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a b s t r a c t

The goal of this study is to evaluate the effective thermal conductivity and diffusivity of

containment walls as heat sinks or passive cooling systems during nuclear power plant

(NPP) accidents. Containment walls consist of steel reinforced concrete, steel liners, and

tendons, and provide the main thermal resistance of the heat sinks, which varies with the

volume fraction and geometric alignment of the rebar and tendons, as well as the tem-

perature and chemical composition. The target geometry for the containment walls of this

work is the standard Korean NPP OPR1000. Sample tests and numerical simulations are

conducted to verify the correlations for models with different densities of concrete, volume

fractions, and alignments of steel. Estimation of the effective thermal conductivity and

diffusivity of the containment wall models is proposed. The Maxwell model and modified

Rayleigh volume fraction model employed in the present work predict the experiment and

finite volume method (FVM) results well. The effective thermal conductivity and diffusivity

of the containment walls are summarized as functions of density, temperature, and the

volume fraction of steel for the analysis of the NPP accidents.

Copyright © 2017, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

After the Fukushima accident, accurate analysis of the pres-

sure and temperature inside the containment is a very

important issue. Removal of the internal heat is absolutely

vital to mitigate accident progression, which may compro-

mise the integrity of the containment and release radioactive

material into the environment. Recently, in containment

analysis, a containment building including deformed bars and

tendons was considered as a passive heat sink source [1].

Thus, investigation of the effective thermal conductivity and

diffusivity is needed for more accurate analysis in the

containment wall.

The main objective of this study is to propose an effective

thermal conductivitymodel for containmentwalls for thermal

hydraulic codes such as Containment Analysis Package (CAP),

MARS, and CONTAIN. Containment walls are composite

structures that consist of concrete, rebar, steel liners, and
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tendons; the geometries of these materials vary in nuclear

powerplants (NPPs).We focusonNPPmodelOPR1000,which is

adopted at 12 Korean sites including the Shin-Wolsong Units 1

and 2 located in Gyeongju, as our test case. For composite

materials, many effective thermal conductivity models are

presented. In this paper, severalmodels are applied to evaluate

the effective thermal conductivity of reinforced concrete,

which is mainly composed of concrete and steel.

Maxwell [2] suggested an analytical model for predicting

the representative or effective thermal conductivity of the

composite materials. The model predicts diluted random-

sized spheres in a matrix for volume fractions under 25%.

The Rayleigh sphere model [3] contains spherical particles

packed regularly in a solid. This model includes thermal

interaction among the particles to enhance Maxwell's model.

The Rayleigh cylinder model [4] provides analytical correla-

tions for cylindrical particles embedded in a solid. This model

can estimate the directional effective thermal conductivity

when the cylindrical particles are located parallel (x) and

perpendicular (y) to the heat transfer direction (x) [4]. The

model is valid when the cylinder rods are totally penetrated in

a solid. The Rayleigh volume fractionmodel, adapted from the

Rayleigh cylinder model, is proposed to consider the cylin-

drical shapes of the rebar and tendons in the present work.

The containment walls include steel rebar and cylindrical

tendonswith different orientations and volume fractions. The

thermal properties of the reinforced concrete are functions of

density, temperature, chemical composition, volume fraction

of steel, etc. Effective thermal conductivity tests were con-

ducted on concrete of different compositions, and numerical

simulations were conducted to compare the models with up

to 25% volume fraction of steel. Equations for evaluating the

effective thermal conductivity and diffusivity of containment

walls under crisis conditions are summarized.

2. Models and verification method

2.1. Containment wall of OPR1000

The containment building of the OPR1000 is a type of pre-

stressed concrete containment vessel. Its inner diameter is

43.9 m and its height is 66.8 m. Fig. 1 shows the containment

wall structure for the OPR1000, which consists of concrete,

tendons, a steel liner, and deformed rebar. The rebar has ribs,

and the steel and concrete are fused in the nodes. The steel

liner acts as a leak-tightness. Tendons made of twisted steel

wire add tensile force. The specifications of the materials are

regulated: deformed bar (ASTM A615 Grade 60), tendons

(ASTM A416 Grade 270), and steel liner (SA516 Grade 60). The

typical thickness of the containment wall is 1.2 m. The rebar

ranges from 25mm to 50mm in diameter, and the diameter of

the tendons is on the order of 250 mm. The containment wall

of the OPR1000 contains about 11% steel by volume.

