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LINER-CONCRETE HEAT TRANSFER STUDY

FOR NUCLEAR POWER PLANT CONTAINMENT

by

R. G. Gido

ABSTRACT

Containment liner-concrete interface heat transfer phenomem have
been investigated. In particular, the effects of thermal radiation and
natural convection heat transfer as well as the effects of anchors on
the liner-concrete conductance were studied. The need for a thorough
structural analysis to determine the spatial distribution of the gap
between the liner and concrete has been found to be necessary before
the liner-concrete conductance can be accurately defined. A reasonable
minimum value for a one-dimensional liner-concrete interface conductance
of 57 W/m2/K (10 Btu/h/ft2/OF) has been established; reasonable maximum
value is 2 800 W/m2/K (500 Btu/h.ft2=0F).

I. suMMARY

Liner-concrete heat transfer for nuclear power plant dry containment was

studied to determine the effects of conduction, thermal radiation, and natural

convection heat transfer as well as the effects of anchors. These effects can

be combined into a one-dimensional liner-concrete heat transfer conductance (H )
c

suitable for use in conventional containment transient pressure-temperature re-

sponse analysis. A key parameter affecting the liner-concrete heat transfer is

the gap between the liner and the concrete. The magnitude of this parameter was

found to be very difficult to establish. Complicating factors include the geom-

etry and large-scale dimensions, in addition to manufacturing, construction,

structural, aging, thermal cycle, and accident transient considerations. As a

result, this gap was carried through the analysis as a variable to determine

bounding values for Hc. Suitable minimum and maximum values for Hc were found

to be - 57 W/m2/K (10 Btu/h/ft2/OF) and - 2 800 W/m2/K (500 Btu/h/ft2/OF), re-

spectively. Methods of analysis, model definition, and the effects of initial

temperature and atmosphere boundary conditions are also described.
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II. INTRODUCTION

The purpose of this study is to determine the effects of liner displacement,

radiation, natural convection, and anchors on the containment liner-concrete

interface heat transfer. The results of this study can be used to evaluate the

liner-concrete interface heat transfer conductance, Hc, used in containment

transient pressure response analyses as required by the U.S. Nuclear Regulatory

Commission (NRC).L The interracial heat transfer conductance, as used in this

text, is defined by,

Hc=j&

where

Q = energy flow rate,

A = area, and

AT = temperature difference,

and is equivalent to wht is also called interracial heat transfer coefficient,

thermal contact coefficient, and the inverse of the thermal resistance.

A suitable representation of the liner-concrete heat transfer is important

because it affects the energy absorbed by the lined-cxmcrete containment struc-

tures and therefore the pressures and temperatures obtained from containment

pressure-temperature response analyses. These analyses usually utilize a simple

one-dimensional representation for the lined-concrete containment structures.
2

Another objective of this study is to provide guidelines for bounding values of

the liner-concrete interface heat transfer conductance to be used in these one-

dimensional representations.

The location and description of the liner-concrete interface under consid-
3,4

eration is provided by Figs. 1 and 2. Such dry containment are represent-

ative of containment currently used for most pressurized water reactor nuclear

power plants. These figures show that the area under study is complicated by

the geometry and large-scale dimensions involved. The complexity is increased

by manufacturing, construction, structural, aging, thermal, and accident tran-

sient considerations.

III. HEAT TRANSFER ANALYSIS

This section describes the analytical models and methods established for

the analysis. Results are presented in Sec. 111.C.

2



A. Analytical Models

.

The geometry for the containment liner-concrete interface under study is

depicted in Figs. 1 and 2. For the purposes of analysis, the liner, anchor,

and inner concrete region is represented by the two-dimensional conduction
5

model shown in Fig. 3. The geometry represented is that of

a 6.35-mm (1/4-in.) thick liner with 127-x 76.2-x 6.35-mm (5-x 3-x 114-in.)
5

anchors at an interval of 0.382 m (15 in.). A one-dimensional model repre-

sentation is also employed wherein the anchor is not included.

The AYER6 finite element heat conduction computer program was used for

the thermal analyses. The following assumptions, which are representative of

those currently used in Pressurized Water Reactor (PWR) dry-containment maximum

pressure res~nse analyses, were used, unless stated otherwise:

. An initial temperature of 322 K (120eF). This represents a maximum
value. 7 Appendix A (Sec. III) discusses the effect of this
assumption.

. Containment atmosphere boundary condition as shown in Fig. 4.

Thermal properties as given in Table I.
7. Appendix A (Sec. V) dis-

cusses these properties.

. A maximum problem the of 300 s was chosen with results at 30,
100, 200, and 300 s also presented. For most containment
analyses, the effect of the liner-concrete heat transfer has
been asserted’ by 300 S.7

Other aspects of the heat transfer analytical models had to be determined so

that adequate numerical representation was obtained. These are:

. Finite element, two-dimensional mesh as shown in Fig. 3. Note
that the mesh spacing is finer near the liner and the anchor to
better account for the higher temperature gradients in these
regions. See Appendix A (Sec. I) .

