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Abstract

An experimental study of natural convection heat transfer in a one-twelfth
scaled model of a sealed storage cask of the Integral Monitored Retrievable
Storage (MRS) facility containing twelve canisters is performed. A uniform
power dissipation per unit length is supplied to each canister (heater rod) and
the cask (outer cylinder) is maintained at a constant temperature. Correlations
representing the convective Nusselt number as a function of Rayleigh number
for each rod as well as one for the rod-bundle as a whole are reported. Two
outer cylinders in a vertical position with exactly the same dimensions, one
with internal fins and the other without the fins are used in these experiments.
Comparison of the heat transfer data obtained for these two show that the
conduction regime terminates at a much lower Rayleigh number in case of the
cylinder without internal fins. Moreover, the critical Rayleigh number (onset of
convection) obtained for this case is in a good agreement with the one predicted
by a general correlation for square array of rod-bundles as reported previously.
A significant result of the present study is that. once, the rod-bundles reach
their respective convective flow regime, the heat transfer can be predicted with
a single correlation. Using a length scale recommended in this study, the corre-
lation predicts the convective Nusselt number for all the available rod-bundle

data (present and previously reported results) with an accuracy of 7.2%.
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Chapter 1
INTRODUCTION

1.1 Background

Spent-fuel refers to nuclear fuel that has been used in a reactor to produce
heat to generate electricity. After several years, its ability to produce heat is
diminished to a point where it must be replaced. The fuel is in the form of
small ceramic pellets of uranium, which are sealed in 12 to 13 feet long tubes.
After removal from the reactor. these assemblies are stored in concrete storage
pools lined with stainless steel. The water in the pool shields against radiation
emissions and removes heat produced by radioactive decay of the spent—fuel.
According to Newman [9]. the Department of Energy will begin accepting spent-
fuel from the utilites for final disposal deep underground in 1998. By that time.
the quantity of spent-fuel, currently 13,000 metric tons of uranium (MTU),
would have tripled to almost 41,000 MTU. Requirements for additional on-site
storage will increase to about 11 % of the inventory (4850 MTU). Some plants
have been already experiencing a shortage for storage capacity.

According to the Department of Energy, by 1998, the operating 39 Light
Water Reactor Plants (LWR) would accumulate more spent—fuel than their
pools are licensed to store, even after extensive modification. There is a pos-

sibility in the future that dry storage casks. approximately 8 feet in diameter,

1




16 feet long, which can hold about 10 MTU of unconsolidated spent—fuel would
be constructed for dry storage of spent-fuel, that is, to provide a permanent
disposal method posing no threat to people or the environment. Dry storage
casks could be deployed at nearly all reactor sites. They are generally designed
for adequate cooling of spent-fuel from the reactor core for five years or more.

A conceptual design report [1] of Integral Monitored Retrievable storage
facility has been completed and is under review by the Department of Energy.
The proposed details of the design for the storage of Pressurized Water Reactor
spent—fuel are given in Fig. 1.1. As shown, a unit storage cell consists of a
concrete cask, a carbon steel liner with dividers to facilitate the placement of
twelve canisters inside the liner. Each canister contains fuel rods from three

Westinghouse 17 x 17 PWR spent—fuel assemblies.

1.2 Literature Review

Larson et al. [7] conducted a numerical and experimental study of natural
convection heat transfer in a horizontal enclosure formed by an inner heated
circular or a hexagonal cylinder which is centrally placed in a rectangular
isothermal box. The two selected models represent nuclear spent-fuel ship-
ping casks. In their numerical approach, the assumption of incompressibility
and the Boussinesq approximation were invoked. Two solution algorithms were
formed, one using finite differences and the other for the finite element method.
In order to check the accuracy of the numerical method, an experimental study
involving Laser Interferometry was conducted. The temperature field in the
test cells set up to simulate the two geometric configurations of a fuel element
in the shipping cask was determined. Air was used as a fluid in both the tests.
They were not able to make measurements and perform numerical analyses at

high Grashof numbers (> 10®) with moderate to high Prandtl
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number (> 10). The experimental and computational results are qualitatively
comparable, but there is a problem of parallax when viewing a holometrogram
which is a projection of three-dimensional field (unlike classical intereferometry
which deals with two dimensional fields). They have reported another possible
source of error which is due to the fact that the boundary temperatures in the
test sections were not truly isothermal as assumed in the numerical model.

