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ABSTRACT 

 
In this paper, a mathematical model for the determination of the maximum water temperature within the spent 

fuel pool of Angra Nuclear Power Plant – Unit 3 was developed. The model was obtained from the boundary layer 

analysis and the application of Navier-Stokes equation to a vertical flat plate immersed in a water flow under free 

convection regime. Both types of pressure loss coefficients through the flow channel were considers in the 

modeling, the form coefficient for fuel assemblies (FAs) and the loss due to rod friction. The resulting equations 

enabled the determination of a mixed water temperature below the storage racks (High Density Storage Racks) as 

well as the estimation of a temperature gradient through the racks. The model was applied to the authorized 

operation of the plant (power operation, plant outage and upset condition) and faulted conditions (loss of coolant 

accidents and external events). The results obtained are in agreement with Brazilian and international standards.  

 

 

1. INTRODUCTION 

 

 

The Brazilian nuclear energy core is located at Almirante Álvaro Alberto Nuclear Power Plant 

in the city of Angra dos Reis, Rio de Janeiro.  The station, built in the early 1970’s, is 

responsible for generating 1.4% of the national energy with its two pressurized water reactors 

(PWR) – Angra 1 (640 MWe) and Angra 2 (1350 MWe) [1]. In the future, the expected 

operation of a third unit – Angra 3 (1405 MWe) – which is already being constructed will 

complement the power supply of the increasing national demand for energy. Thus, the 

completion of Angra 3 represents one of the prime projects of Eletronuclear. 

 

It is known that the nuclear industry has as its primary responsibility the safety of its 

installations. Therefore, the concept of nuclear safety philosophy is paramount when 
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considering the nuclear radiation risks by the presence of nuclear radiation as well as the 

generation and accumulation of fission and activation products [2]. Consequently, for the 

licensing of Angra 3, it becomes mandatory to elaborate a comprehensive analysis that 

guarantees the adequacy of its project with the requirements of the Brazilian regulatory agency 

– Comissão Nacional de Energia Nuclear (CNEN). In this way, the safety analysis report is the 

main document which aims to demonstrate that the project and construction of a nuclear 

installation, in a specific site, assure its operation in accordance with the acceptable limits of 

risk to the operators and general public [3]. 

 

The thermal hydraulic analysis of the spent fuel pool is one of the subjects of the previously 

mentioned safety report. The pools are designed to cool the irradiated fuel assemblies that even 

after being removed from the reactor core, continue to generate heat due to radioactive decay 

[4]. In Angra 3, a High Density Storage Racks Design (HDSRD) was conceived to receive the 

spent fuel used during plant operation. The HDSRD comprises region 1 (fresh and depleted 

fuel) and region 2 (depleted fuel) with a total storage capacity of 1084 fuel assemblies [5]. 

Additionally, as mentioned before, due to the radionuclides’ radioactive decay, a certain 

quantity of heat is generated within the fuel pool. Then, it becomes necessary to perform a fuel 

pool cooling analysis aiming to verify whether the water temperature within the pool does not 

reach improper values, i.e. saturation temperature (100 ºC). 

 

This paper aims to evaluate and determinate the maximum water temperature within the spent 

fuel pool of Angra 3 by analyzing its internal cooling system. It is investigated whether the 

maximum water temperature (when the steady state heat transfer regime is reached during the 

fuel pool forced cooling) is lower than the water boiling temperature (approximately 100 ºC). 

This criteria is stipulated by Technical Specification 3.5.7 [6], German Standard DIN 25484 

[7] and KTA Safety Standard 3303 [8] and the calculation was accomplished for authorized 

operation of the plant (power operation, plant outage and upset condition) as well as faulted 

condition (loss of coolant accident and external events). 