. Total concrete depth of only 0.152 m (6 in.). Concrete thicknesses
of 1.143 m (3.75 ft) and 0.152 m (6 in.) were found to produce
essentially identical results. See Appendix A (Sec. II) .

. Problem time increments of 2 s up to 30 s and 10 s thereafter.
See Appendix A (Sec. VI).

B. Method of Analysis

The containment liner-concrete heat transfer can occur by:

1. Conduction through the points of contact between the liner

and the concrete.

2. Conduction across the gaps between the liner and the concrete.

3. Radiation across the gaps.

4. Natural convection in the gaps.



All these forms of heat transfer can be combined and expressed by an overall one-

dtiensional interface

convenient for use in

the discussion below.

face conductance or a

and ‘Acrepresent the

Also, ~, hr, andhnc

heat transfer conductance, H=. Such a representation is

containment pressure response analysis and will be used in

A lower case h will be used to designate a localized inter-

component of Hc. Thus, for the two-dimensional model,
%C

overall liner-concrete and anchor-concrete conductance.

represent the conductance due to thermal conduction, radia-

tion, and natural convection, respectively.

A major factor in the determination of the Hc for the containment liner-

concrete heat transfer is the gap or liner-concrete displacement. This deter-

mines the ~ and therefore the Hc, to a great extent. It appears that the liner-

concrete displacement may vary significantly throughout the containment (e.g.,
5

see Fig. 5). Section IV discusses the liner displacement in more detail. The

representation of such variations for containment pressure response analyses
2

would be awkward with currently used computer programs. Therefore, the concept

of an area-weighted mean liner-concrete displacement 6 will be used in the dis-

cussion that follows. Assuming that the gap is filled with air allows 6 and
%

to be related via

where k is the air thermal conductivity (see Sec. 111.C.3). The effect of a

variation of displacement on ~ is discussed in Sec. 111.C.3.

c. Results

1. One-Dimensional Model

A convenient way to model the containment lined-concrete heat sinks is to
2

use a one-dimensional model. The effect of the liner-concrete interface heat

transfer conductance on the energy absorbed per unit area in such a heat sink is

shown in Fig. 6. Note that a 6.35-mm (l\4-in.) liner is used and there is no

anchor representation. The effect of the anchor will be established in the next

section. Temperature distributions through the liner and concrete for the one-

dimensional model are presented in Figs. 7 through 9.

The following effects are shown by these figures:

. The energy absorbed is not significantly affected by Hc at early
times. As shown in Fig. 7, this is due to (a) most of the energy
being absorbed in the liner and (b) the additional energy absorbed
by the concrete at higher Hc corresponds to less energy storage in
the liner.

4



. H= has a reduced effect on E\A (absorbed energy\area) at low
values and at high values of Hc. This phenomenon can be observed
via Fig. 8. At low values of Hc, the primary energy storage is
in the liner because of the poor thermal communication between
the liner and the concrete. The energy absorbed at high values
of Hc reaches a near maximum value. This is due to the inner
concrete temperature reaching very nearly the maximum value
possible. Since this temperature is the thermal potential for
driving energy into the concrete, the energy flow into the con-
crete is limited.

2. Effects of Radiation, Natural Convection, and Anchors

The effect of radiation is determined in Appendix B and found to result in
2

an equivalent hr, for radiation only, of - 5.7 W/m \K (1 Btu\h:ft 200F).

Natural convection in the gaps that may exist between the liner’and con-

crete has been investigated (see Appendix C). This analysis shows that the

natural convection comes into play only for gaps > ‘8 mm (0.3 in.) and provides

a minimum conductance of ‘5.7 W\m2\K (1 Btu\h\ft2\0F) .

A two-dimensional representation of the containment liner, anchor, and

concrete was made, as described in Sec. 111.A, to study the effect of the anchors.

The results of this study are presented in Fig. 10. This figure shows that:

. The anchor-concrete interface heat transfer conductance, h
has a very small effect on E/A.

AC ‘

. The effect on E/A of the liner-concrete conductance, l+C, is
reduced at early times and at small and large values
Of hLC. These effects are consistent with the similar obser-
vations for the one-dimensional calculations above.

An interesting result from this study is the small effect of the anchor

to concrete interface conduct~ce, hAC. This is due to the following:

. At high hAc, the temperature distribution within the anchor is
controlled by that of the concrete with which the anchor is
thermally communicating (well in this case) . See Fig. 11. As
a result, the energy absorbed by the anchor is limited.

. Low values of hAc allow the anchor to achieve a higher temper-
ature level but the energy addition to the concrete via the
anchor is now reduced. See Fig. 12.

Figures 10 and 6 can be used to estimate the equivalent one-dimensional

liner-concrete interface conductance, Hc, to represent the effect of the anchor

on energy absorbed. Some examples, at 300 s, are given in Table II.

The procedure followed in Table II is:

1. Assume a liner-concrete interface conductance, e.g., ~c =

57 W/m2\0F(10 Btu\h\ft2/”F). The effect of the anchor-concrete

conductance h
AC

, is shown to be negligible in Fig. 10.