Wong and Chen [11] have developed the analytical techniques to obtain
closed-form solutions for the two-dimensional fluid flow and heat transfer prob-
lems in a finite rod bundle system. They have shown that this system can
be effectively handled by augmenting the effects of all the cylindrical rods.
The method is applicable for both symmetrical rod arrangements and for rods
with arbitrary dimensions and orientations. They have illustrated the solu-
tion method by formulating the solutions for both Poisson and the Helmholtz
equations in a finite rod bundle system and presented the numerical equation
in a circular flow channel containing a center rod and a ring with six periph-
eral rods and with Dirichlet boundary conditions specified on the wall surfaces.
The Helmholtz equation describes the vapor temperature distribution in non-
equilibrium dispersed droplet laminar flow in rod bundles under emerging core
cooling reactor operating conditions. The conclusion of their analysis is that
the asymmetrical geometries tends to reduce the overall heat transfer of a fi-
nite rod bundle system, and the hot spots occur at the narrow gaps between
adjacent rods.

McCann [8] has developed a finite difference code, Hydra-I, that simulates
the three-dimensional performance of a spent-fuel assembly contained within
a canister. The convection heat transfer contribution is determined by calcu-
lating the velocity and pressure fields consistent with the conservation laws of
mass and momentum. The nearest and next-nearest neighbor rods are consid-

ered for radiation exchange within the spent-fuel assembly. Also, the radiation




exchange between the fuel assembly and support structure and canister are
included. The code is quite versatile, since it can handle coupled modes of con-
duction, convection and radiation heat transfer and permits spatially varying
boundary conditions, thermophysical properties and power generation rates. A
major assumption in his study was to treat the rod-bundle as a porous media
with directional permeabilities. Nearly two dozen cases have been examined
using this code. From the results presented, the maximum and various local
temperatures and heat fluxes illustrating the changing importance of the three
modes of heat transfer and the thermal time dependence of a fuel assembly to
a transient imposed on the canister has been shown. Since, the calculations
performed were not verified against experimental data, the numerical code that
has been developed cannot be completely relied upon. In particular, he has em-
phasized that the convection heat transfer modelling can be more adequately
assessed when complete air data is available and also the thermal radiation heat
transfer modelling can be verified by examining a well-defined vacuum system.

Cox [2] has experimentally and theoretically investigated the radiative heat
transfer in enclosed rod-bundles for two different geometries, a square array
on a square pitch and a hexagonal array on a equilateral triangular pitch. He
has shown two different methods to be adapted for treating radiative exchanges
with diffuse grey enclosures, one for the steady-state and the other for the
transient problem. For the steady-state problem, the net radiation method
[10] was found to be the most convenient, while for the transient one, either
Gebhart’s [3] or Hottel's [4] equations were the most suitable.

Keyhani et al. [5. 6] have experimentally investigated free convection in
two vertical rod-bundles; a 3 x 3 array with p/d = 3.08, L/d = 138 and
L/D = 1062, and a 5 x 5 array with p/d = 2.25, L/d = 92.42 and
L/D = 5.79, covering a wide range of Rayleigh numbers with helium, air

and water as the convective media. They have shown that, when the air and



water results are compared, for a fixed Rayleigh number, an increase in Prandt!
number results in a reduction in Nusselt number, which is contrary to what has
been previously observed for the vertical cavities, attributing this difference to
the curvature effects. They have proposed an equivalent annulus model for
the enclosed rod-bundles, and based on this, reported a general correlation for

predicting the critical Rayliegh number for the onset of convective flow.

1.3 Motivation

The heat transfer processes that are taking place inside the liner enclosure
are conduction, convection and thermal radiation heat transfer. All the three
modes are strongly three-dimensional. It is indeed. extremely complicated for
the complete analysis of the problem.

