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ABSTRACT 
Influences of crud and zirconium dioxide layers on the LOCA and RIA safety analysis 
have been investigated. Preliminary models of thermal conductivity and specific heat 
of crud were developed based on the porous medium assumption. And recently 
developed oxide conductivity model in KINS was also used. Developed crud models 
seem to be reasonable, but further improvement is necessary to simulate the 
experimental results more precisely, especially in a nucleate boiling regime. In a 
LOCA safety analysis, cladding temperatures were strongly affected by the crud and 
oxide layers, as expected. And impacts of thermal layers on cladding temperature 
and surface heat flux were also strong in a RIA safety analysis, but relatively small 
influences on fuel enthalpy and fuel temperature were identified. 

 
1. Introduction 
Thermal resistance of crud and zirconium dioxide (ZrO2) layers that were formed on zirconium 
alloy cladding surface during normal operation of LWR plants was not fully taken into account 
in the design basis accidents safety analysis such as a loss-of-coolant accident (LOCA) and 
reactivity-initiated accident (RIA). This is because the limiting fuel burnup is chosen as a 
beginning of life fuel condition in a LOCA safety analysis, and approved thermal-hydraulics 
computer codes also have some limitations on simulation of such layers. But the thickness of 
zirconium oxide layer, which was formed during normal operation, has reached about 60~80 
μm at the end of licensing fuel burnup. And sufficient amount of crud buildup can take place 
on the cladding surface, for example due to the replacement of steam generator in primary 
coolant circuit in PWR. These were evidenced by several crud-induced power shift events.  
Oxide and crud layers formed on cladding surface will behavior as a thermal barrier due to 
their low thermal conductivity. And apparently it will increase the stored energy during steady-
state operation. And heat conduction from fuel to coolant will be inhibited during transient. But 
unfortunately, robust thermal property models of those layers were not available. For example, 
thermal conductivity of ZrO2 showed some differences between well-known FRAPCON and 
MATPRO models [1]. And, thermal conductivity and specific heat of crud were not successfully 
developed yet based on the experimental evidences.  
In this paper, simple models of the thermal conductivity and specific heat of crud were 
developed. And recently developed thermal conductivity model of ZrO2 was used. Impacts of 
these models on the LOCA and RIA safety analysis have been assessed. 
 
2. Analysis Details 
2.1 Crud models 
It is known that the crud is a porous medium that is composed of solid phase oxides and liquid 
water. And if temperature inside of crud reaches the boiling point, the liquid water will be 
replaced by the mixture of saturated water and gaseous steam. And if temperature exceeds 
the boiling point, the mixture will be replaced by super-heated steam. In these 
phenomenological perspectives, following assumptions were made for the model development.  
• Solid phase crud is composed of three kinds of oxide such as NiO, NiFe2O4 and Fe3O4 with 

the volume fraction of 0.15, 0.75 and 0.1, respectively. These oxides are homogeneously 



   

mixed. Thermal properties (thermal conductivity and specific heat) of each oxide species 
utilized in this study are listed in Table 1. 

• Average volume fraction of liquid water inside of crud can be varied as a function of porosity, 
p. If p equals zero, it means the crud is completely solid. And the given porosity, the volume 
fraction of solid crud varied linearly from +0.1(bottom surface) to -0.1(top surface) with 
respect to the given porosity.  

• In a subcooled and nucleate boiling regime, if the temperature of crud exceeds the 
saturation temperature of water, it assumed that 10 vol. % of steam is encapsulated in liquid 
crud. And the temperature of steam and liquid water is set to +0.1K above and -0.1K below 
the saturation temperature, respectively. 

• When the surface heat flux exceeds the critical heat flux then boiling regime entered into 
the transition and film boiling, super-heated steam occupies inside of crud completely.  

• There is no directionality between solid phase oxides and liquid (or steam, or mixture) water. 
 
Based on the above assumptions, thermal conductivity of crud(kcrud) can be calculated by the 
following relationships. 
 

 kcrud = (0.5/kcrud_max + 0.5/ kcrud_min) -1 (1) 
 kcrud_max = (1-p) ks + p kw   (2) 
 kcrud_min = ((1-p) / ks + p / kw)-1  (3) 
 ks = 0.15kNiO + 0.75 kNiFe2O4 + 0.1 kFe3O4 (4) 
 

 where,  
 kcrud = crud thermal conductivity 
 kcrud_max = maximum thermal conductivity (parallel case) 
 kcrud_min = minimum thermal conductivity (serial case) 
 ks, kw = thermal conductivity of solid oxides and liquid water 
 kNiO, kNiFe2O4, kFe3O4 = thermal conductivity of NiO, NiFe2O4 and Fe3O4 
 p = volume fraction of liquid water 
 

Specific heat of crud (CP crud) also can be calculated based on the following relationships. 
 