5



2. For this, obtain the value of energy absorbed\area, E/A, at 300 s

from Fig. 10, i.e., - 2.89 m\m2 (255 Btu\ft2).

3. Obtain the equivalent one-dimensional liner-concrete conductance,

Hc , that would result in this value of E/A from Fig. 6 at 300 s,

i.e., - 97 W/m2/K (17 Btu\h/ft2/OF.

The effect of the anchor on the E/A at 300 s for the same hLC is shown in the

last column of Table II. For example, assume

hw = 57 W\m2\K (10 Btu\h./ft2/0F).

From Fig. 10, for this
%C’

(E/A)2D = 2.89 MJ/m2 (255 Btu/ft2).

From Fig. 6, for this
?LC’

(E/A) , ~ = 2.68 MJ\m2 (236 Btu\ft2).
J-U

~s a result, for this

(E\A)2D

(E/A)lD = 1.08.

The variation of this

effect of the anchors

same at smaller times

See Table III.

h
LC ‘

ratio with \C as shown in Table II indicates that the

decreases as the lj.C increases. This trend will be the

except that the magnitudes of the ratio will be reduced.

ilnalternate simplified means of representing the anchors is to use two

one-dimensional models; one consisting of the liner and concrete, and the other

having the anchor and concrete. This method was analyzed for a 0.127-m (5-in.)-

long anchor with an interface conductance between the anchor and concrete of

- 57 W/m2\K (10 Btu\h/ft2/OF)-. An (E\A) at 300 s of 8.25 MJ\m2 (727 Btu\ft2)

resulted. The one-dimensional liner concrete model has been analyzed, Fig. 6.

For the same conductance, (E/A)300 s = 2.61 MJ\m2 ‘O Btu/ft2). & area-weighted

(E/A)
300 s

can now be calculated based on the area fractions of 0.0167 for the

anchor-concrete only and 0.9833 for the liner-concrete only models, Fig. 3. A

6

.

.
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value of 2.70 FiJ\m2 (238 Btu/ft2) results. This can be compared

of 2.87 MJ\ft2 (253 Btu/ft2) from Fig. 10 wherein the anchor has

for by the two-dimensional model.

3. Liner-Concrete Conductance vs Gap

to a value

been accounted

The liner-concrete interface conductance can be readily expressed in temns

of an equivalent air gap, or vice versa. This relationship is shown in Fig. 13

for an air thermal conductivity at 373 K (212°F), see Table IV. Also shown on

this figure are:

. An approximate line-thickness representation for various gap
thickness. This is done to provide an appreciation for the gap
size.

. The additio al effect of the gap radiation assumed to be - 5.7 W\m2\K
9(1 Btu\h/ft \°F) as calculated in Appendix B.

Figure 13 allows the ready estimation of the equivalent gap conductance due to

conduction and radiation from any given area-mean liner-concrete gap.

4. Effect of Displacement Variation

The concept of using an area-weighted mean liner-concrete displacement to

represent a variable displacement was investigated. The two-dimensional model

of Fig. 3 without anchors was used. A linear variation of the displacement be-

tween the liner and concrete along a span of 0.38 m (15 in.) was assumed. The

resulting absorbed energy can then be compared with the energy for an assumed

constant displacement equal to the area-weighted average of the variation. Re-

sults are summarized in Table V for two cases. In each case, the local displace-

ment is used to find a local interface conductance from Fig. 13. Thus, a dis-

placement of 0.0254 mm (0.001 in.) corresponds to a value of hLC = 625 W\m2/K

(110 Btu\h/ft2\0F) and a displacement of 1.04 mm (0.041 in.) corresponds to a

value of l+C= 34 W\m2/K (6 Btu/h/ft2/OF), etc. ThehLc will vary inversely

with the displacement. For this case the area-weighted mean-displacement is

0.533 mm (0.021 in.),which corresponds to an hLc = 61 W\m2\K (11 Btu\h/ft2/OF)..

Table V shows that the energy absorbed\area at 300 s is 2.84 MJ/m2

(250 Btu/h/ft2/OF) withthis linear variation of the displacement. Using the

area-weighted mean-displacement for this case results in an E/A at 300 s of

2.67 NJ\m2 (235 Btu/h/ft2/OF), a difference of 6%.

The comparisons of Table V show that the use of a mean-displacement can

produce absorbed energies within - 10% of the result based on the actual dis-

placement. However, large variations of the displacement could be better repre-

sented by several constant displacement models. Note that the results of Table V

7



indicate that the use of an area-weighted mean-displacement results in less

energy absorbed.

5. Combined Effects on Energy Absorbed and on One-Dimensional Liner-
Concrete Conductance

This section will show and discuss the combined effects of the various

heat transfer modes on the (a) energy absorbed after 300 s, Fig. 14, and (b)

one-dimensional liner-concrete conductance, Fig. 15. Figure 14 shows the fol-

lowing influences of the various effects on the energy absorbed after 300 s:

1. Liner-concrete gaps in the range of 0.01 to 1 mm (0.0004 to 0.04 in.)

have a significant influence (* 20%) on the energy absorbed.

