when it 

was possible) was presented. The methodology applied in this analysis was based on a two-dimensional survey 

accomplished by the application of Finite Volume Method (FVM). A steady solution is obtained and compared 

with an analytical approach that disregards axial heat transport to determine its relevance. The results show the 

importance of considering axial heat transport in this type of study. A transient analysis shows the behavior of 

the system when submitted to coolant blockage at channel’s entrance. Three blockages were simulated (10%, 

20% and 30%) and the results show that, for a nominal channel, the system can still be considerate safe (there’s 

no bubble formation until that point). 
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1. INTRODUCTION 

 

The AP1000 reactor is the APWR (Advanced Pressurized Water Reactor) developed by Westing-

house Company that adopts proved technology from 35 years of experience in the market along 

passive technology and modular construction to improve its performance [1]. All these characteris-

tics make this reactor the safer and more economically competitive of all APWRs [2], resulting it 

one of the most researched reactors in use. [1] and [2] describe the design and economics involved 

in AP1000’s project. In 2012, [3] developed the code FROBA (Fuel ROd Behavior Analysis) to 

predict the temperature distribution variation due to burnup effects. 

AP1000 is a heterogenous reactor and the power generated in each point of the fuel rod is given by 

Equation (1) in the fuel material and is null in other regions [4]. In (1), 𝑞0′′′ [
𝑊

𝑚3
] is the maximum 

volumetric heat generation, 𝜅𝑓[𝑚
−1] is the reciprocal of fuel diffusion length, 𝐻[𝑚] is rod’s length, 

𝑟[𝑚] and 𝑧[𝑚] are radial and axial position of the analyzed point related to the center of the rod 

(𝑟 = 0) and to the south extremity (𝑧 = 0). 

 

𝑞′′′ = 𝑞0′′′ ∙ 𝐼0(𝜅𝑓𝑟) ∙ 𝑠𝑖𝑛 (
𝜋𝑧

𝐻
) (1) 

 

Since the linear heat generation (𝑄𝑙𝑖𝑛𝑒𝑎𝑟)[𝑊] is given by the integration of the volumetric heat gen-

eration times the rods’ lateral area, the maximum volumetric heat generation is given by Equation 

(2), where 𝑅𝑓[𝑚] is the radius of the fuel cylinder. 

 

𝑞0
′′′ =

𝑄𝑙𝑖𝑛𝑒𝑎𝑟 ∙ 𝜅𝑓

4𝑅𝑓𝐼1(𝜅𝑓𝑅𝑓)
 (2) 

 

To verify the safety in normal steady state and in transients related to coolant blockage at channel 

entrance, a two-dimensional thermal analysis in a nominal channel of AP1000 reactor is done. It is 
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considered that the heat is transported through the materials within the rod by conduction in both 

radial and axial directions, and through convection in coolant only in axial direction due to its 

movement [5]. The coolant entrance temperature is known and always equal to T[K]. 

By a one-dimensional analysis, [7] determined the temperature distribution of a homogenous cylin-

der through CATHENA software with FVM (Finite Volume Method) and FEM (Finite Elements 

Method). FVM delivers better results even with a less refined mesh, while FEM even produced an 

inconsistent result (increase in temperature when the system was submitted to cooling effects). In 

2013, [8] presented a thermal analysis of a nuclear fuel rod without gap through FVM to evaluate 

flux depression factor, with more realistic results. The analysis is done through the FVM due to its 

capability of ensuring local and global conservation of properties and its adequacy to system with 

great symmetry [5]. 

A nominal channel from AP1000 reactor is analyzed. The channel contains a fuel rod composed by 

a uranium dioxide cylinder with a ZIRLO cladding, and a gap filled with helium. It is considered a 

perfect fuel rod, perfectly symmetrical and without fabrication issues. The temperature distribution 

in different scenarios is determined and discussed for each case analyzed through a comparison be-

tween a numerical analysis that considers the heat transmitted both radial and axially and El-

Wakil’s [6] solutions that ignore the axial fraction of heat dispersion. 

The numerical analysis of AP1000’s nominal channel is accomplished through the division of the 

system into control volumes (CVs) and an individual thermal analysis for each group of control 

volumes that presents the same characteristics (physical and thermal). The channel is divided as 

shown in Figure 1, where 𝑁𝑧 are the number of axial divisions in the fuel rod, and 𝑁𝑓, 𝑁𝑔 and 𝑁𝑐 

are the number of radial divisions in the fuel material, in gap region and in cladding, respectively. 

