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COEFFICIENTS DE TRANSFERT DE CHALEUR DANS LES MATRICES DE PLOMB

DES CONTENEURS D'ÉVACUATION DU COMBUSTIBLE DE RÉACTEURS

par

P.M. Mathew, M. Taylor et P.A. Krueger

RÉSUMÉ

On évalue, dans le cadre du Programme canadien de gestion des
déchets de combustible nucléaire, des matrices métalliques ayant un bas
point de fusion pour déterminer leur capacité de support de l'enveloppe des
conteneurs d'évacuation du combustible irradié et de protection supplémen-
taire contre les radionuclides libérés.

La matrice métallique serait incorporée au conteneur par coulée.
Afin d'étudier les processus de transfert de chaleur pendant la solidifica-
tion, on a employé une technique stationnaire dans laquelle le métal coulé
était le plomb pour déterminer le coefficient de transfert de chaleur global
entre le plomb et certains des matériaux de conteneurs retenus. L'existence
d'un espace d'air entre le plomb coulé et le matériau du conteneur semble
contrôler le coefficient de transfert de chaleur global. Les observations
expérimentales indiquent que la topographie de la surface du matériau de
conteneur influe sur le transfert de chaleur et qu'une surface plus lisse
entraîne un transfert de chaleur plus élevé qu'une surface rugueuse. En
outre, les résultats expérimentaux ont montré un coefficient de transfert de
chaleur croissant en fonction de l'augmentation de la différence de tempéra-
ture à travers le socle de conteneur. Un modèle de flexion de socle mis au
point peut expliquer les résultats observés.
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HEAT TRANSFER COEFFICIENTS FOR LEAD MATRIXING

IN DISPOSAL CONTAINERS FOR USED REACTOR FUEL

by

P.M. Mathew, M. Taylor and P.A. Krueger

ABSTRACT

In the Canadian Nuclear Fuel Waste Management Program, metal
matrices with low melting points are being evaluated for their potential to
provide support for the shell of disposal containers for used fuel, and to
act as an additional barrier to the release of radionuclides.

The metal matrix would be incorporated into the container by cast-
ing. To study the heat transfer processes during solidification, a steady-
state technique was used, involving lead as the cast metal, to determine the
overall heat transfer coefficient between the lead and some of the candidate
container materials. The existence of an air gap between the cast lead and
the container material appeared to control the overall heat transfer coeffi-
cient. The experimental observations indicated that the surface topography
of the container material influences the heat transfer and that a smoother
surface results in greater heat transfer than a rough surface. The experi-
mental results also showed an increasing heat transfer coefficient with
increasing temperature difference across the container base plates; a model
developed for base-plate bending can explain the observed results.
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LIST OF SYMBOLS

a thickness of base plate

h heat transfer coefficient of the air gap

h. heat transfer coefficient of the insulation

h heat transfer coefficient of the base plate

h overall heat transfer coefficient

h convective heat transfer coefficient for the cooling

water/container interface

k thermal conductivity (also proportionality constant)

k. "hermal conductivity of lead

k? thermal conductivity of container material

k thermal conductivity of air at T

k thermal conductivity of the insulation

i container diameter

q heat flux

q heat flux at the air-gap/lead interface

q. heat flux through the container side walls

q heat flux through the lead

q heat flux at the base-plate/air-gap interface

q heat flux through the composite boundary

q heat flux at the base-plate/cooling water interface

u heat flux in the x-directionHx

r̂  outside radius of container

r£ radial distance from the container centre-line to the

thermocouple position in the insulation

R arc radius of bent base plate

T temperature

T. surface temperature of the lead at the lead/air-gap interface

T.. surface temperature of the container material at the container

base-plate/air-gap interface

T- surface temperature of the container material at the

base-plate/cooling water interface

T room temperature (283 K)
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T. temperature of the insulation
ins r