2. Gaps smaller than the range specified in (1) have a small effect

because conduction into the concrete is the limiting resistance to

energy absorption.

3. Gaps larger

becauseheat

secondarily

4. The anchors

of the poor

The various heat

than the range specified in (1) have a small effect

transfer across the gap is primarily by radiation and

by natural convection.

have a larger effect (- 10%) at larger gap sizes because

thermal communication between the liner and the concrete.

transfer effects on the one-dimensional interface heat

transfer conductance, Hc, areshown in Fig. 15. This figure shows that:

1. Hc reaches a minimum value of - 57 W/m2/K (10 Btu\h/ft2/OF) at gap

sizes larger than - 2.54 mm (0.1 in.).

2. The effects of radiation and natural convection become insignificant

for gap sizes smaller than - 1 mm (0.04 in.).

3. A value of Hc greater than “2800 W/m2\K (500 Btu/h/ft2/OF) would

result in approximately the maximum energy absorbed at 300 s. See

Fig. 14.

Iv. LINER DISPLACEMENT CONSIDERATIONS

The heat transfer analyses above show the tiprotance of the area-mean dis-

placement or gap between the liner and the concrete on the energy absorbed. The

problem then becomes a matter of determining this value.

To develop an appreciation for the nature of the displacement, the litera-

ture regarding lined concrete containment and reactor vessels was reviewed.
3-5,8,9

This review indicates that the following factors will affect the geometry of the

liner-concrete displacement under transient accident LOCA conditions, i.e.,

s

.

.

.

.



increasing

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

containment internal temperature and pressure:

Initial curvature of the liner plate. 5

Inward radial movement of the concrete shell due to prestressing,
4

concrete shrinkage, and creep with aging.

Variation of anchor spacing. 5

Variation in plate thickness, e.g., +16%, -4%.
5

modulus of elasticity of the

5
elasticity and anchor stiffness.

in the local liner plate anchorage

variation in liner yield stress.9

Variation of Poisson’s ratio and

liner plate. 5

Variation of concrete modulus of

Cracking or crushing of concrete
5

zone.

Tolerances of the liner plate and anchorage system, e.g., anchor
5

spacing is ~ 1/8 in.

Containment internal pressure.

Liner and concrete temperature.

Plate stresses exceeding the yield stress with the possibility of

buckling.
4

Evolution of steam from the concrete causing a pressure build-up

between the concrete and the liner.8

In addition to the above consideration%the geometry of the displacement is

multidimensional, as shown in Fig. 5, and is different, generally speaking, for

the cylindrical and the dome liners.

In view of the above, it is apparent that the prediction of the tran-

sient liner-concrete displacement over the complete containment liner-concrete

interface is far from simple. Statistical structural anaiyses, with all vari-

ations and permutations considered , or experimental investigations are required

to quantify the displacement. The resulting area-weighted mean liner-concrete

displacement could then be applied to the heat transfer analysis results, pre-

sented herein, to establish containment liner-concrete interface conductance.

v. EFFECT ON CONTAINMENT PRESSURE

The basic objective of this report is to determine the effect of various

complexities such as anchors and radiation on the liner-concrete heat transfer.

One of the main applications of such an analysis is the determination of the

energy absorbed by lined-concrete structures in containment pressure response

9



analyses. Th”eenergy absorbed affects the energy remaining in the containment

which, in turn, affects the containment pressure. In fact, the pressure (P) is

approximately proportional to the containment atmosphere energy (Ec).
10 In

equation form,

Pmc

and

dP ‘c—=—
PE” (1)

c

From the first law of thermodynamics, the energy in the containment is given as

EC=E +E -E
initial added lost “

The energy lost term is composed of the energy transferred to the liner-concrete

heat sink (Ex) and other losses. At a given time, the initial energy, added

energy, and other energy losses can be assumed constant, resulting in

dEc=dEK.

Some representative

total energy in the

(2)

values can now be substituted into the above equations. The
10,11

containment at the time of peak pressure is

E_ ~ 0.4to 0.5 TJ (4t05 X 108 Btu) .

The total lined-concrete heat

A
Lc

E 104m2 (105 ft2) .

10,11
sink area is

From Fig. 10, the energy absorbediarea at 300 s can vary between

(E\A)
Lc

: 2.3t04.0 MJ/m2 (200 to 350 Btu/ft2) .

Multiplication of the (E\A)w by the Ax gives,

10

.

.

.



E
LC

~ 0.02 to 0.04 TJ (0.2 to 0.35 X 108 Btu).

Therefore,

E
LC

2 0.04 t00.1Ec .

Substituting Eqs. (2) and (3) into Eq. (1) results in

dp:
dE

F 0.04 to 0.1 # .

LC

(3)

(4)

On the basis of Eq. (4), a 20% change in the lined-concrete energy absorp-

tion could result in a 1-2% change in calculated pressure. For example, a con-

tainment design pressure of 0.3 to 0.4 ma (50 to 60 psi) could be affected by

3-7 kl?a(0.5 to 1 psi) based on the above development. This is an approximate

result and depends on the assumptions made. However, the

be used to approximate the significance of changes in the

above development

(E/A)LC.

might

Vx . CONCLUSIONS

Conclusions derived from the containment liner-concrete interface heat

transfer analyses of this report are now presented. These conclusions should

be utilized with a clear understanding of their technical base. In particular,

the general model assumptions presented in Sec. 111.A should be understood.