The rod is divided in seven regions: central CVs, fuel CVs, interface fuel-gap, gap CVs, interface 

gap-cladding, cladding CVs, interface cladding-coolant, according to its materials and border’s dif-

ferences, that would give different final coefficients for the numerical equations. The control vol-

umes in the extremities of the rod are exposed to coolant’s heat transfer influence, and their length 

is half of the length inside the fuel rod. In the coolant region, there are four sections: entrance 

chamber, exit chamber, CV immediately after the entrance chamber and CVs intern to the channel. 
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The ideal mesh was decided after compiling a finer mesh (𝑁𝑧 = 1000, 𝑁𝑓 = 1000, 𝑁𝑔 = 100, 

𝑁𝑐 = 100) and reducing it to a mesh that would give the same maximum temperature (with a 0.1% 

tolerance over the obtained through the finer mesh). The adopted mesh contains 𝑁𝑧 = 50, 𝑁𝑓 =

114, 𝑁𝑔 = 50, 𝑁𝑐 = 10. 

 

Figure 1: Scheme channel’s CV division (𝑁𝑓 = 3, 𝑁𝑔 = 2, 𝑁𝑐 = 3 e 𝑁𝑧 = 3). 

 

 

 

Applying energy balance in each control volume, the coefficients for the numerical solution can be 

found. In the fuel rod, the heat is transmitted by conduction through each material, including in the 
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gap due to its small thickness [9]. In the coolant, the heat is transmitted primordially by convection 

in coolant’s flow direction [5] and that’s the only term acknowledge during this work. To apply the 

energy balance in each control volume, some material properties are necessary, and those vary with 

temperature. Then, uranium dioxide density can be calculated by correlations from [10], its conduc-

tion coefficient from [11] and its specific heat from [12]. For ZIRLO, the density was considered 

constant and equal to 6.57 ∙ 103 𝑘𝑔 𝑚3⁄  according to [13], and its conductivity and specific heat 

were determined by correlations given by [12]. The properties for helium and water were deter-

mined through REFerence fluid PROPerties (REFPROP) module from [14]. Finally, the convection 

coefficient for the coolant was determined from the correlation given by [11]. Other initial proper-

ties to allow the temperature determination were taken from [11]. 

 

2. NUMERICAL SOLUTION (TRIDIAGONAL MATRIX ALGORITHM) 

 

Through the application of Energy Balance in each control volume group, the coefficients were 

determined and organized in matrix form, generating a pentadiagonal matrix for each axial position 

(the coefficients can be found in [15]). For each control volume group, the coefficients for the 

TriDiagonal Matrix Algorithm (TDMA) were determined (presented in [15]) and the system was 

solved through author’s MatLab developed code. As suggested by [5], the method adopted to solve 

the matrix system was the TriDiagonal Matrix Algorithm (TDMA), that uses simple matrix inver-

sion to determine the unknown terms of the problem as long as the coefficient matrix is a square 

tridiagonal inversive matrix. To transform the pentadiagonal coefficient matrix in a tridiagonal one, 

the temperatures for all radial positions in each axial position, from channel’s entrance to its exit, is 

determined by assuming the north neighbor’s temperature as equal to south’s. Since the temperature 

at the channel’s entrance is known, this is the south temperature for the first axial position. This 

being a known term, along with the north’s temperature (supposed to be known), these terms must 

be moved to the results matrix (Matrix 𝐵). When this axial position is determined through matrix 

inversion (𝑇 = 𝐴−1 ∙ 𝐵, through TDMA method), this will be south’s temperature for the new axial 

position. This way, the south temperature is always known. Finally, this distribution obtained 

should not be the correct numerical solution since all north temperatures were assumed as equal to 
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south temperatures; but those values can be used to recalculate the temperature distribution and to 

obtain a value closer to the correct numerical solution. This procedure must be repeated until there’s 

convergence of the results between two simultaneous distributions (until their difference is no high-

er than 10−3%). The last distribution obtained is the numerical solution for the case study.  

 

3. STEADY STATE ANALYSIS 

 

A nominal channel from AP1000 reactor is analyzed to determine the steady temperature distribu-

tion when it is operating at normal conditions. A numerical analysis through Finite Volume Method 

is done and compared to the temperature distribution of external cladding wall and coolant obtained 

by El-Wakil’s equations. 