CP crud = ((1-p) ρsCPs + p ρwCPw )/ρave (5) 
ρsCPs = 0.15 ρNiOCP NiO, + 0.75 ρNiFe2O4CP NiFe2O4, + 0.1 ρFe3O4CP Fe3O4 (6) 

 
 where,  

CP crud    = specific heat of crud 
CPs, CPw = specific heat of solid oxides and liquid water 
CP NiO, CP NiFe2O4, CP Fe3O4 = specific heat of NiO, NiFe2O4 and Fe3O4 
ρNiO, ρNiFe2O4, ρFe3O4 = density of NiO, NiFe2O4 and Fe3O4 
ρs, ρw, ρave = density of solid, liquid and average density 
 
 

Tab 1 Thermal conductivity and specific heat of NiO, NiFe2O4 and Fe3O4 
 Thermal conductivity, W/m-k Specific heat, J/kg-K 

NiO -5.602x10-9T3 + 2.435x10-5T2-
0.03543T+21.658 [2] 

R.J Radwanska and Z. Ropka [3] 

 
NiFe2O4 

 
1/(4.3711x10-4 + 2.7512x10-2T) [4] 

-1.2057+(1.1411·102)T -
(2.4950·105)T2+(2.4611·108)T3 - (8.8726·1012)T4                                        

(298<T<823) [4] 
-6.5674+(3.2540·102)T - 
(5.0578·105)T2+(3.3300·108)T3 -(7.9139·1012)T4                                        

(923<T<1373) [4] 
Fe3O4 Yasuo and Keiji Naito [5] Chase [6] 

 



   

 

2.2 Oxide models 
Several models of thermal conductivity of ZrO2 are available. But they showed some 
differences. For example, the model used in FRAPCON showed about ~ 2W/m-K, but 
MATPRO model gave about ~1W/m-K, within concerned temperature ranges [1]. This comes 
from the different experimental data used for model develpment. FRAPCON model was 
developed based on the Kingery (1954) data [2]. But MATPRO model was adjusted by Gilchrist 
(1976) data [7]. It was known that Kingery (1954) produced the data by using a zero-porosity 
specimen, and Gilchrist (1976) data had uncertainty on measuring ZrO2 thickness. Recently, 
authors have investigated the thermal conductivity of ZrO2, and proposed thermal conductivity 
model by using Gilchrist (1979) and Stehle et. al. (1984) data [8,9]. Fig. 2 shows the data and 
proposed model. Proposed thermal conductivity is a constant value of 1.51 W/m-K with 
applicable temperature ranges from room temperature to ~1600K. Lower bound of conductivity 
is 0.61 W/m-K within 95% probability and 95% confidence level.  
On specific heat of ZrO2, there are no known issues and its impacts on safety analysis are 
reletavely small. Thus MATPRO model is used in this study. 
 
3. Safety analysis conditions 
Impacts of crud and oxide layers to the LOCA and RIA safety analysis have been assessed by 
using FRAPTRAN-2.0KS computer code. FRAPTRAN-2.0KS is a modified version of 
FRAPTRAN-2.0 [11] in KINS for the implementation of crud and oxide layer. For the 
assessment of effective thermal conductivity and specific heat of crud, five evenly spaced 
radial nodes were allocated in the crud layer. Considered thickness of crud was 30 μm. 
APR1400 PWR plant with 16x16 ZIRLO cladding fuel was used for safety analysis. Design 
parameters of fuel rod, operating conditions, and base irradiation power history were obtained 
from Topical Report [12]. Initiation of LOCA and RIA was supposed to occur at 30MWd/kgU 
fuel burnup. Initial condition of fuel rod before accident at that burnup was calculated by 
FRAPCON-4.0 code [13]. Best-estimated maximum oxide thickness at that burnup was 18.8 
μm.  
Thermal-hydrauclic boundary conditions such as heat transfer coefficient, pressure and 
temperature for a LOCA period were obtained from APR1400 LBLOCA analysis. Detailed 
information on the analysis can be found in authors’ previous work [10]. 
Hot zero power (HZP) and hot full power (HFP) RIA were analyzed in APR1400 plant also. 
Applied power evolutions are shown in Fig. 2. Single top and bottom skewed imaginary axial 
power profiles were used for HFP and HZP, respectively. Local peak linear heat rate before 
HFP RIA was set to 14.7 kW/ft. Total injected energy at the axial peak node from 0 to 4 s was 

Fig 1. Considered thermal conductivity 
data of ZrO2 for the development of 
conductivity model in KINS [10]. 