The conclusions are:

1. Thermal radiation across the liner-concrete interface is equivalent

to a conductance of - 5.7 W/m2/K (1 Btu/h.ft2.0F). See Appendix B.

2. The effect of the anchors on the energy absorbed has been investigated

for a representative anchor design. For example, after 300 s, with

a liner-concrete conductance of 57 W/rn2/K (10 Btu\h=ft2-OF), the

anchors increase the energy per unit area absorbed by “ 8%. See

Sec. 111.C.2. This conclusion depends on the anchor design used and

could be different for other geometries.

3. Natural convection makes a conductance contribution of - 5.7 W/m2/K

(1 Btu\h..ft2.‘F) if large gaps greater than 7.6 mm (0.3 in.) should

occur . Gaps smaller than this would result in conductance based on

simple conduction across a gap.

11



4. The effect of contact and gap conduction on the liner-concrete inter-

face heat transfer requires knowledge of the spatial distribution of

the liner-concrete displacement or gap.

5. Determination of the gap distribution requires extensive structural

analyses, or experiments to account for the many variations and

permutations inherent in the liner-concrete structural system,

especially under accident conditions.

6. Multidimensional liner-concrete interface heat transfer can be ap-

proximately represented by an equivalent one-dimensional conductance,

H~, for transient pressure response analyses.

7. A reasonable minimum value for Hc is - 57 W\m2\K (10 Btu/h/ft2/OF).

See Sec. 111.C.5, Fig. 15.

8. A variation of Hc from 28 to 85 W\m2/K (5 to 15 Btu\h/ft2/oF) results

in an approximate * 10% variation in the energy absorbed, Fig. 6. The

resulting effect on containment maximum pressure is --* 1%. See

Sec. V.

9. A reasonable maximum value for H= is ‘2800W/m2\K (500 Btu\h/ft2/OF)

on the basis that this would result in a one-dimensional energy ab-

sorbed at 300 s (Fig. 6), within - 5%of the maximum potential energy

absorbed.

.
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APPENDIX A

MODEL DEFINITION

I. MESH SPACING

Numerical representation of a geometry must include an evaluation to deter-

mine that adequately fine increments are used. All calculations of this report

are based on the mesh spacing shown in Fig. 3. The one-dimensional model uses

this increxnentation in the direction normal to the liner with the effect of the

anchor leg excluded. The concrete finite element mesh spacing in the direction

normal to the liner is approximate ly

Ayl = 1.3 mm (0.05 in.)

Ay2 = 2.5 mm (0.1 in.)

Ay3 = 3.8 mm (0.15 in.)

.

.

.

etc.

The adequacy of this y-direction mesh spacing was checked via the two-

dimensional model with the results summarized in Table A-I. This comparison

shows that the total energy absorbed varies by only “ 2% for this major varia-

tion, thereby indicating that the finer mesh spacing is adequate. Another check

was made with the one-dimensional model using the graduated mesh spacing, i.e. ,

AYII AY2 = 2AY11 AY3 = 3AY1, etc., but with various Ayl. The results of this

study are summarized in Table A-II. Again, the mesh spacing used is shown to

be adequate.

Further verification that the y-direction mesh

is adequate is provided in Ref. 12. This reference

that can be used is

spacing used in this analysis

indicates that a criterion

Ay <

where

a=

0.3 /ae ,

thermal diffusivity, m2\s (ft2/h) ,



8 = time from start, s (h), and

Ay = mesh spacing, m (ft).

In particular, for concrete,

a= 7.7 x 10 ‘7 m2/s (0.03 ft2/h)

with

6 = 300 s (0.084 h),and

Ay C 4.6 mm (O.Ol5 ft ~ 0.18 in.).

The finite element mesh spacing in the x-direction (i.e., parallel to the

liner) was also studied. This spacing was varied from a constant value of 0.8 mm

(0.03 in.) to a graduated series, proceeding from the liner of approximately

0.08, 0.15, 0.23, etc. mm (0.003, 0.006, 0.009, etc., in.). See Fig. 3. This

variation resulted in only - 0.1% difference in the total energy absorbed after

300 s. This small effect is due to the relatively small temperature gradients

in this direction, see Figs. 11 and 12.

II. CONCRETE DEPTH

The liner-concrete heat transfer mdels (e.g., Fig. 3) include a represent-

ation of the containment concrete, which can be as much as “ 1.2 m (4 ft) thick

(Fig. 1). This could require a large number of elements in a numerical repre-

sentation of the concrete,which would result in large computer storage and run-

ning times.