 

 

2. SPENT FUEL POOL MODEL 

 

 

The water flow within the fuel pool is a combination of the free convection flow caused by the 

temperature gradient along the fuel rod and the forced convection maintained by the residual 

heat removal system (RHR). At the beginning of the fuel pool internal cooling, the water 

immediately in contact with the fuel assemblies receives the heat generated by the radioactive 

decay occurring within the fuel rods. As the water temperature increases, a reduction of its 

density takes place and consequently an upward water free motion (free convection) occurs in 

a region near the fuel assemblies. Water is heated along the cladding but when it reaches the 

upper region of the racks, it begins to lose the received heat and becomes heavier. As water is 

losing heat, it goes down to the region below the storage racks and a similar loop will be 

accomplished in the subsequently time. Thus, a circulating flow is sustained while the heat 

generation power is maintained. 

 

 

In general, the decay heat flux is greater than the heat flux through the fuel pool walls. 

Consequently, in order to maintain the water average temperature in the fuel pool under a safe 

limit it is necessary to withdraw water from the fuel pool in a determined temperature and to 
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return it with a lower value. As mentioned before, this function will be performed by the RHR 

system in Angra Power Plant – Unit 3. The cooled water is pumped into the fuel pool in a 

position that facilitates the circulating flow, contributing to enhance the heat transfer between 

fuel assemblies and water. Eventually, it becomes important to emphasize that the volumetric 

water recirculating flow, occurring in the region between the fuel pool walls and the storage 

racks, is obtained by the difference between the volumetric flow through the fuel assemblies 

and the inlet volumetric flow. 

 

The new mathematical model obtained in the next subsection was developed based on the 

current model used by Eletronuclear. The motivation for the proposed model relies on the 

limitations observed on the existing model regarding the simplifications considered in the 

determination of the total loss coefficient along the fuel assembly. Thus, the following model 

considers the total loss coefficient as a sum of the form coefficient, 𝑘0, and the loss coefficient 

due to rod friction, 𝑘𝑓. 

 

2.1. Mathematical Model 

 

The mathematical model presented will be obtained from the boundary layer analysis of a 

vertical plate immersed in a water flow under a free convection regime. Thus, according to Ref. 

[9] the change in momentum flux through a control volume dxdy in the vertical direction can 

be represented by the following equation: 
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where: 

𝑥 = Spatial coordinate in horizontal direction (𝑚), 

𝑦 = Spatial coordinate in vertical direction (𝑚), 
  = Water specific mass (𝑘𝑔/𝑚3), 

𝑢 = Water velocity in x-direction (horizontal) (𝑚/𝑠), 

𝑣 = Water velocity in y-direction (vertical) (𝑚/𝑠), 

𝑝 = Water pressure (𝑁/𝑚2), 

𝑔 = Gravitational acceleration (𝑚/𝑠2) 

𝜇 = Dynamic Viscosity (𝑁. 𝑠/𝑚2) 

 

The right hand side of Eq. (1) represents the vertical component (y-direction) of the resulting 

force on the fluid, 𝐹, per volume unit. Neglecting the dependence on the friction parameter, the 

vertical force in a volume, 𝑉, can be represented by the equation:   

   

 

 Vg
dy

dp
F ).(   (2) 

 

It can be observed that the flow velocity, 𝑢, at the region outside the boundary layer equals 

zero. Thus, the pressure gradient in the y-direction results from the change in elevation up the 

plate and can be defined as: 
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 g
dy

dp
   (3) 

 

where 𝜌∞ is the water specific mass at the region outside the boundary layer. By putting Eq. 

(3) in Eq. (2) one obtains equation:  

 

 𝐹 = 𝑔(𝜌∞ − 𝜌)𝑉 (4) 

 

The volumetric thermal expansion coefficient β can be represented by: 
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where, P, V and T represent the pressure, volume and temperature, respectively, in the control 

volume. 

 

The fluid volumetric expansion within the boundary layer can be determined considering its 

outside region as a reference. Additionally, according to the mass conservation (continuity 

equation) the quantity of mass is the same before and after an expansion phenomenon. 

Therefore, the density variation can be indicated in terms of the compressibility coefficient: 
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where, 𝑇∞ represents the temperature at the region outside the boundary layer. 