The thermal analysis of this problem contained in the Conceptual Design
Report [1] (Volume IV Book XIV — Calculations) is very simplistic and indeed
unrealistic. The thermal radiation and convection heat transfer from each can-
ister are simplified by assuming that they are equivalent to the heat transfer
across an imaginary annulus formed by the canister and an imaginary cylinder,
concentric with the canister, placed half-way between the adjacent canisters.
Then, the convection heat transfer coefficient across the imaginary annulus was
calculated by using the available empirical correlations. The radiation heat
transfer across the imaginary annulus was calculated with the assumption that
the view factor is unity. Based on these unrealistic calculations, the effective
thermal conductivity of air inside the cask was calculated. Finally, the tem-
perature field was solved by using a two-dimensional conduction heat transfer
numerical code. Here, it has to be emphasized that even though the three modes
of heat transfer present are strongly three-dimensional and interdependent, a

two—dimensional conduction heat transfer analysis was performed.



This discussion clearly indicates that the existing analysis cannot be relied
upon for the accurate prediction of the spent-fuel temperature. It is necessary
to obtain an accuratc predictive scheme for removal of the generated energy by
the spent—fuel to the outside surface of the concrete cask. One of the conclusions
in the above report is that the heat transfer through the cask wall could be
enhanced through the use of radial rebar or other means. Thus, positioning of
the fins or ribs within the cask cavity were recommended in order to enhance
the heat transfer from the canisters to the cask liner. In order to quantify the
effect of fins on heat transfer, in addition to the cask with the fins present,

another cask with exactly the same dimensions, but without the fins was also

considered for the thermal analysis of this problem.

1.4 Objectives

The objectives sought to complete this project were :

e To develop the engineering correlations for convective Nusselt number as

a function of Rayleigh number.

1. Nuy versus Ray for each rod in the bundle.

2. Nup versus Rap for the overall rod-bundle.

e To determine the effect of presence of fins on heat transfer from the can-

isters to the cask.

e To find and compare the radiation contribution of both the casks and

with different convective media (helium and air).

o To determine the extent of conduction flow regime so as to obtain the

critical Rayleigh number (Rap_, ) for the onset of convection and to com-



pare with the one predicted by a general correlation for a square array of

rod-bundles as reported by Keyhani et al. [5, 6].

1.5 Method of Attack

As shown in Figs. 1.2a and 1.2b, a one-twelfth scaled model of the actual
liner—canister arrangement has been designed and fabricated in order to conduct
heat transfer experiments in a controlled environment with the specific objective
of obtaining the maximun temperature of each canister and empirical relations
that can be used to predict convective Nusselt number for each canister inside
the enclosure as well as for the overall case. Then, the maximum temperatures
on the surface of the canisters for the actual model (atmospheric pressure)
at various heat generations and radiation heat transfer contributions can be
predicted.

The convective heat transfer coefficient or non~dimensional Nusselt number
for a given surface in an enclosure is governed by the relevant non-dimensional
geometric parameters as well as a non-dimensional flow parameter (Rayleigh
number). Hence, the results obtained from this model with the geometric pa-
rameters being the same as those of the actual liner can be extended to the
actual case by either extrapolating the data, if the required Rayleigh number
range is not covered or without extrapolating, if the range is covered. The range
of Rayleigh number in the experiments can be extended by either varying the
temperature field and/or pressurizing the enclosure. The radiative component
of the total heat transfer can be obtained through a series of experiments con-
ducted in a vacuum environment. The thermal radiation heat transfer effects
will also be the same as long as the absolute values of the temperature field in

the model are comparable to the values in the actual liner enclosure. This can
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be achieved by imposing the heat flux on the surface of the canisters as are

actually generated by the spent—fuel.
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Chapter 2

EXPERIMENTAL
APPARATUS AND
PROCEDURE

2.1 Apparatus

The experimental set-up is a one-twelfth scaled model of an actual MRS
cask configuration, excluding the outer concrete component. It consists of an
outer cylinder in the vertical position, end-plates, rod-bundle and power supply
with associated circuitry as can be seen in the Figs. 1.2b and 2.1. The detailed
discussion of all the components is presented below.