T lead temperature at same height as thermocouple in insulation

T temperature of the cooling water

T H heating element temperature

x distance within lead

X width of air gap at T

X c final air-gap width after base-plate deflection

AX deflection at the centre of base plate

a linear expansion coefficient of container material

cf> deflection angle of base plate

Subscript

o denotes parameter at T



1. INTRODUCTION

In the Canadian Nuclear Fuel Waste Management Program, low

melting-point materials, such as lead, a lead 1 wt.% antimony alloy, zinc,

and an aluminum 7 wt.% silicon alloy, are being evaluated for the immobili-

zation and disposal of used fuel. These materials have the potential to

p-T'Vide internal support for the shell of the disposal container, to with-

stt ' the hydrostatic pressure in a flooded disposal vault [1-3]. More-

over, i.he metal matrix could act as an additional barrier to the release of

radionuclides. To perform the aboire functions, a high-integrity metal

matrix without voids is required.

The metal matrix would be cast into the container to envelop the

used-fuel. Solidification of the liquid metal involves heat transfer

across the matrix metal/container interface. If the heat transfer during

solidification is not controlled, such that contraction during the

liquid-to-solid transformation is not compensated for, then voids can form

in the matrix [4]. Further, the heat transfer conditions determine the

contact time between the liquid metal and the container, and the fuel clad-

ding material, Zircaloy-4. Since interaction can occur between these

components during casting, e.g., dissolution of container and cladding

materials in the liquid metal matrix, a rapid solidification process is

desirable [2].

To study the parameters controlling the heat transfer processes

in metal-raatrixed containers, computer simulation of the solidification

process has been initiated using finite-element methods [4]. To compare

the modelling results with solidification experiments, heat transfer

coefficients at the container boundaries are required.

The objective of this study was to develip a technique for deter-

mining the heat transfer coefficients between candidate matrixing materials

and candidate container materials. In the work reported here, lead was

used as the matrixing material and AISI Type 316L or Type 304 austenitic
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stainless steel (SS 316L and SS 304, respectively), Inconel 625 and ASTM

grade-12 titanium (Gr-12 Ti) were chosen as container test materials.

2. REVIEW OF DEFINITIONS

2.1 THERMAL CONDUCTION IN A HOMOGENEOUS MEDIUM

A temperature gradient VT within a homogeneous medium results in

a heat flux, q, within the medium, which is expressed by Fourier's law of

heat conduction as [5]

(1)

where the constant of proportionality, k, is the thermal conductivity of

the medium and may depend upon temperature and pressure.

If the temperature distribution within the medium is linear, such

as in a homogeneous medium of fixed k during steady-state heat transfer

in one dimension, Equation (1) can be written as

dxdx x~ - x.

where 1^ and T^ are the temperatures at positions x~ and x,, respectively.

Steady-state heat transfer occurs when the temperature at every point

within the body, including the surfaces, is independent of time.

2.2 BOUNDARY CONDITIONS

The heat flux into or out of a medium will be determined by

conditions at the boundaries of the medium. Consider the boundary condi-

tions of an experiment, shown schematically in Figure 1, in which axial
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heat flow occurs through a cylindrical lead casting within a metallic con-

tainer. Assume the side walls of the container are insulated. A tempera-

ture gradient can be established within the lead if a constant heat flux q

is provided to the free lead surface at the open end of the container, and

if the container base plate is cooled by moving water. Under steady-state

conditions, a linear temperature distribution is attained within the lead.

If an air gap exists between the container base-plate material and the

lead, and if heat transfer through the gap i? by conduction only, a linear

temperature distribution is also obtained within the gap. Let T. and T. be

the surface temperatures of the lead/air-gap interface and the base-plate/

air-gap interface, respectively. A linear temperature distribution will

also exist within the base-plate material, with T~ being the surface

temperature at the base-plate/cooling water interface, and T being the

water temperature. In the steady-state heat transfer situation described

above, the following boundary conditions apply:

(I) The heat flux q through the lead is

q - k. ̂  O)
it 1 dx,

where k̂  is the thermal conductivity of lead. The

temperature gradient dT/dx can be determined experimentally

from the temperature-distance relationship within the lead.