 

3.1. ANALYTICAL ANALYSIS 

Coolant’s and outer wall’s temperature distributions are determined through the analytical equations 

given by El-Wakil’s [5] Equations (3) and (4), respectively. 

 

𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 = 𝑇 +
𝑞0

′′′𝑅𝑓
2𝐻

𝑐𝑝�̇�
(𝑐𝑜𝑠 (𝜋 +

𝜋𝑧

𝐻
) + 1) (3) 

 

𝑇𝑤𝑎𝑙𝑙 = 𝑇 + 𝑞0
′′′(𝜋𝑅𝑡𝑜𝑡𝑎𝑙

2 ) (
𝐻

𝜋𝑐𝑝�̇�
(𝑐𝑜𝑠 (𝜋 +

𝜋𝑧

𝐻
) + 1) +

𝑠𝑒𝑛 (
𝜋𝑧
𝐻 )

2𝜋ℎ𝑅𝑡𝑜𝑡𝑎𝑙
) (4) 

 

At (3) and (4), 𝑇 [𝐾] is the coolant temperature at channel’s entrance, 𝑐𝑝  [
𝐽

𝑘𝑔∙𝐾
], �̇�  [

𝑘𝑔

𝑠
] and ℎ [

𝑊

𝑚2∙𝐾
] are 

the specific heat, mass flow and convection coefficient of water, respectively. 𝑅𝑡𝑜𝑡𝑎𝑙  [𝑚] is the fuel 

rod’s total radius. 
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3.2. RESULTS 

The numerical solution was obtained by applying energy balance over each control volume to de-

termine the temperature in the center of the control volume. The equation system was then solved 

through Finite Volume Method at MatLab software according to self-developed code. Finally, the 

temperature distribution for the rod’s outer wall and coolant for the numerical solution and analyti-

cal solutions (through Equations (3) and (4)) were compared. 

The numerical solution considered a mesh composed by 𝑁𝑧 = 50, 𝑁𝑓 = 114, 𝑁𝑔 = 50, 𝑁𝑐 = 10 

and the solution was obtained in 6.775 seconds, after only 7 iterations. The maximum temperature 

obtained by the numerical analysis was 1482.21℃. Figure 2 presents the numerical solution for the 

radial temperature distribution at nominal channel’s medium height, showing each material’s tem-

perature profile. 

 

Figure 2: 2D Steady state radial temperature distribution medium height in AP1000 nominal chan-

nel 
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Figures 3 and 4 show the comparison between the temperature distribution obtained by numerical 

analysis (that considers both axial and radial heat dissipation within the fuel rod) and the analytical 

approach through Equations (3) and (4), that considers only radial heat dissipation inside the fuel 

rod. 

Figure 3 presents the temperature distribution for the coolant of a AP1000’s nominal channel 

through Equation (3) and the numerical solution. The solution obtained by Equation (3) is up to 

8.14℃ higher than the one obtained by numerical analysis. 

 

Figure 3: Steady state coolant axial temperature distribution 
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Figure 4 presents the temperature distribution at fuel rod’s outer wall, by Equation (4) and FVM. 

The solution obtained by Equation (4) is up to 12.86℃ higher than the one obtained by numerical 

analysis. 

  

El-Wakil 

FVM 
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Figure 4: Steady state outer wall’s axial temperature distribution. 

 

 

 

4. TRANSIENT ANALYSIS 

 

The transient analysis determines the temperature distributions of a channel that was in normal op-

eration initially (solution of steady analysis) when suffers from sudden coolant flow loss at chan-

nel’s entrance (blockage in the entrance of channel), which means the same special mesh was 

adopted (𝑁𝑧 = 50, 𝑁𝑓 = 114, 𝑁𝑔 = 50, 𝑁𝑐 = 10). In that way, the only reason for the temperature 

variance is the coolant mass flow, while all other system conditions remain constant. The tempera-

ture distribution is calculated until a new steady state is reached (between two time steps, the abso-

lute difference between each temperature is no bigger than 10−3℃) while verifying if the safety of 

the channel is maintained. For this work, it was considered that the system is safe as long as no 

bubble formation is observed, since that would result in variation of the of phase and therefore a 

drastic variation of thermal properties. It is known that, until a certain degree, bubble formation 

does not eliminate the safety of a reactor, but, for this work, it was considered out of the safety con-

ditions. Thus, the conditions of the coolant right near the rod’s outer wall is verified to determine if 
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the coolant is under saturation condition (quality lower than 0). Three new coolant flows were 

simulated: 10%, 20% and 30% lower than the flow before blockage. Also, the same special  