Two-dimensional model problems with concrete thicknesses of 1.14 and 0.15 m

(3.75 and 0.5 ft) with corresponding numbers of nodal points of 1337 and 950,

respectively, were calculated. Interface conductance of 570 W/m2/K (100 Btu/

h/ft2/OF) were used at the liner-concrete and anchor-concrete interfaces. The

net energies absorbed, after 150 s for the two cases, were identical within six

significant figures. This result is readily

distributions shown in Figs. 7 through 9 and

As a result, all calculations discussed

thickness of 0.15 m (6 in.).

appreciated from the temperature

Figs. 11 and 12.

in this report utilized a concrete

.

.
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III. INITIAL TEMPERATURE

An initial temperature or temperature distribution for the liner-concrete

models must be assumed. A unifomn value of 322 K (120°F) was chosen because

this is a currently used assumption for maximum containment pressure-temperature
7

response analysis. However, different values might be of interest. Toward

this end, Fig. A-1 shows the effect of the initial temperature on the energy

absorbed. Note the interface conductance used. In particular, a lower value

for the liner-concrete contact coefficient, hLC, would reduce the effect of the

initial temperature while a higher value for h
LC

would increase the effect of

the initial temperature.

Values of energy absorbed in Fig. A-1 are slightly different from those

presented in Fig. 10 for an initial temperature of 120°F because of the different

containment atmosphere boundary conditions used. Figure 10 is based on the

boundary conditions of Fig. 4. See the following section.

Iv. ATMOSPHERE BOUNDARY CONDITIONS

The basic containment boundary conditions used for the various analyses

were specified to be those representative of that used in containment maximum

pressure response analyses. These are shown in Fig. 4. Calculations were also

performed with a more simple kmundary condition of

h = 568 W\m2/K (100 Btu\h/ft2/OF)
atm

T = 400 K (260”F) .
atm

A comparison of these boundary conditions with

comparable results should be obtained from the

those given on Fig. 4 reveals that

use of either set of boundary

conditions.

Figure A-2 shows the energy absorbed per unit area for the two boundary

conditions. A maxtium difference of - 7% is indicated. At later times, the two

cases produce nearly the same E\A because the major time portion of the Fig. 4

boundary condition is essentially the same as the simple boundary condition. At

early times the heat sink thermal inertia reduces the influence of the boundary

condition. Figure A-2 also shows the energy distribution between the model com-

ponents, i.e., liner, concrete, and anchor.

For the two boundary conditions, Fig. A-3 compares the instantaneous

phere to liner heat fluxes, for the two boundary conditions, defined as

atmos-

15



i

where

fi\A= average atmosphere-to-liner

E = average atmosphere-to-liner
i

numerical representation of

heat flux,

energy rate over increment i in the
the liner (see Fig. 3},

Ai = increment i area, and

A = total liner area in the numerical representation,

Figure A-3 indicates that the heat flux variations are quite

two boundary conditions, after 30 s, as would be expected.

v. CONCRETE PROPERTIES

comparable for the

The liner, anchor, and concrete properties (Table I) used in the analysis

represent values commonly used in containment maximum pressure-temperature re-

sponse analyses. -1 The steel properties are quite standard and will not be dis-

cussed further.

Reference 9 gives concrete property information with a minimum thermal

conductivity (k) of --1.4 W\m\K (0.8 Btu/h/ft/°F). This same reference

indicates a maximum value for the diffusivity (a) of 6.2 x 10‘7m2/s (0.024 ft2\

h) for this k. For a density (P) of 2082 kg\m3 (130 lbm\ft3), a value of

specific heat (c) of - 1090 J/kg/K (0.26 Btu\lbm/°F) results. This value of c

is within - 10% of the value used in these analyses.

A simple check of the effect of a variation of a was made by running a one-

dimensional analysis with Hc = 63 w/m2\K (11 Btu/h/ft2/OF), the same k and p

above, and a c = 2390 J/kg\K (0.57 Btu\lbm/°F). This value for c corresponds

to the minimum value of a = 2.8 x 10
-7 2

m /s lbm (0.011 ft2/h) indicated by Ref.

9 for k = 1.4 w\m\K (0.8 Btu\h/ft/°F). The resulting energy absorbed at 300 s

was 26% higher than with the higher a.

VI.

that

TIME INCREMENT

Numerical transient analyses such as

the transient time increment, At, be

those presented in this report require

varied to assure that an adequately

small value for At is used. The results of such a time increment

are summarized in Table A-III. This table shows that the At used

16

selection check

are adequate.



They are

At=2sto30s

and

At = 10 s after 30 s .

The variation of the At with the is based on the boundary condition variation

being more severe up to 30 s (see Fig. 4).

APPENDIX B

EFFECT OF RADIATION ON LINER-CONCRETE HEAT TRANSFER CONDUCTANCE

The radiation between

radiation between infinite

U(T! - T:)
q= , L . .,4 ,

where

q q=

T1, T2 =

El, E2 =

Equating this

1—- 1
‘2

the liner and the

parallel plates.

energy rate per unit area,

Stefan-Boltzmann constant,

surface temperatures, and

surface emissivitiese

energy rate with an expression

concrete is essentially that for

For this case,
13

involving an equivalent radiation

interface conductance, hr, gives,

O(T; + T;)(T1 + T2)(T1 - T2)

q= hr(Tl - T2) = 11.
.