(2) The surface temperature T of the lead at the lead/air-gap

interface can be determined by extrapolation of the

temperature distribution within the lead.

(3) At the base-plate/water interface, the heat flux q entering

the cooling water and the temperature difference between the

base-plate surface and the cooling water are related by

Newton's law of cooling,

h (T, - T ) (4)
w 2 w v '



where h is the convective heat transfer coefficient. Tow £.

and T can be determined experimentally.

These boundary conditions determine the heat flow through the

system described above.

2.3 OVERALL HEAT TRANSFER RATE IN A COMPOSITE SYSTEM

The heat transfer rate in a composite system, such as that shown

in Figure 1, is governed by the thermal conductivities of lead, air, and

the base-plate material and the heat transfer processes at the system

interfaces or boundaries. The quantities dx/k, in Equation (3) and 1/h in

Equation (4) may be regarded as thermal resistances for the conduction and

convection processes, respectively.

The overall resistance to heat flow (Figure 1) from the lead to

the cooling water (with a temperature T ) has three components: (1) the

interface resistance 1/h , due to formation of an air gap between the lead

and the base plate (h is the heat transfer coefficient for the gap); (2)

the base-plate resistance 1/h (h = k^/a, and is the heat transfer

coefficient for the base plate; k. and a are the thermal conductivity and

the thickness of the base plate, respectively); (3) the convective

resistance at the cooling water/container interface, 1/h (h is the

convective heat transfer coefficient for the water/container interface).

Since the three resistances are connected in series, the overall resistance

1/hj. can be written as

h h h h
t c p w

or ti =
t = 1 1 1

~ h ~ + h~
c p w

The heat flux through each of the three resistances can be written

separately as
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qc = hc(Ti - Tt) (air gap) (6)

qp = hp(T1 - T2) (base plate) (7)

% = h
w (

T
2 " V (cooling water) (8)

The heat flux, q , through the composite boundary shown in

Figure 1, is given by

The steady-state heat transfer rate through the lead, q , is
Jo

given by Equation (3).

For unidirectional heat flow through the lead, air gap and base

plate to the cooling water, with no heat loss to the side walls, we can

write the following equation:

(10)

From Equations (9), (3) and (10), the overall heat transfer coefficient is

given by

k £-
\

The convective heat transfer cv.afficient for water can be

evaluated similarly from Equations (8), (3) and (10), to yield

hw ' "w ' (T, - T

The temperature difference across the base plate, AT, can be calculated by

combining Equations (7) and (3), to give*
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3. EXPERIMENTAL

3.1 GENERAL DESCRIPTION

The experimental apparatus consisted of an insulated cylindrical

container in which the lead was cast with a heating element located on the

free surface of the lead and a water spray cooling system to extract heat

from the container base plate (see Figure 2). This arrangement allowed

unidirectional steady-state heat transfer conditions to be established. An

insulated plate prevented water seepage through the insulating material to

the side wall and any loss of heat associated with it.

3.1.1 Materials

Commercial purity lead (ASTM B29-79) was used for the casting.

Base plates were made from each of the following container test materials:

grade-12 titanium, Inconel 625, and Type 316L and Type 304 stainless steel,

all of 6.35-mm nominal thickness.

To characterize the lead/container base-plate interface through

which heat flow occurs, as described later in the experimental procedure,

the surface topography of the base-plate materials was determined using a

profilometer along a profile length of the plate (L = 10 mm), at two ran-

domly selected locations. Evaluation of the surface roughness at the two

locations showed agreement to within ±5%. As an example. Figure 3 shows a

section of the total profile length L for Type 304 stainless steel. The

centre-line of the surface profile in Figure 3 was defined so that the

total area above the line was equal to the total area below the line over

the total profile length L. Table 1 lists the surface roughness parameters

(root mean square of the surface heights (o), mean slope of surface heights

(m), and maximum surface height (y,. ))> and the measured plate thicknesses

(a) [6]. The above quantities are defined in the Appendix.
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3.1.2 Container and Heat Source