 

By putting Eq. (6) in Eq. (4), one obtains the following equation that represents the ascended 

force actuating on the fluid near a vertical heated flat plate:   

 

 VTTgF ).(    (7) 

 

The energy in the control volume in the y-direction, 𝑑𝐸, within a flow channel can be 

represented by the following equation:  

 

 dyFdE .  (8) 

 

where 𝑑𝑦 represents the infinitesimal displacement in the y-direction. Also, the power in the 

vertical direction, �̇�, can be represented by: 

 

 vFE .


 (9) 

 

Then, the differential of power, 𝑑�̇�, can be determined as: 
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where 𝐴 is the flow area. If relations 𝑣 =
𝑑𝑦

𝑑𝑡
 and �̇� = 𝜌𝑣𝐴 are true, the heat power �̇� which 

can be removed from a channel is represented as: 

 Q
·

= m
·

Cp(Te - Ti )  (11) 

where: 

𝐶𝑃 = Specific heat capacity at constant pressure ( 𝐽/𝑘𝑔. 𝐾); 

𝑇𝑒 = Channel exit temperature (°C); 

𝑇𝑖 = Channel inlet temperature (°C). 

 

Then, Eq. (10) can now be represented as: 
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Considering the water temperature along the fuel assembly as its mean value and 𝑇∞ = 𝑇𝑖, the 

equation for �̇� can be obtained by performing the integration of Eq. (12) along the flow channel, 

0 ≤ 𝑦 ≤ ℎ. 
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According to Ref. [10], the flow pressure drop, p , can be represented by: 
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Additionally, Ref. [10] states that for the specific case of compact racks within a nuclear power 

plant spent fuel pool, the value of the total loss coefficient can be determined by: 

 

 fkkK  0  (12) 

 

where: 

𝑘0 = Form coefficient for fuel assemblies: loss at lower end fitting + loss at spacers grids + 

loss at upper end fitting; 

𝑘𝑓 = Loss due to rod friction. 

 

The value of 𝑘0 is obtained experimentally while the value of 𝑘𝑓 is obtained by: 
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where: 

𝑓 =
64

𝑅𝑒
= Friction factor (laminar flow); 

𝑅𝑒 =
𝑣𝐷

𝜈
= Reynolds number;  

𝑣 = Flow velocity (𝑚/𝑠); 

ν = Kinematic viscosity (𝑚2/𝑠); 

𝐷 = Hydraulic diameter (𝑚); 

𝑙 = Fuel assembly length (𝑚). 

 

Now, if the relation ∆𝑝 =
𝐹

𝐴
  is true and the resultant force on the fluid in the vertical direction, 

𝐹, can be defined by Eq. (9), by putting Eq. (13) in Eq. (14) it is possible to obtain the following 

equation for the flow velocity: 
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Then, putting Eq. (16) in Eq. (15) one obtains: 
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Finally, a polynomial function of third order can be obtained to determine the flow velocity by 

putting Eq. (18) in Eq. (17). 
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where: 

𝑎3 = 1,0 
 

𝑎2 =
64𝜈𝑙

𝑘0𝐷2
 

 

𝑎1 = 0,0 

𝑎0 = − (
𝛽𝑔�̇�ℎ

𝑘0𝜌𝐴𝐶𝑃
) 

 

 

With the value of velocity, 𝑣, obtained with Eq. (19), it is possible to determine the value of 

the volumetric flow, 𝑊, as: 
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 𝑊 = 𝑣𝐴 (20) 

   

Eqs. (19) and (20) were obtained by considering the thermal hydraulic analysis performed 

in an isolated flow channel (one fuel assembly). Similarly, these equations can also be 

applied to a batch with many fuel assemblies. For this purpose, it is necessary to consider 

the parameter �̇� as the mean value of the decay heat power in a batch-j. So, it is valid the 

following equation: 
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  (21) 

where , �̇�𝑗 and 𝑍𝑗 represent the total decay heat power and the number of fuel assemblies in 

batch-j, respectively. In the same way, the volumetric flow in batch-j, 𝑊𝑗, can be obtained 

according to the following equation: 

 

WZW jj .  (22) 

As mentioned before, the form coefficient 𝑘0 is experimentally obtained. Additionally, this 

parameter is a function of the specific geometry and the Reynolds number of the flow [11]. 