2.2. Effective thermal conductivity models for simple
geometry

The models proposed for estimating the effective thermal

conductivity of the composite materials are summarized by

the following equations where: keff ¼ effective thermal con-

ductivity in reinforced concrete (W/m$K), kc ¼ concrete ther-

mal conductivity (W/m$K), ks ¼ steel thermal conductivity (W/

m$K), f¼ volume fraction of steel, fi ¼ volume fraction of steel

in i direction, bi ¼ i-axis ratio in total steel volume,

rc ¼ concrete density (kg/m3), rs ¼ steel density (kg/m3),

rmix ¼ mixture density (kg/m3), Cp;s ¼ steel heat capacity (J/

kg$K), Cp;c ¼ concrete heat capacity (J/kg$K), Cp;mix ¼ mixture

heat capacity (J/kg$K), and aeff ¼ effective thermal diffusivity

in reinforced concrete (m2/s).

The Maxwell model [2] considers composite materials as

spherical particles spread thinly over a continuous matrix.

The Rayleigh sphere model [3] presents uniformly distributed

spherical particles, and accounts for interactions among

them. The Rayleigh cylinder model [4] updates the effective

thermal conductivity model to include cylindrical particles as

well. This model accounts for the heat transfer direction and

orientation of the particles. Tendons and rebar rods are

distributed in three-dimensional directions, as shown in

Fig. 1. The Rayleigh cylinder model is modified from the so-

called Rayleigh volume fraction model in the present work

to consider the directional contribution. In this new model,

the amounts of the volume fractions are multiplied by their

effective thermal conductivities to yield their contributions

along the parallel (x) and perpendicular (y) directions:

Maxwell [2]:

keff

kc
¼ 1þ 3f�

ksþ2kc
ks�kc

�
� f

;f � 0:25 (1)

Rayleigh sphere [3]:

keff

kc
¼ 1þ 3f�

ks�2kc
ks�kc

�
� fþ 1:569

�
ks�kc

3ks�4kc

�
f

10
3 þ…

(2)

Rayleigh cylinder-x [4]:

keff

kc
¼ 1þ ks � kc

kc
f (3)

Rayleigh cylinder-y [4]:

keff

kc
¼ 1þ 2f�

ksþkc
ks�kc

�
� fþ

�
ks�kc
ksþkc

��
0:30584f4 þ 0:013363f8 þ…

� (4)

Rayleigh volume fraction:

keff ¼ fx

f
keff ; Rayleigh cylinder�x þ

fy

f
keff ; Rayleigh cylinder�y (5)

2.3. Experiment

Concrete is a compositeof cement, gravel, and sand; its thermal

properties are functions of the fractions of thesematerials. The

present work measured the density and thermal conductivity

of specimens with dimensions of 100 mm� 100 mm � 20 mm.

The ratio of cement to gravel to sand was 5:4:4. The thermal

conductivity was measured using the steady-state thermal

resistancemethod according to regulation KS L ISO 8302with a

TLP-300 (Taurus Instruments, Munchen, Germany). The accu-

racy of the measurements was ± 0.05 W/m$K. The concrete

powderused to formthespecimenswas sifted througha10mm

sieve. The chemical compositions of the samples were
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examinedwith an X-ray fluorescence spectrometer (Shimadzu

XRF-1700). The results are shown in Table 1.