The experimental rig (see Figure 4) consisted of a carbon steel

pipe with an inside diameter of about 152 mm and a length of about 178 mm,

to which the base plate was attached using eight equally spaced screws. An

alumina-based ceramic cement was applied along the joint between the base

plate and the pipe to prevent escape of molten lead during the casting pro-

cess. Six insulated chrome1-alumel thermocouples were positioned inside

the cylinder at distances of 5, 15, 30, 45, 60 and 75 mm from the base

plate along the central axis. The thermocouples were supported by two thin

Type 3u4 stainless steel brackets positioned well away from the temperature

measuring points. Several Type 304 stainless steel hooks were spot-welded

to the container side walls to prevent displacement of the lead relative to

the container base plate during handling.

The heat source consisted of a 1500-W spiral element attached to

a machined copper plate of high thermal conductivity. The element was

insulated with an alumina ceramic paste and alumina powder. To further

reduce heat loss, a structural insulation material (Marinite I*) was used

to cover the spiral element. The remaining space above the heating element

was filled with Marinite I containing two holes, through which the thermo-

couple and electrical supply wires were passed. The hoiee were then filled

with alumina powder.

3.1.3 Cooling System

The cooling system consisted of two Type 304 stainless steel

cylinders, 150 and 300 mm in diameter, and 75 and 100 mm in height, respec-

tively. The smaller cylinder was supported inside the larger one by four

Type 304 stainless steel legs (see Figure 2). Cooling water entered

through four holes in the lower part of the inside cylinder and was

directed to the container base plate by vanes. Water flowed out to the

larger outside cylinder through a ).18-ram gap between the basH plate and

* Trade name: Manville Corp., Keii-Caryl Ranch, Denver, Colorado
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the top of the inside cylinder. The water flow rate was monitored with a

calibrated flow meter.

3.1.4 Casting Procedure

After assembly, the container was placed on the water cooling

apparatus and more insulation was applied to the side walls (see Figure 2).

Before lead casting, the container was preheated by forced air. Lead was

melted in a resistance-heated furnace. The cooling water flow rate was set

at 18 L/min and the lead was cast in less than 30 s. The preheat and cast-

ing temperatures for experimental containers with different base-plate

materials are given in Table 2.

Towards the end of solidification, a propane gas torch was

applied to the top of the lead surface to reduce shrinkage. After cooling,

the top surface of the lead was machined flat so that the distance to the

base plate was 101.6 mm everywhere.

One container was sectioned longitudinally, machined and etched

to reveal the microstructure. Figure 5 shows the grain size to be large

and primarily oriented in the direction of heat flow, i.e., towards the

container base plate.

3.2 HEAT TRANSFER EXPERIMENTS

3.2.1 Determination of Overall Heat Transfer Coefficient

To determine the overall heat transfer coefficient, h , between

the solidified lead and cooling water, steady-state heat transfer experi-

ments were conducted. In these tests, the heating element was controlled

at 423, 473 or 553 K. The water flow rate was set at 11.0, 18.0, or 25.2

L/min until the temperature gradient in the lead remained constant for at

least 1800 s. The overall heat transfer coefficient was calculated using

Equation (11).
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3.2.2 Determination of Convective Heat Transfer

Coefficient and Heat Loss

To establish the rate-determining step in the overall heat trans-

fer . irough the base plate, the convective heat transfer coefficient for

the base-plate/water interface was determined using Type 304 stainless

steel as the base-plate material and lead as the cast metal. The heat loss

through the insulation of the container side walls was determined in the

same experiment.

The convective heat transfer coefficient, h , can be calculated

using Equation (12) if the heat flux through the lead and the temperature

difference between the external surface of the base plate, T^ > and the bulk

water temperature, T , are known. Since this requires accurate temperature

measurements, two calibrated chromel-alumel thermocouples were used to

measure the base-plate and water temperatures. One of the thermocouples

was spot-welded to the centre of the base plate. The temperature readings

of the calibrated thermocouples were determined to within ± 0.1 K using a

precision potentiometer.