J. L

Thus ,

17



u(T; + T;)(T1 + T2)
h= =

1
.

~+—-l
‘1 ‘2

To provide a minimum h_, suitably low values for the emissivities are approx-
14

imately

Steel = 0.6

and

Concrete = 0.6 .

L

For the problem at

Substituting these

for T. = T.

hand, the range

values gives,

= 322 K (120”F.,

of temperatures is 322 to 400 K (120 to 260°F).

❑ 580”R);
J. L

hr = 3.4 w/m2\K (0.6 Btu/h/ft2/OF) ;

for T1 = T2 = 400 K (2600F : 740”R);

hr = 6.3 W/lt12/K(1.1 Btu\h/ft2/OF) .

The radiation heat transfer was also programmed tito the one-dimensional calcu-

lational model and found to be - 4.5 W/m2\K (0.8 Btu/h/ft2/OF) for most of the

300 s transient, particularly after the initial

One can conclude, then, that the radiation

across the containment liner-concrete interface

of the overall conductance with a value of h ~
r

- 30 s.

contribution to the heat transfer

can be expressed as a component

5.7 w/m2/K (1 Btu/h/ft2/OF).

APPENDIX C

EFFECT OF NATURAL CONVECTION ON THE LINER-CONCRETE HEAT TRANSFER CONDUCTANCE

.

.

.

Natural convection heat transfer across vertical enclosed air spaces can be
15

expressed by,
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hnct
c l/n—=

k
(L/t)

1/9 ‘NGrNpr) ‘

where

h=
nc

k =

L=

c .

N=
Gr

N=
Pr

n=

natural convection heat transfer coefficient,

enclosed air space clearance,

thermal conductivity of fluid,

vertical length,

constant (see discussion below) ,

Grashof number (see below) ,

Prandtl number (see below), and

constant

The value of Npr for

N
Gr =

where

P .

9 =

$ =

AT =

u =

t3p2 gf2h?

112

(see below).

air is approximately

?

fluid density,

acceleration due to gravity,

0.7. The Grashof number is defined as

i.e., 9.81 m\s2 (4.17 x 108 ft\h2),

coefficient of volumetric expansion = l\T for a perfect gas where T
is the absolute temperature,

temperature potential, and

fluid viscosity.

The values of C and n depend on NGr as follows:

. N
3< 2 x 10 natural convection

cg~trolsp i.e., h = k/t

. 2 x 103 < NGr < 2 x 104, c = 0.2

. 2.1 x 105 <N
7< 1.1 x 10 , c=

Gr

is suppressed

and n = 1/4

0.071 and n =

and conduction

1/3 .

For air at atmospheric pressure and 361 K (190”F),

NGrNpr = 8.6 x lo5t3 AT .

For AT = 311 K (1OOOF), the effect of t is

19



t

mm

0.025

0.25

2.5

5.1

7.6

Thus, an

to obtain N
Gr

bution to the

in. ft NG#Npr= 0.7)

0.001 8.3 X 10-5 << 1

0.010 8.3 X 10
-4

0.07

0.1 8.3 X 10
-3

71

0.2 0.017 569

0.3 0.025 1920

enclosed air-space gap of . 7.6 mm (. 0.3 in.) or more is required

> 2 000 so that natural convection will make an additional contri-

liner-concrete heat transfer. Table C-I shows the results of

natural convection calculations with various gap thicknesses. Note that a minimum

liner-concrete interface conductance of 3.4 to 12 W/m2/K (0.6 to 2 Btu/h/ft2/OF)

results with gaps 2.5 mm (0.1 in.) or greater. This is due to the natural con-

vection becoming more effective for the large gap size.
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‘“or -’00
OIL-IO
Floo 310 320

INITIAL TEMPERATURE (K)

Notes: 1.
2.

-cation

Liner-
concrete

Anchor-
concrete

3.

h
ATM

= 568

T
ATM

= 400

Two-dimensional model
Interface conductance,

Value :W,im2\K(Btu/h-\ft2\ ‘F

568 (100)

568 (100)

Containment atmosphere bound-

ary conditions, see Fig. 3,

W/m2/K(100 Btu\h /ft2/OF)

K (2600F).

.

.

.

●

Fig. A-1. Effect of initial temperature on energy absorbed.
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4 ‘ I I I I I
NOTE: LINER-CONCRETE AND ANCHOR-CONCRETE
INTERFACE CONDUCTANCES=568 W\m2\K

/(100 Btuih\ft%F) .