2.4. Numerical simulations

The finite volume method (FVM) was used to investigate the

effective thermal conductivity of the OPR1000 containment

wall. The rebar pattern was roughly a repeating 1.2 m � 1.2 m

area, so this unit was used for the calculations in the present

work. The rebar and tendons, as shown in Fig. 2, were 50 mm

and 250 mm in diameter, respectively. The rebar and tendons

were simplified as octagonal bars, and the rebar was

considered to be welded at the joints. The thermal resistance

of air inside the tendons was ignored. Numerical simulations

were conducted using ANSYS CFX16 in the steady-state

condition. A 1.7 million-unit tetra grid was used. For the

convergence conditions, the sum of the residuals was less

than 10�6, and the energy balances were over 99.9%. Constant

temperature conditions of 417 K and 288 Kwere applied to the

inside and outside surfaces of the wall, respectively. Periodic

conditions were applied to the repeated side surfaces. The

locations of the periodic conditions were z ¼ 0, 1.2 m, and

y ¼ 0, 1.2 m, respectively. The thermal conductivities used for

the concrete and steel in the numerical simulations were

constant as 1.6 W/m$K and 47 W/m$K, respectively. Numer-

ical simulations of heat conduction confirmed the case for

bare concrete prior to the present work. The volume fraction

of the steel varied with the diameter of the rebar and tendons

by up to 25%.

Table 1 e Chemical compositions of concretes used in
nuclear power plants (NPPs) (wt%) [5].

Composition Siliceous Limestone Hanbit
Units 3 & 4

Present
test

SiO2 69.7 7.0 55.7 41.3

CaO 13.7 42.4 15.8 27.5

Al2O3 4.0 1.9 10.3 8.0

K2O 1.4 0.4 2.9 2.0

Na2O 0.7 0.0 2.0 1.0

MgO/MnO/TiO2 1.5 7.4 1.6 2.3

Fe2O3 1.0 0.8 2.6 4.9

Cr2O3 0.0 0.0 0.02 0.0

H2O 6.9 6.9 7.2 12.9

CO2 1.0 33.2 2.8 e

P2O5 e e e 0.1

Fig. 2 e Numerical domain and grid in containment wall of OPR1000. (A) Calculation domain. (B) Numerical grid.

Fig. 1 e Structure of containment wall of standard Korean nuclear power plant OPR1000.
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3. Results and discussion

3.1. Thermal properties of concrete

The concrete matrix of the containment wall contains

chemicals such as calcium monoxide, silicon dioxide,

aluminum oxide, etc. Types of concrete include siliceous

concrete and limestone concrete. Shin et al [5] proposed

empirical correlations for specific concrete for elevated tem-

peratures for the Hanbit NPP Units 3 and 4. The general con-

crete type of Korean NPPs is similar to the siliceous concrete

used in Hanbit Units 3 and 4. Chemical compositions for

concrete types are listed in Table 1.

The thermal conductivity of concrete is a function of

temperature, chemical composition, curing conditions, and

density. Thermal conductivity can be expressed as a func-

tion of density at normal temperatures as in the following

equations [6]. The coefficients for these equations were

influenced by the curing conditions (air-dried or oven-

dried).

kc ¼ 0:0865e0:00125rc for air drying (6)

kc ¼ 0:0720e0:00125rc for oven drying (7)

The thermal conductivities of the present specimens

were estimated on account of their low average density

(1852 kg/m3) compared to the value listed in the regulation

guide (2,400 kg/m3) (Fig. 3). The experimental values for

conductivity were lower than the 1.6 W/m$K value in the

regulation guide [1] and varied with density. However, the

present experimental data and the value in the regulation

guide are located between the values delivered in Eqs. (6)

and (7). Therefore, the thermal conductivity of the concrete

is more a function of its density than of its chemical

composition.

The thermal conductivity of concrete is a function of

temperature. Suggested correlations for thermal conductivity

depending on concrete type and temperature are given in the

following equations [7].

Siliceous:

kc ¼ 1:5� 0:000625T; ð20�C � T � 800�CÞ
kc ¼ 1:0; ðT> 800�CÞ (8)

Limestone:

kc ¼ 1:355; ð20�C � T � 293�CÞ
kc ¼ 1:7162� 0:001241T; ðT>293�CÞ (9)

Hanbit Units 3 and 4:

Fig. 3 e Concrete thermal conductivity over density.