Fig 2. (a) Applied imaginary axial power 
profiles and (b) applied power pulses for 
HZP and HFP RIA safety analysis [14].  



   

272.3 cal/g and 131.5 cal/g for HZP and HFP RIA, respectively. 
For the sensitivity study of crud oxide layers, three different cases were considered. First is do 
not consider any layers of crud and oxide. It’s called as ‘without’ condition. Second is factorizing 
the oxide and crud layer as 18.8 μm and 30 μm, respectively, with a best-estimate thermal 
conductivity. It’s called as ‘base’. Third is imposing lower bounds of conductivity in ‘base’ case 
condition. It’s called as ‘conservative’. Imposed oxide conductivity was 0.61 W/m-K, and crud 
conductivity was reduced 20 % with respect to base case.  
 
4. Results and discussion 
4.1 Thermal properties of crud  
Assessed effective thermal conductivity of crud is shown in Fig 3(a). Crud conductivity was 
affected by the temperature and porosity. At 561K with the porosity of 0.4, the conductivity was 
1.08 W/m-K. And as temperature elevated it reduced until reaching at ~0.91 W/m-K. As 
temperature increased further, conductivity reduced abruptly to ~0.35 W/m-K. This suddern 
drop is caused by the intrusion of superheated steam into the crud by the boiling regime 
change. Once the superheated steam occupied in the crud completely, the conductivity was 
insensitive to further temperature increase. Conductivity is also affected by the porosity. As the 
porosity changed from 0.4 to 0.7, it reduced from 1.08 to 0.81 W/m-K at 561K. This reduction 
is attributed to the increased water volume in the crud. Water has lower thermal conductivity 
than the solid oxides.  
The currently assessed conductivites are well within the experimentally measured ones. It was 
reported that the conductivity in a full boiling condition was ranging from 0.519 to 1.39 W/m-K 
[15]. But it is also known that the conductivity where sub-cooled nucleated boiling initiated is 
as high as 6.1 W/m-K [15]. This suggests the initiation of boiling has important roles in heat 
conduction, probabily enhance heat transfer. Further study is necessary for improving the 
model. 
Fig. 3(b) shows the assessed specific heat of crud. Specific heat was also varied with 
temperature and porosity. At 561K with porosity of 0.4, the specific heat was 1.17 J/g-K. And 
it rised up to the temperature of 617K. Then it reduced until reaching the saturated value of 
~1.0 J/g-K. And with further temperature increase it droped to ~0.91 J/g-K. Specific heat is also 
affected by the porosity. As the porosity increased, it resulted in high specific heat because the 
water has higher specific heat than the oxides. For example, as can be seen in Fig 3(b), when 
the porosity changed from 0.4 to 0.7 at 561K, it increased from 1.17 to 1.87 J/g-K. Assessed 
specific heat seems to be reasonable, but experimental evidences are necessary for validation 
of the model. 
 

 
Fig 3. Changes of (a) effective thermal conductivity and (b) specific heat of crud as a function 
of temperature and porosity at 15.5 MPa coolant pressure and 30 μm thickness of crud.                                                                               



   

 
Fig 4. (a) Changes of cladding temperature in APR1400 LBLOCA with consideration of thermal 
layers of crud and oxide. Crud thickness is 30 μm with porosity of 0.6. (b) PCT changes with 
porosity of crud in ‘base’ condition. 