31f30uf’-JDARycoND./“
I BASED ON FIG.4 z/%lMPLE BOUNDARY

/

/

/

/

/

/
\

I –’L
,> *SAME FOR BOTH BOUNDARY CONDITIONS

———— .
0 100 ?On

TIME (S) ‘--
300 “

Fig. A-2. Two-dimensional energy absorbed with different boundary conditions.
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TABLE III

EFFECT OF ANCHORS ON THE ENERGY ABSORBED\AREA VS TIME

FOR hx = 56.8 W/m2\K (10 Btu/h ft2/OF)

WA) 2D

Time, s
(E\A)ID

30 1.00

100 1.04

200 1.06

300 1.08

. - ..-.
TABLE ‘IV -

AIR THERMAL CONDUCTIVITY VS TEMPERATURE

Temperature Air Thermal Conductivity

K ‘F W\m/K Btu\h \ft\°F

273 32 0.0242 0.0140

373 212 0.0319 0.0184

473 392 0.0388 0.0224

TABLE V

EFFECT OF LINER DISPLACEMENT VARIATION ON ENERGY ABSORBED AT 300 S

(E/A)300 s’
MJ\m2(Btu\ft2)

Based on

Displacement, mm (in.) Mean
Linear Displacement Difference

Minimum Maximum Mean Variation (Fig. 6) %

0.0254(0.001) 1.04(0.041) 0.533(0.021) 2.84(250) 2.67(235) 6

0.0254(0.001) 2.06(0.081) 1.04(0.041) 2.64(233) 2.44(215) 8
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TABLE A-I

TWO-DIMENSIONAL MODEL:
EFFECT OF MESH SPACING IN DIRECTION NORMAL TO LINER

Fixed Conditions -

“hU=h
AC

= 570 W/m2/K (100 Btu/h /ft2/OF)

- Boundary conditions from Fig. 4

- Initial temperature = 300 K (80”F)

Avg. Energy Absorbed as a % of Total (%T) and Difference Between
Fine and Coarse Mesh Relative to the Avg. (%D).

Liner Concrete Anchor ‘ Total

Time, s %T %D %T %D— — %T %D— — %D— — —

28 86 0.7 12 - 6.8 2 - 2.4 - 2.5

100 64 0.8 33 - 4.4 3 - 2.4 - 0.9

190 53 0.2 44 - 3.0 3 - 1.3 - 1.2

Notes: %Ti = 100-Ei/~i, i = liner, concrete, etc.

%Di = 1000 (EF- Ec)i/~
i

E
F

= Energy absorbed by fine mesh

E = Energy absorbed by coarse mesh
c
E= 0.5 (EF + Ec)

. Fine mesh: Ay = 1.3, 2.5, 3.8, ... mm (0.05, 0.10, 0.15, ... in.).
See Fig. 3.

. Coarse mesh: Ay = 10, 10, 10, ... mm (().4,0.4, 0.4, ....in.).
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TABLE A-II

ONE-DIMENSIONAL MODEL :
EFFECT OF MESH SPACING IN DIRECTION NORMAL TO LINER .

.
Energy Absorbed/Area

at 300 s, E/A,

Ay~, mm (in.)
% Increase in (E\A)

MJ\m2 (Btu\ft2) Relative to Base Case

1.3 (0.05)

1.8 (0.07)

2.8 (0.11)

5.8 (0.23)

15.0 (0.58)

2.645 (233.1) Base Case

2.658 (233.3) 0.1

2.650 (233.5) 0.2

2.658 (234.2) 0.5

2.684 (236.5) 1.4

*
The mesh spacing is graduated as follows: AY1 = ~Ylr AY2 = 2AYl, AY3 = 3Ayl, etc.

Fixed Conditions:

. Hc = 57 W/m2/K (10 Btu/h /ft2flF)

. Boundary conditions from Fig. 4.

F

r
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Notes:

1.

2.

3.

4.

5.

Time, s

28

100

330

TABLE A-III

EFFECT OF TRANSIENT TINE INCREMENT ON ENERGY ABSORBED

Two-dimensional model

Initial temperature = 300 K (800F)

Boundary conditions from Fig. 4.

‘1/2
results use,

At=lsto30s

At = 5 s after 30 s

El results use,

At=2sto30s

At = 10 s after 30 s

Change in Energy Absorbed,a %

Liner Concrete Anchor Total

+ 1.2 - 1.3 + 0.2 + 0.8

+ 0.8 + 1.0 + 0.8 + 0.9

+ 0.1 -i-0.03 + 0.3 + 0.2

alOO (El - E1,2)/~

E= 0.5(El + E
1/2) “
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TABLE C-I

VERTICAL ENCLOSURE
NATURAL CONVECTION HEAT TRANSFER COEFFICIENTS

At 300 s, One-Dimensional Model, gap height of 1 m (3.3 ft)

Gap, t Grashof
h, W/m2/K

(mm) (in.) Number

~= k*/t, W/m2/K

(Bt~h /ft2/OF) (Btu/h /ft2/OF)

0.51 0.020 1 ** 62 (11)

2.5 0.10 239 ** 12 ( 2.2)

7.6 0.30 7765 4.0 (0.7) 4 ( 0.7)

25.0 1.0 2.9 X 105 3.4 (0.6) 1 ( 0.2)

*
k = o.031 w/n’@ (o.o18 Btu/h /ft/0j7)

Temperatures, K(OF)
Liner Concrete

399(258) 357(183)

398(256) 369(204)

404(267) 326(127)

404(267) 326(127)

**
Conduction predominates, i.e., no natural convection.

1

f
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