Fig. 4 e Temperature distributions in center and periodic cross sections of containment wall for volume fractions f ¼ 0.110

and f ¼ 0.251.
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kc ¼ 2:24266�0:00256908Tþ1:36469E�6T2;ð20�C�T�900�CÞ
(10)

3.2. Thermal properties of containment wall

The effective thermal conductivity versus volume fraction of

steel was determined. The overall temperature distribution

shifted to the right as the volume fraction increased (Fig. 4).

The size of the tendons played an important role in the tem-

perature gradient.

The values of the effective thermal conductivity models

were compared with results from FVM and the experiments

conducted to obtain the effective thermal conductivity of the

reinforced concrete as a volume fraction. A graph of the re-

sults is shown in Fig. 5. Nondimensional effective thermal

conductivity is used for comparison in identical conditions

due to the difference of concrete conductivity. Kanbur et al [8]

determined the thermal conductivity of the reinforced con-

crete for different volume fractions. Diameters of reinforce-

ment bars of 10 mm and 12 mm were used in their

experiment. Model size was 500 mm � 500 mm � 100 mm and

length of reinforcement bars was 90 mm. The rebar was

positioned in the heat transfer direction. The smallest differ-

ence from the experimental results is shown in the Rayleigh

cylinder xmodel on account of its direction. The discrepancies

between the Rayleigh cylinder x model and Kanbur et al's [8]

experimental data are about 10.2% and 10.3% individually.

Their data presented a lower conductivity estimation than did

the Rayleigh cylinder x model, because the reinforced bars

were not fully penetrated in the concrete. Zhao et al [9] made

reinforced concrete with the rebar orthogonal to the heat

transfer direction. The steel bars were located in a horizontal

one-way direction for the 1.7% and 2.7% volume fractions. By

contrast, the steel bars were arranged in both directions for

Fig. 5 e Comparisons of effective thermal conductivity

models, experimental data, and finite volume method

(FVM) results for the reinforced concretes with various

volume fractions at the ambient temperature.

Fig. 6 e Nondimensional thermal conductivity versus

volume fraction of OPR1000 containment wall.

Fig. 7 e Effective thermal conductivity of containment wall

over temperature ð20�C � T � 900�CÞ.

Fig. 8 e Effective thermal diffusivity of containment wall

versus temperature ð20�C � T � 900�CÞ.
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the 3.4% and 5.4% volume fractions. Specimen size was

300mm� 300mm� 50mm and the diameter of the steel bars

was 8 mm. Most models are well matched with Zhao et al's
data, except for the Rayleigh cylinder x model. The range of

the standard deviation is 3.25e6.74% between the models and

the experimental data. For this reason, a numerical simula-

tion was conducted under the same conditions as those used

in Zhao et al's [9] experiment, with a 0.017 volume fraction, as

shown in Fig. 5. The discrepancy between the Rayleigh volume

fraction model and the numerical simulation was about

1.55%. Therefore, the difficulty of model comparison is due to

the low volume fraction range of Zhao et al's [9] experiment.

The Rayleigh volume fractionmodel was the best predictor

among the models for the OPR1000 containment wall under

the 0.2 volume fraction because it considered the heat transfer

of the steel bars in three directions (Fig. 6). The difference

between the Rayleigh volume fraction model and the nu-

merical simulation was about 4.2%. Maxwell's [2] model

showed higher values than Rayleigh's volume fraction model

and agreed well with the FVM results for volume fractions

over 0.2. By contrast, the Rayleigh cylinder-x model greatly

overestimated the results because it assumed that the steel

penetrated a bulk solid. Certainly, the volume fraction of the

steel has significant effects on the effective thermal conduc-

tivity of the containment wall. The empirical correlation for

FVM with volume fractions at 15�C is expressed in the

following equation:

k*
eff ¼ 0:2176 f2 þ 0:06711 fþ 0:0001742; ð0<f< 0:25Þ (11)

In cases of severe accidents, the temperature of the

containment structure will change. Therefore, effective ther-

mal conductivity over a range of temperatures must be pro-

posed in order to use the containment wall as a heat sink. The

thermal conductivities of concrete and steel vary with tem-

perature. The effective thermal conductivity of the Rayleigh

volume fraction model over a range of temperatures is sug-

gested in Fig. 7. The containment wall of the NPP OPR1000

includes about 11% steel. The effective thermal conductivity

of the containment wall decreases as temperature increases

owing to properties of the concrete and steel.