4.2 LOCA safety analysis  
Fig. 4(a) shows the changes of cladding temperature in APR1400 LBLOCA with factorizing the 
oxide and crud thermal layers. When the layers were not considered, shown as ‘without,’ the 
peak cladding temperature (PCT) observed at blowdown and reflood phase was 1177.5 K and 
1137.9 K, respectively. But as the layers were factorized with a normal condition, called as 
‘base’, the PCT rise was 56.3 K and 54.4 K in blowdown and reflood period, respectively. If 
lower bound thermal conductivities were imposed on the layers, called as a ‘conservative’, 
PCT rise was 73.8 K and 80.7 K. These results indicate that the cladding temperatures in 
LOCA safety analysis are significantly affected by the presence of thermal layers of crud and 
oxide, and their effects can be prolonged up to the reflood phase. Cladding temperatures also 
influenced by the porosity fraction in the crud. Fig. 4(b) shows the changes of blowdown and 
reflood PCT. As the fraction changed from 0.4 to 0.7, blowdown and reflood PCT increased 
about 16 K and 34 K, reslectively.  
 
4.3 RIA safety analysis   
4.3.1 HZP condition  
Fig 5 shows the fuel performance change with the modeling of crud and oxide layers in HZP 
RIA safety analysis. Fig 5(a) and (b) shows an evolution of fuel enthalpy and fuel centerline 
temperature. In ‘base’ and ‘conservative’ condition, changes of peak enthalpy with respect to 
‘without’ case are 6.2 cal/g and 9.0 cal/g, respectively. But fuel centerline temperatures are 
almost same. This means the influence of the layers on the enthalpy and fuel temperature is 
relatively small. 
Evolution of cladding temperature and surface heat flux were different after modeling of the 
layers, as shown in Fig 5(c) and (d). Peak cladding temperature in ‘base’ and ‘conservative’ 
condition was 761.3 K and 815.8 K, respectively. This is about 87.8 K and 142.3 K higher than 
the ‘without’ condition. As expected, surface heat flux was somewhat reduced due to the 
thermal resistance.  
 
4.3.2 HFP condition  
Fig 6 shows the fuel performance change in HFP RIA condition. Fig 6(a) and (b) shows 
evolution of fuel enthalpy and fuel centerline temperature. After modeling the thermal layers, 
fuel enthalpy rise can be found from the initial. And peak fuel enthalpy rise in ‘base’ and 
‘conservative’ condition with respect to ‘without’ case is 3.8 cal/g and 9.5 cal/g, respectively.  
 



   

 
Fig 5. Fuel performance evolution of (a) enthalpy, (b) fuel centreline temperature, (c) cladding 
temperature, and (d) surface heat flux at hot zero power (HZP) RIA. Crud thickness is 30 μm 
with porosity of 0.6. Oxide thickness at hot node is 8.4 μm. 

 
Fig 6. Fuel performance evolution of (a) enthalpy, (b) fuel centreline temperature, (c) cladding 
temperature, and (d) surface heat flux at hot full power (HFP) RIA. Crud thickness is 30 μm 
with porosity of 0.6. Oxide thickness at hot node is 18.8 μm. 
 
Behaviors of fuel centerline temperature are similar with the enthalpy evolution. The peak 
centerline temperature rise in ‘base’ and ‘conservative’ condition is about 79.5 K and 121.8 K, 
respectively. These results reveal that the affected peak fuel enthalpy in HZP and HFP RIA is 
similar by the modeling of the layers. 
Fig 6(c) shows evolution of cladding temperature, and it is strongly affected by the layers. 
Interestingly thermal layers did not always induce higher cladding temperature during the 
transient. About 1.8 s after accident initiation, cladding temperature in ‘base’ condition is lower 
than the ‘without’ case. But ‘conservative’ condition gave always the higher cladding 
temperature than the others. Evolution of surface heat flux was shown in Fig 6(d). Modeling of 
thermal layers has induced lower surface hat flux and abrupt drop of heat flux can be found 



   

during transient. These behaviors are related to the boiling regime change combined with 
thermal resistance effects of the layers.  
 
5. Summary 
Preliminary thermal property models of crud and oxide layers were developed. And impacts of 
these on LOCA and RIA safety analysis were assessed by using FRAPTRAN-2.0KS fuel 
performance code. Following results can be found.  
• Developed models of thermal conductivity and specific heat seem to be reasonable. But 

more investigation, especially for the heat transfer in nucleate boiling regime will be 
necessary  

• In LOCA safety analysis, cladding temperatures are strongly affected by the thermal layers 
of crud and oxide. 

• In RIA safety analysis, impacts of the crud and oxide layer on fuel enthalpy and fuel 
temperature are relatively small. But cladding temperature and surface heat flux are affected 
strongly.  
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