In the majority of practical problems, the Reynolds number is high enough so that inertia 

effects dominate the flow through a channel and thus, the dependency of the form coefficient 

with the Reynolds number is considerably low. Nonetheless, as the flow in the spent fuel 

pool is considered to be laminar, the values of the Reynolds number are significantly low 

(𝑅𝑒 < 104) and then, its effects regarding the form coefficient ought to be considered [12]. 

 

Therefore, the equation for the flow velocity in batch-j (𝑗 = 1,2, … , 𝑛)  will be determined 

by Eq. (19) with the parameter 𝑎0 being obtained as follows:  

 

 
𝑎0 = − (

𝛽𝑔𝑄𝑗
̇ ℎ

𝑘0𝑗
𝜌𝐴𝑍𝑗𝐶𝑃
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(23) 

Equivalently, the volumetric flow in batch-j will be now determined by equation:  

 

 𝑊𝑗 = 𝑍𝑗𝑣𝑗𝐴 (24) 

 

The total volumetric flow due to batches (𝑗 = 1,2, … , 𝑛)  can be determined by the following 

equation: 
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Figure 1:  Schematic representation of the circulating flow within the fuel pool. 

 

 

As it can be observed in Figure 1, the circulating flow 𝑉𝑍 occuring between the fuel pool walls 

and the fuel assemblies can be represented by the equation: 

0VWV nz   (26) 

  

where 𝑉0 is the inlet coolant flow. Based on the fact that the inlet coolant flow is mixed with 

the circulating flow below the storage racks, a mixed temperature 𝑇𝑀 can be defined. The 

temperature of the inlet coolant flow is lower than the temperature of the circulating flow and 

a certain quantity of heat will be transferred between them. The rate of heat lost by the 

circulating flow, �̇�𝐶, is equal to the rate of heat received by the inlet coolant flow, �̇�𝐸, and can 

be represented by the following equation: 

 �̇�𝐶 = �̇�𝐸 (27) 

 

The mathematical equations to obtain parameters �̇�𝐶 e �̇�𝐸, according to Ref. [5], are: 

 �̇�𝐶 = 



k

j

jjp TWc
1

  (28) 

 

 �̇�𝐸 = )( 00 TTcV Mp   (29) 

 

By substituting Eq. (28) and (29) in Eq. (27), one obtains the following equation to determine 

the mixed temperature in the spent fuel: 

 𝑇𝑀 = 𝑇0 + (
1

𝑉0
)




k

j

jj TW
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 (30) 
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where, ∆𝑇𝑗 =
𝑄𝑗

𝜌𝐶𝑃𝑊𝑗
  and  ∑ 𝑊𝑗 = 𝑉𝑍

𝑘
𝑗=1 .  

 

The symbols  𝑉0 e 𝑇0 represent the volumetric flow and the temperature of the fuel pool inlet 

coolant, respectively. 

 

Thus, the mean coolant temperature at the outlet of the fuel assemblies (maximum water 

temperature for each batch), 𝑇𝐺𝑗, is represented by the equation: 

 

 jMGj TTT   (31) 

 

 

3. DATA ACQUISITION 

 

 

The fuel assembly geometry that will be used in Angra 3 is shown in Figure 2 with a 16x16 

configuration. The assembly has 256 positions, being 20 guide tubes and 236 fuel rods. As 

mentioned before, the determination of the maximum temperature within the spent fuel pool 

was obtained for two different modes of plant operation - authorized operation (power 

operation, plant outage and upset condition) and faulted condition (LOCA and external events). 