The brass outer cylinder is a 13.97 cm in inner diameter with a wall thickness
of 0.32 cm and a length of 48.57 cm. Two brass flanges of 20.0 cm in diameter
and 0.95 cm in thickness are silver soldered to each end of the cylinder with
sixteen equally spaced, threaded holes (azimuthal, angular direction) in order
to facilitate the attachment of the end-plates as seen in Fig. 2.2. To provide
a tight sealing between the end-plates and flanges, o-rings made of Ethylene
Propylene Rubber of 14.92 cm inner diameter and 0.48 cm in width are placed
in grooves cut in the flanges. Two separate segments of soft copper tubing, each

covering one-half of the cylinder height are soft soldered to the outer cylinder.
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Two constant temperature circulators (MGW LAUDA MT 6) supply water to
the cooling coils in order to maintain a constant surface condition. Finally, two
sets of brass fins are soft soldered to the inside surface of the cylinder as shown
in Fig. 2.3 The first set are 34.92 cm in width, 0.32 cm in thickness and 6.84
cm in length are aligned along the imaginary center line (6-direction) and the
second set with a smaller length of 2.59 cm are each placed at forty-five degrees
from the imaginary center line in the 6—direction.

The two end-plates provide an air tight sealing to the apparatus. The top
end-plate is a 0.95 cm thick piece of brass with a diameter of 20.0 cm. Four
1.91 cm holes are tapped and threaded in this plate to accomodate the conax
connectors. Three of these connectors are used to send through the leads of
twenty—four thermocouples and one for the power leads as shown in Fig. 2.4.
On the outer surface of the plate, exactly at the center, a thermocouple at a
depth of 0.32 cm is glued to help in the determination of the convective heat
loss. The bottom end-plate is similar to the top end—plate with the exception
that there are no holes leading into the enclosure.

The spent—fuel canisters are represented by twelve 2.54 cm in diameter and
34.29 cm long Watlow Fire Rod Cartridge heaters as can be seen in Figs. 2.5a
and 2.5b respectively. The heaters are spaced in four symmetrical arrangements
inside the cylinder (please see Fig. 1.2a). The spacing of heaters according to
the specifications of the original model are held in place with the aid of two
guides, made of phenolite of 1.27 c¢m in thickness and 13.94 cm in diameter. A
steel disk of 0.32 cm in thickness is fastened to the bottom of the lower guide
in order to provide a support for the rod-bundle assembly. Twelve holes of
2.54 cm in diameter are drilled on each guide to assemble the heaters. The
whole assembly can easily slide past the fins and after it is completely inside
the cylinder, a gap of 11.43 cm is available above the top—guide to facilitate the

connection to the heaters and thermocouple leads.
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Figure 2.4: Top end-plate with conax connectors, quick connect and vacuum
gage
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Figure 2.5 (Continued)




A Sargent-Welch mechanical pump (model-1400) having a capacity of 0.9
cubic feet per minute coupled with a water cooled diffusion pump as shown in
the Fig. 2.6 is used to pull the vacuum in the cylinder. It is possible to obtain

an absolute pressure as low as 0.025mm of Hg (3.28 x 10~%atm.).

2.2 Instrumentation

The arrangement of thermocouples (copper—constantan, 30 gage) for the
measurement of surface temperature consists of twenty—four on the heaters, ten
on the outer cylinder and one on the top end-plate.