To obtain a conservative estimate of the heat loss through the

insulated side walls of the container, a high heating-element temperature

of 573 K was selected. Thermocouples were placed at distances of 5, 15,

25, 35, 45 and 55 mm vertically above the base plate. An additional

thermocouple was placed inside the insulation, 40 mm from the container

wall and 55 mm from the container base plate. The water flow rate was set

at 11.0 L/min and the system was brought to steady state. The temperatures

inside the lead and insulation were monitored on a Digistrip recorder.
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4. RESULTS

4.1 OVERALL HEAT TRANSFER COEFFICIENT

The variation of temperature with distance from the base plate is

presented in Figures 6 to 9 for different base-plate materials- In all

cases, the temperature showed a linear relationship with distance, with a

correlation coefficient greater than 0.99, indicating that steady-state

heat transfer existed during the measurements. The surface temperature of

the lead at the lead/air-gap interface, T., and the slope dT/dx were

determined by linear regression analysis. The average water temperature,

T , was 275 K for all experiments. Using a value of k, = 34.6 W/(m.K) for
w 1

the thermal conductivity of lead [7], Equation (11) was used to calculate

the overall heat transfer coefficient, h .

In Figure 10, the overall heat transfer coefficients for Type 304

and Type 316L stainless steel, grade-12 titanium, and Inconel 625 are plot-

ted against the lead/air-gap interface temperature, T.. The error bars

were estimated using the method described in the Appendix.

4.2 CONVECTIVE HEAT TRANSFER COEFFICIENT FOR WATER-FLOW AND

HEAT-LOSS ESTIMATES

A plot of lead temperature against distance from the base plate

is shown in Figure 11 for the experiment used to determine the convective

heat transfer coefficient. A linear relationship was obtained, indicating

steady-state heat transfer. The lead/air-gap interface temperature, T.,

was 421 K and the slope dT/dx was 725 K/m. The base-plate/cooling water

interface temperature, T_, and the water temperature, T , were 295.6 K and

295.0 K, respectively. Using Equation (12), the convuctive heat transfer
4 ?

coefficient, h , was calculated to be 4.2 x 10 W/(m~.K) for a water flow
W 4 2

rate of 11.0 L/min. The total heat flux, q , was 2.5 x 10 W/m .
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The thermocouple located in the insulation indicated a temper-

ature, T, , of 344 K. The thermal conductivity of the insulating
HIS ry

material, k. , is 5.48 x 10~ W/(m.K). The lead temperature, T , at the
ins s

same height (55 mm from the container bottom) was 462 K (Figure 11). If

the container wall surface temperature is assumed to be 462 K, a con-

servative estimate, the heat flux, q , through the side walls can be

calculated from [5]

h, (T - T. ) (14)
ins s ins

k.
tnSr~ (15)ins r In

where h. = heat transfer coefficient of the insulation,
ins

r~ = radial distance from the container centre-line to the

thermocouple position, and

r. = outside radius of the container.

_2
From Equations (14) and (15), with r. = 7.62 x 10 m and

-2 ?

Tj - 11-62 x 10 m, q. was calculated to be 132 W/m~. By taking the

container side-wall surface area and the container base-plate surface area

into account, the heat flow rates through the side wall and to the cooling

water were calculated to be 3.8 W and 423.2 W, respectively. Therefore,

the heat lost through the side wall was less than 1% of the heat flow to

the cooling water, confirming that the heat flow was predominantly uni-

directional. This is consistent with the linear relationship observed

between temperature and distance-

5. DISCUSSION

Figure 10 shows that the overall heat transfer coefficient, h ,

increased with increasing surface temperature of the lead at the
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lead/air-gap interface, T., for all materials studied. The rate of

increase was highest ror Inconel 625 and lowest for Type 304 stainless

steel.