Furthermore, for the thermal hydraulic purpose two modes are considered for fuel pool loading: 

 14 batches (64 fuel assemblies/batch); 

 14 batches + 3 batches (1 complete core with 193 fuel assemblies).  

 

The second option comprises 1089 fuel assemblies and this assumption is conservative when 

compared with the 1084 designed position. In order to perform the calculation, the decay heat 

(per batch) was determined by a direct proportion model as the specific data for Angra 3 were 

not yet obtained by Eletronuclear. Thus, the known parameters of Angra 2 (3765 MWt) were 

multiplied by a 1.05312 factor representing the 5% power increase with regard to Angra 3 

(3965 MWt). Then, the form coefficient, 𝑘0, was obtained with the aid of DIWAN software 

package [13], developed by AREVA and provided by Eletronuclear. Finally, in order to 

determine the values of coolant volumetric flow, 𝑉0, and temperature, 𝑇0, in the inlet of the 

pool, it was used the software package TERMOPIS-V1, developed by Eletronuclear [14].  
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Figure 2: (a) Reduced replica of INB fuel assembly 16x16. (b) Top view of the reduced 

replica of INB fuel assembly 16x16. 

 

 

4. RESULTS 

 

The fuel pool cooling analysis of Angra 3 is necessary in order to verify the maximum water 

temperature within the pool. This temperature ought to be lower than the water boiling 

temperature of approximately 100 °C when the steady state heat transfer regime is reached 

during the fuel pool forced cooling. The following results were obtained based on the 

mathematical model develop in this paper and compared to those obtained from the current 

model used by Eletronuclear. 

 

Tables 1 and 2 present the mixed temperature below the HDSRD, 𝑇𝑀, and the average water 

temperature at the rack exit (batch 1), 𝑇𝐺1, for plant authorized operation (power operation, 

plant outage and upset condition) and faulted condition (LOCA and external events). It can be 

observed that the maximum values for 𝑇𝑀 and 𝑇𝐺𝑗 arise for batch number 1 since those present 

the highest values for decay heat. 
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Table 1: Angra 3 spent fuel pool mixed temperature, 𝑻𝑴, and maximum water   

temperature (batch 1), 𝑻𝑮𝟏, for plant authorized operation 

Authorized 

Operation 

Number of 

FA batches 

in the pool 

Decay heat 

power (MW) 

Mixed water 

temperature 

below the storage 

racks (°C) 

Angra 3 spent fuel 

pool maximum 

water temperature  

(°C) 

Power 

Operation 

14 3,94 35,51 40,96 

Plant Outage 17 17,34 42,71 51,96 

Upset 

Condition 

17 17,34 58,20 67,45 

 

 

Table 2: Angra 3 spent fuel pool mixed temperature, 𝑻𝑴, and maximum water 

temperature (batch 1), 𝑻𝑮𝟏, for faulted condition (LOCA and external events). 

Faulted 

Condition 

Number 

of FA 

batches in 

the pool 

Decay heat 

power 

(MW) 

Mixed water 

temperature 

below the storage 

racks (°C) 

Angra 3 spent fuel 

pool maximum water 

temperature  

(°C) 

LOCA 14 3,94 52,33 57,78 

External 

Events 

SSB or SSE 

 

14 

 

3,94 

 

41,79 

 

47,24 

TNT 17 17,34 65,72 74,98 

SSE 17 17,34 64,40 73,65 

 

 

The maximum water temperature within Angra 3 spent fuel pool is 74,98 °C and this value 

occurs for a faulted condition of the plant triggered by an external event regarding a TNT 

explosion. It can be seen that this maximum water temperature arises for a fuel pool loading of 

17 batches. This result was expected since the first 3 batches of this configuration correspond 

to one complete core with 193 fuel assemblies and thus, a situation where the highest generation 

of decay heat within the pool is observed. Additionally, it was shown that Angra 3 maximum 

water temperature within the spent fuel pool is lower than the water boiling temperature. 