Thermal diffusivity is expressedas conductionheat divided

by storage heat and is an important property for transient heat

transfer. The effective thermal diffusivity of the containment

wall was calculated as a function of the temperature and the

volume fractionof steel (Fig. 8). It decreasedas the temperature

and volume fraction of steel increased. Correlations for the

effective thermal diffusivity are described in Table 2.

3.3. Limitations and comments

The effect of the steel liner is not considered in this work

because it is very thin compared to the containment wall; the

authors recommend considering its thermal resistance sepa-

rately. The thermal properties of reinforced concrete are

summarized in Table 2. The applicable range of the temper-

ature is specified, and the recommended volume fraction of

the steel is < 25%.

4. Conclusion

In the present work, the effective thermal properties of the

containment wall were investigated as critical properties for

heat removal in nuclear accidents. Theoretical models were

applied to the standard KoreanNPP OPR1000, and results were

compared with FVM results and experimental data. The Ray-

leigh volume fraction model (modified from the Rayleigh cyl-

indermodel) and theMaxwell [2] model, with 4.2% and 5.8% of

the standard deviations, respectively, are recommended for

the containment wall up to 25% of volume fraction. The

effective thermal conductivity and thermal diffusivity corre-

lations as functions of the temperature and volume fraction of

the steel are provided for analyses of NPP accidents. Using

codes such as MARS, CAP, and CONTAIN, the present results

can improve the accuracy of analyses when the containment

building functions as a heat sink or passive cooling system

during a NPP accident. The present work will be valuable for

the investigation of the effective thermal conductivities of the

general containment wall of the OPR1000.
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Table 2 e Thermal properties of containment wall and their correlations.

Thermal Properties Units Correlations Remarks

Density kg/m3 rmix ¼ rsfþ rcð1� fÞ (12)

Heat capacity J/kg$K Cp;mix ¼ Cp;sf
rs
rmix

þ Cp;cð1� fÞ rc
rmix

(13)

Thermal conductivity W/m$K keff ¼ fx
f
keff; Rayleigh cylinder�x þ fy

f
keff; Rayleigh cylinder�y (14)

Thermal diffusivity m2/s aeff ¼ keff
rmixCp;mix

(15)

Concrete density kg/m3 rc ¼ 2259:62� 0:39802 Tþ 0:000189575 T2ð20�C � T � 1100�CÞ (16) Shin et al [5] (Hanbit Units 3 & 4)

Steel density kg/m3 rs ¼ 7850 (17) Korea Institute of Nuclear Safety [1]

Concrete heat capacity J/kg$K Cp;c ¼ 654 (18)

Steel heat capacity J/kg$K Cp;s ¼ 503 (19)

Steel thermal conductivity W/m$K
ks ¼ 54� 0:0333 T; ð20�C � T � 800�CÞ
ks ¼ 27:3; ð800<T � 1200�CÞ (20) Phan et al [10]
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Nomenclature

keff Effective thermal conductivity in reinforced concrete

(W/m$K)

kc Concrete thermal conductivity (W/m$K)

ks Steel thermal conductivity (W/m$K)

f Volume fraction of steel

fi Volume fraction of steel in i direction

bi i-axis ratio in total steel volume

rc Concrete density (kg/m3)

rs Steel density (kg/m3)

rmix Mixture density (kg/m3)

Cp;s Steel heat capacity (J/kg$K)

Cp;c Concrete heat capacity (J/kg$K)

Cp;mix Mixture heat capacity (J/kg$K)

aeff Effective thermal diffusivity in reinforced concrete

(m2/s)
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