A model has been developed (see the Appendix) to explain the

observed dependence of h on T.. This model considers the base-plate

bending caused by a temperature difference, AT, across the plate. The

width of the air gap between the base plate and the cast lead at room

temperature is decreased by this process. This increases the air-gap

conductance and, hence, the overall heat transfer coefficient with

increasing AT, which is proportional to T..

To test the model, the temperature difference AT across the base

plate was calculated using Equation (13) and plotted against h (see Figure

12). Equation (A.12) was used to predict the change in h with AT. The

calculated curves are shown in Figure 12 using data from Table 3. The

model satisfactorily predicts the dependence of h on AT for temperature

differences < 6°C. At higher temperature differences, the calculated heat

transfer coefficients were greater than those obtained experimentally. As

suggested in the model, it is probable that, at high temperature differ-

ences, the restraint provided by the attachment of the container circum-

ference to the base plate restricted free bending of the base plate.

A closer examination of the data in Tables 1 and 3 indicates that

the heat transfer coefficients at room temperature, h , depend on the

parameter m/a, which describes the surface roughness of the base-plate

material [8]. A higher m/a value indicates a smoother surface. Inconel

625 and Type 304 stainless steel had the smoothest and roughest surfaces,

respectively. The test results indicate that a smoother base-plate surface

provides greater heat transfer, since the average air gap between the cast

lead and base plate is smaller. This is to be expected since, during the

casting process, liquid lead does not fully penetrate into the micro-pits

of a rough surface, because of surface tension effects. The effective

average gap width formed during the subsequent cooling will, therefore, be

greater for a rough surface than for a smoother surface.
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To determine the rate-determining coefficient in the overall heat

transfer process, we consider the heat transfer coefficients in Equation

(5) at room temperature T (T = 288 K), denoted by the subscript "o".

h h h
co po wo

The convective heat transfer coefficient, h , is not temperature

dependent, and the heat transfer coefficient for the base plate, h , is
po

only weakly temperature dependent. The value of h was determined to be
4 2

4.2 x 10 W/(m .K) in Section 4.2. Table 3 shows that h ranges from 1469

to 2806 W/(m2.K), and h from 120 to 300 W/(m2.K), depending on the

thermal conductivity and the surface roughness of the base plate. Since

h is much smaller than h and h , the overall heat transfer coefficient

is primarily determined by the heat transfer coefficient of the air gap,

h .
co

To reduce the interaction time between the liquid metal and the

container, and the fuel cladding materials during the matrixing process,

the total solidification time has to be reduced. This will require high

heat transfer through the cast metal/container Interface. A good

metallurgical bond between the solidified material and the container will

provide considerably better heat transfer than one with an air gap.

6. CONCLUSIONS

The following conclusions can be drawn from this work:

(1) Steady-state heat transfer experimental techniques can be

used to determine the overall heat transfer coefficient

between lead cast on a candidate container material and

cooling water.
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(2) The development of an air gap between the cast lead and the

container material appeared to control the overall heat

transfer of the system and, hence, the solidification rate of

the matrix material.

(3) The surface roughness of the container material influences

the overall heat transfer coefficient, i.e., a smoother

surface provides higher heat transfer than a rough surface.

(4) li.e experiments showed an increase in the heat transfer co-

efficient with increasing temperature at the cast lead/air-

gap interface. This is attributed to the bending of the

base-plate material, and a theoretical model has been

developed to explain this behaviour.

(5) To decrease the total solidification time of a metal matrix

in used-fuel waste disposal containers, good chemical bonding

between the container material and the cast metal is

required.
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Type

Type

ASTM

THICKNESS a, ROOT MEAN

SLOPE OF SURFACE HEIGHTS m,

Base-Plate
Material

316L stainless steel

304 stainless steel

grade-12 titanium

Inconel 625

OF

a
(mm)

6.793

6.609

6.629

6.672

TABLE

SQUARE

1

OF SURFACE HEIGHTS

AND THE MAXIMUM

BASE 1

<

5

15

7

2.