Therefore, under the thermal hydraulic point of view, ANGRA3-HDSRD is in agreement with 

Refs. [6, 7, 8] regarding the allowable temperature limits.  

Tables 3 and 4 display a comparison of the maximum water temperature within Angra 3 spent 

fuel pool obtained through the model developed in this paper and the one current used by 

Eletronuclear. The results show that the new model described in Section 2 can be validated 

since the maximum water temperature determined by this model has an error margin of only 

1% when compared to the current model used by Eletronuclear. It can also be observed that 

the values for the new model are not always higher than those for the current model. This data 

was not expected once the new model considers higher loss coefficients and thus, in face of a 

lower flow velocity within the channel, there is a loss in the coolant heat removal capacity and 

so, a temperature rise. In fact, this phenomenon is indeed noted for fuel pool loading with 14 

batches while for a 17 batch configuration, it does not occur. As the essential difference 
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between those two configuration modes is the decay heat generated by the fuel assemblies, 

Tables 5 and 6 enable an analysis of how this heat affects the channel`s Reynolds number. It is 

then confirmed that for the new model where higher loss coefficients are considered, the flow 

is slower than the one observed for the current model.  

 

Table 3: Angra 3 spent fuel pool maximum water temperature obtained with the 

current model and the new model for authorized plant operation 

Authorized 

Operation 

Number of FA 

batches in the 

pool 

Angra 3 spent fuel pool 

maximum water 

temperature (°C) 

Current Model 

Angra 3 spent fuel pool 

maximum water 

temperature (°C) 

New Model 

Power 

Operation 

14 40,71 40,96 

Plant Outage 17 51,96 51,96 

Upset 

Condition 

17 67,61 67,45 

 

 

Table 4: Angra 3 spent fuel pool maximum water temperature obtained with the 

current model and the new model for faulted condition. 

Faulted Condition Number of 

FA batches 

in the pool 

Angra 3 spent fuel 

pool maximum water 

temperature (°C) 

Current Model 

Angra 3 spent fuel pool 

maximum water 

temperature (°C) 

New Model 

LOCA 14 57,43 57,78 

External Events 

a) SSB ou SSE 

14 46,99 47,24 

b) TNT 17 75,07 74,98 

c) SSE 17 73,81 73,65 

 

 

Table 5: Reynolds Number values, 𝑹𝒆, determined by the current model and the new 

model for a 14 batch loading mode within Angra 3 spent fuel pool. 

 

Batch Number 

Reynolds Number, 𝑹𝒆   

Current Model 

Reynolds Number, 𝑹𝒆   

New Model  

1 2538,52 2273,14 

2 1278,38 967,29 

3 1009,63 727,27 

4 857,82 599,28 

5 770,36 528,29 

6 718,47 487,18 

7 686,56 462,25 

8 663,97 444,62 

9 648,24 432,54 

10 636,06 423,30 

11 627,74 416,81 
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12 614,94 407,29 

13 610,59 403,83 

14 606,19 400,59 

 

 

 

Table 6: Reynolds Number values, 𝑹𝒆, determined by the current model and the new 

model for a 17 batches loading mode within Angra 3 spent fuel pool. 

 

Batch Number 

Reynolds Number, 𝑹𝒆   

Current Model 

Reynolds Number, 𝑹𝒆   

New Model 

1 3564,96 3483,09 

2 3450,99 3345,39 

3 2893,84 2682,31 

4 1278,38 967,29 

5 1009,63 727,27 

6 857,82 599,28 

7 770,36 528,29 

8 718,47 487,18 

9 686,56 462,25 

10 663,97 444,62 

11 648,24 432,54 

12 636,06 423,30 

13 627,74 416,81 

14 614,94 407,29 

15 610,59 403,83 

16 606,19 400,59 

17 592,69 390,49 

 

 

The values of Reynolds number for the new model are lower than the ones obtained for the 

current model. Thus, the model developed in this paper presents a lower volumentric flow than 

the current model used by Eletronuclear. Furthermore, through Eq. (30), it can be noticed that 

the mixed temperature below the storage racks, 𝑇𝑀, for the new model will be lower than the 

one for the current model. If the mixed temperature, 𝑇𝑀, is always lower when considering a 

higher loss coefficient for both fuel pool loading modes (14 and 17 batches), according to Eq. 