 

4.1. 𝟏𝟎% BLOCKAGE 

For 10% blockage and a temporal discretization of 𝛥𝑡 = 0.01𝑠, the system reaches a new steady 

state after 128 temporal iterations. Figure 5 presents the temperature distribution at fuel rod’s outer 

wall for the steady states before and after blockage. There is an increase up to 2.40℃ at outer wall’s 

temperature due to blockage, but there is no bubble formation at any point of the channel nor any 

instant. The temperature rise in the whole system reaches up to 3.04℃. 

 

Figure 5: Temperature distribution due to 10% coolant blockage at fuel rod’s outer wall. 
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Also, even when adopting Equation (4) (that disregards the axial heat dissipation within the fuel 

rod) to determine outer wall’s distribution, the conditions would not allow bubble formation in any 

position or any time, even though the temperature at outer wall would increase up to 16.75℃. 

 

4.2. 𝟐𝟎% BLOCKAGE 

For 20% blockage and a temporal discretization of 𝛥𝑡 = 0.01𝑠, the system reaches a new steady 

state after 144 temporal iterations. Figure 6 presents the temperature distribution at fuel rod’s outer 

wall for the steady states before and after blockage. There is an increase up to 7.30℃ at outer wall’s 

temperature due to blockage and, again, no bubble formation during the test. The temperature rise in 

the whole system reaches up to 7.54℃. 

 

Figure 6: Temperature distribution due to 20% coolant blockage at fuel rod’s outer wall. 
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Also, when adopting Equation (4) to determine outer wall’s distribution, dismissing the acknowl-

edgement of axial heat dissipation, the temperature at outer wall could increase up to 19.96℃. The 

conditions would allow bubble formation since approximately medium height in the channel, reach-

ing an unstable state.  

 

4.3. 𝟑𝟎% BLOCKAGE 

For 30% blockage and a temporal discretization of 𝛥𝑡 = 0.01𝑠, the system reaches a new steady 

state after 161 temporal iterations. Figure 7 presents the temperature distribution at fuel rod’s outer 

wall for the steady states before and after blockage. There is an increase up to 13.33℃ at outer 

wall’s temperature due to blockage, and no bubble formation anywhere or anytime. 

 

Figure 7: Temperature distribution due to 30% coolant blockage at fuel rod’s outer wall. 
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The temperature rise in the whole system reaches up to 13.43℃. Furthermore, when adopting Equa-

tion (4) to determine outer wall’s distribution, the conditions would allow bubble formation from 

approximately medium height in the channel (𝑧 = 2,269𝑚). By dismissing the acknowledgement 

of axial heat dissipation, the temperature at outer wall could increase up to 23.58℃. 

 

5. CONCLUSION 

 

After the three transient analysis, none of the blockages would cause bubble formation (nowhere in 

the wall reaches a condition with quality lower than 0). The blockages could cause a temperature 

increase higher than 13℃ in the wall and the entire channel’s temperature distributions. Once again, 

the dismissal of axial heat dissipation through fuel rod’s material (de adoption of Equation (4)) 

would cause an overestimation of those values up to 10℃ at rod’s outer wall temperature, which 

would allow bubble formation from about medium height in the evidenced channel, and system 

instabilities for blockages higher than 10% of mass flow of coolant at channel entrance. 

For greater blockages than 30%, the system couldn’t reach convergence. Since no model for bubble 

formation was adopted, when the saturation was near, coolant properties varied changing abruptly 

system’s behavior that was not able to correct itself to expected behavior. That resulted in inconclu-

sive results since the meaning was not that the system would not reach a new stable state, or that it 

actually resulted in a real instability, since it is known that some bubble formation does not repre-

sents danger in a reactor. That only means that, due to the lack of the developed code, that is not 

ready to deal with biphasic states, when the system started to present bubbles, the results were not 

reliable. 

Finally, the code developed considered only the fluid temperature as a factor of safety, but much 

more should have been considered. The temperatures grow as fuel rod center is approached and 

those temperature should be monitored to guarantee that all materials limits are also respected. 
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