3LATES

0

402

810

133

397

0.

0.

0.

0.

SURFACE

m

280

397

360

192

a, MEAN

HEIGHT y___.,

y
.max
(Mm)

8.543

38.049

19.710

/.322

m/a
(1/pm)

0.052

0.025

0.051

0.080

PREHEAT AND

Base-Plate
Material

Type 316L stainless steel

Type 304 stainless steel

ASTM grade-12 titanium

Inconel 625

TABLE 2

CASTING TEMPERATURES

Container
Side Wall

Temperature
(K)

504

445

486
•

458

Casting
Temperature

(K)

648

628

624

659
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TABLE 3

THERMAL CONDUCTIVITY, k..,, HEAT TRANSFER COEFFICIENT, h , AND LINEAR

EXPANSION COEFFICIENT, g, OF BASE-PLATE MATERIALS,

AND OVERALL HEAT TRANSFER COEFFICIENT, h _j_

AT ROOM TEMPERATURE

Material

Type 304 stainless
steel

ASTM grade-12
titanium

Type 316L stainless
steel

Inconel 625

k2

(W/(m.K))

16.3

18.6

16.3

9.8

h
P

(W/(m2.K))

2466

2806

2400

1469

a

(1/K)

1.73xlO~5

9.8xl0"6

1.6xlO~5

1.28xlO"5

hto

(W/(m2.K))

150

260

290

300
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HEAT
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BASE-PLATE RESISTANCE

AIR-GAP RESISTANCES

\

CONVFXTIVE
''RESISTANCE

FIGIXE 1: Schematic Representation of Che Steady-State Temperature
Distribution and the Resistances to Heat Transfer in a Composite
System of Cast Lead/Air-Gap/Water-Cooled Base Plate
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FIGURE 2: Schematic Diagram of the Experimental Apparatus
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FIGURE 4: The Container and Heat Source



- 22 -

BASE PLATE I I M I I I i | J j
DIRECTION OF HEAT FLOW

FIGURE 5: Cross Section of a Lead Casting Unidirectionally
Solidified and Etched
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6: Lead Temperature Versus Distance From Type 304
Stainless Steel Base Plate for Various Heating
Element Temperatures, TH, and Water Flow Rates, V
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FIGURE 7: Lead Temperature Versus Distance From Type 316L Stainless
Steel Base Plate for Various Heating Element Temperatures,

H'
and Water Flow Rates, V
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FIGURE 8: Lead Temperature Versus Distance From Grade-12 Titanium
Base Plate For Various Heating Element Temperatures, T.,,
and Water Flow Rates, V
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FIGURE 9: Lead Temperature Versus Distance From Inconel 625
Base Plate for Various Heating Element Temperatures,
Tu, and Water Flow Rates, Vn
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FIGURE 10: Overall Heat Transfer Coefficient for
Various Base-Plate Materials
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FIGURE 11: Steady-State Temperature Profile Used to Determine the
Convective Heat Transfer Coefficient
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FIGURE 12: Comparison Between Measured and Calculated
Overall Heat Transfer Coefficients
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APPENDIX

A.I. A MODEL FOR BASE-PLATE BENDING AND ITS EFFECT ON HEAT TRANSFER

Assume that the container base plate has thickness a and diameter

{, at room temperature T , and neglect edge restraint due to attachment to

the steel pipe. If the top surface temperature of the plate is raised to

T. (T, > T ), it will expand to diameter s... Similarly, if the bottom sur-

face temperature of the plate is lowered to T, (T, < T ), it will contract

to diameter j,_. Therefore, the base plate will tend to bend upwards (see

Figure A-l). Let R represent the arc radius of the bent base plate. The

distance AX, which is the base-plate deflection corresponding to a tempera-

ture difference AT = T^- T^, for a bending angle *, can be calculated from

geometrical considerations:

*2

h "

" a (V

where a is the linear thermal expansion coefficient of the base-plate

material. From Equations (A.I) to (A.3), we obtain

a(l - «(T " T ))
R = gAT ° 2 (A.4)

AX = R(l - cos $) (A.5)

For small values of the bending angle $,

2
COS A a 1 - 7 (A.6)
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From Equations (A.4) and (A.5), it was estimated that, for the

experimental conditions, the bending angle • was less than 0.1 degrees.