(31), the maximum water temperature within the fuel pool (batch 1), 𝑇𝐺1, will be determined 

by the temperature gradient (batch 1), ∆𝑇1. Hence, Tables 7 and 8 present a comparison of 

values of the temperature gradient in batch 1, ∆𝑇1, for the new and current model. 
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Table 7: Temperature gradient for batch 1, ∆𝑻𝟏, determined by the current model and 

the new model. 

Loading 

Configuration 

Temperature gradient, ∆𝑻𝟏 

Current Model 

Temperature gradient, ∆𝑻𝟏 

New Model  

14 Batches 4,87 5,45 

17 Batches 9,04 9,25 

 

 

The data observed in Table 7 show that the temperature gradient is higher for the new model 

than for the current model in both fuel pool loading modes. It can also be verified that for a 14 

batch configuration, the temperature gradient in batch 1 is approximately 11% higher for the 

new model when compared to the current model. However, for a 17 batch loading mode, this 

value is only 2% higher. Then, it can be concluded that while the mixed water temperature 

below the HDSRD, 𝑇𝑀, is always lower in the new model, the results for the temperature 

gradient in batch 1, ∆𝑇1, are always higher in the new model. Finally, the relation between the 

Reynolds number and the form coefficient will affect the determination of the maximum water 

temperature within the fuel pool. 

 

Idel’Chik [15] states the idea that for low values of Reynolds number, the form coefficient 

ought to present a strict dependency of such number; on the other hand, for growing values of 

Reynolds number, that dependency tends to be reduced. For the present study flow, it can be 

observed that for a 17 batch configuration where there is a higher heat generation, the variance 

of the form coefficient tends to become independent of the Reynolds number. Nonetheless, for 

a 14 batch loading mode, the maximum Reynolds number obtained was 2273 which is a low 

value and thus, it substantially influences the form coefficient. In conclusion, for laminar flows, 

it is interesting to consider in the spent fuel pool mathematical modelling, the effect of the form 

coefficient over the total loss coefficient; for turbulent flows, however, it is acceptable to 

simplify the model by considering an extended channel length to account for both the form 

coefficient and the loss due to rod friction. 

 

 

5. CONCLUSIONS 

 

This paper proposed a fuel pool cooling analysis of Angra 3 spent fuel pool. The analysis 

comprises the determination of the maximum water temperature within this nuclear installation 

fuel pool and it was performed by considering the authorized plant operation  (power operation, 

plant outage and upset condition) and faulted condition (LOCA and external events). Also, for 

the thermal hydraulic purpose, two modes for fuel pool loading were considered – 14 and 17 

batches. 

 

Based on the preceding explanation, it is possible to conclude that the maximum water 

temperature within Angra 3 spent fuel pool is 74,98 °C which is in agreement with national 

and international standards. This result was obtained based on the new model developed in this 

paper that considers the total loss coefficient through the channel as a sum of both form 

coefficient, 𝑘0, and loss coefficient due to rod friction, 𝑘𝑓. The new model presented was 

compared to the current model used by Eletronuclear and validated once the error margin 

calculated was less than 1%. Additionally, an analysis of the dependency of the Reynolds 

number and the form coefficient was also performed. It is suggested that the new mathematical 
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model could be applied in the thermal hydraulic evaluation of spent fuel pools allocated for the 

storage of oldest fuel assemblies due to its lower heat generation. Finally, aiming to encourage 

the continuation of the presented analysis, a recommendation for future projects includes the 

development of the spent fuel pool model in Computational Fluid Dynamics – CFD. 
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