The width of the air gap can, therefore, be taken as uniform over the

base-plate area.

From Equations (A.I), (A.3), (A.4), (A.5) and (A.6), the maximum

deflection at the centre of the base plate, &X, is

i2 a (1 - a(T - T )) AT

.X = J! 8a ° 2 (A.7)

If the thermal conductivity of air at T is k , and if the

radiative heat transfer through the air gap is neglected due to the low

temperatures during the experiment, then the width of the air gap between

the lead and the base plate, X , at T is given by
o o

(A.8)

where h = heat transfer coefficient for the air gap at T .
co o

Since the width of the air gap decreases according to Equation

(A.7), the final air-gap width, X , and the corresponding heat transfer

coefficient, h , after the base-plate bending can be calculated as follows:

Xc = X Q - ^X (A.9)

k
hc = T

' c
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From Equations (A.7) to (A.10), the heat transfer coefficient for

the air gap is given by

(A.11)h =c ka
h

CO

o
a (1

k a

- «<v
8a

V ) AT

Since the conductance of the base plate and the convective heat

transfer coefficient remain unchanged, the overall heat transfer coeffi-

cient, taking into account the effect of base-plate bending, can be written

as

h = = i (A.12)
t;«AT(l -»(T o-T 2))

h_ 8a k
to a

where h is the overall heat transfer coefficient at temperature T •
to o

The value of h was determined by linear extrapolation of h. in Figure 10

to a lead/air-gap interface temperature T (T = 288 K).

A. 2. DEFINITION OF SURFACE ROUGHNESS PARAMETERS

The surface topography of the base-plate material is character-

ized by the following parameters:

(1) Mean slope, m:

m is the average slope of the surface profile, expressed by

Nz yi

" Xi
(A.13)

where y is the profile height from the centre-line at a distance x.
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and N is the number of segments along the total profifle length L.

(2) Root mean square of surface height, o:

o is defined as the square root of the arithmetic mean square of

the vertical distance from the centre-line.

N

(3) Maximum profile height, y

y is the maximum profile height along L.

A.3 ERROR ESTIMATION

(A.14)

To estimate the error in the overall heat transfer coefficient

h , consider Equation (11):

k, B
ht - - ( T ^ T )

i w

where B = dT/dx.

By partial differentiation of Equation (11) and by considering

only the maximum positive error, we obtain

6ht aB «<V T )
IT = I + (T.-T ) < A- l

t l w

where * stands for the partial derivatives.

To estimate the error in h , consider the data points belonging

to the same heating element temperature, T^, in Figures 6 to 9. The

maximum error in B, 5B, for the same T,j value was estimated from the

difference between the maximum and minimum values of the slopes B in the

above figures. T. and B were determined from regression analysis of the
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data points. The error in the temperature determination of T. and T was

± 1 K. With these values, the maximum error for all heating element

temperatures was calculated using Equation (A.15) and the errors are given

in Table A-l.

TABLE A-l

ERROR ESTIMATES FOR OVERALL HEAT TRANSFER COEFFICIENTS

Material

Type 304
stainless steel

Type 316L
stainless steel

ASTM grade-12
titanium

Inconel 625

Heating
Element

Temperature

(K)

423
473
553

423
473
553

423
473
553

423
473
553

Max. Error

(± %)

4.6
2.8
7.0

6.6
4.5
6.6

4.8
3.9
4.0

8.0
9.2
4.1

Absolute Error

(± W/(nT.K))

7
4
12

25
18
29

16
13
17

35
44
27
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FIGURE A-l: Schematic Representation of Base-Plate Bending
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