The twenty—four thermocouples are glued to the surface of the heaters, utiliz-
ing the quarter symmetry of the rod-bundle. The arrangement is five-equally
spaced 5.72 cm apart on the hot side (facing the center) and three—equally
spaced 8.57 cm apart on the cold side (180 degrees in the #~direction from the
hot side). Since, the heaters are symmetrically arranged, only fifteen thermo-
couples are required to face the hot side and nine on the cold side. To ensure
that the heat transfer due to radiation is not affected by the wires, the ther-
mocouples are distributed to all the heaters in the assembly. The other end of
the thermocouple wires are connected to a set of strip-boards on a phenolite
support attached to the top guide as shown in Fig. 2.7. Four conax connectors
are used to feed through the wire leads needed for the thermocouples and the
heater rods. The thermocouples on the outside surface of the cylinder are ar-
ranged with three-spaced (Fig. 2.8a), 11.83 cm apart, along the 6.65 cm width
fin and seven-spaced (Fig. 2.8b), 5.91 cm apart, along the 2.59 cm width fin.
All the thermocouples are secured with epoxy cement.

The external leads from the twenty—four thermocouple wires (eight pairs per
conax connector) are attached to an aluminium plate, which is bolted to the top

end-plate for support. The extension thermocouple wires from the strip—boards
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Figure 2.6: Vacuum pump and vacuum gage control



Top guide and phenolite support with strip-boards

Figure 2.7



=4 5L/6

3L/4 =
wg21/3
L=.3302
L/2 = m w /2
=t L/3
L/4 =
st L./6
cold hot

Figure 2.8: Location of thermocouples (a) Rods (b) Outer cylinder

23



N
a b

==7L/8

3L/4 ma ==3L/4

=m5L/8

L =.4857

m L/2 == -1 /2
==3L/8

L/4 == - L/4

== /8

a = Thermocouples aligned along the fins

b = Thermocouples aligned between the fins

Figure 2.8 (Continued)

24



carry the signals to the Hewlett-Packard’s 34974 data acquisition/control unit.

The power leads are connected to a regulated power control panel which
has nine variacs. The panel has a switching arrangement that permits the
measurement of current and voltage supplied by each variac. The voltages
are measured with a Hewlett—Packard’s 3456A Digital Voltmeter. The ice-
point reference voltage for the thermocouples are provided by an electronic ice
point reference cell (Kaye Instruments, model K-140/4). This instrument has

a maximum deviation of £ 0.05°C from 0°C.

2.3 Procedure

The important factors affecting the experiments are the power input to each
circuit, pressure of the test gas inside the cylinder, temperature of the outer

cylinder and the corresponding steady state conditions.

2.3.1 Air Experiments

In case of air as the test gas, pressures ranging from 1 to 7.0 atmospheres
with different power inputs to each rod (1 to 22 watts) are covered.

Once, the system has been pressurized to the desired value and the rods
are supplied with the required power, it would take about six hours to reach a
steady state. It is assumed that the system has reached a steady state when the
difference in temperature readings between successive recordings were within
0.1% of the previous ones. The outer cylinder is maintained at a constant
temperature approximately equal to the ambient temperature by periodically
adjusting the constant temperature baths.

At higher Rayleigh number, more cooling is required at the top section of the
cylinder in order to maintain a constant temperature. The observed difference
between the top and bottom section of the cylinder is about 1°C to 1.6°C. This

problem could be eliminated by the use of two circulators, one supplying the
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cooling water from the top to the mid-height and the other from the mid-height
to the bottom of the cylinder.

2.3.2 Helium Experiments

In case of helium as the test gas, pressures ranging from 1 to 8 atmospheres,
with different power inputs to each rod (1 to 30 watts) are covered.

In order to ensure that the system is completely filled with helium, the
following procedure is adapted. Both the vacuum pump and the helium bottle
are connected to the system through two different lines, each having a control
valve. With the valve in the helium line closed, the system is evacuated to an
absolute pressure of 0.025mm Hg (3.28 x 10~° atm.). Helium is introduced into
the system by releasing the control valve open and then the vacuum pump is
shut off.

In this case, also, the experimental procedure is basically the same as that
followed with air. Since, the thermal conductivity of helium is approximately
5.6 times that of air, the highest Rayleigh number that could be reached was
closer to the Rayleigh number that was reached for air as the test gas at lower
pressures. Hence, it is possible to maintain the outer cylinder at a constant
temperature from the top to the bottom section with the use of a single constant
temperature bath. The time for achieving the steady state condition for helium

was about 9 hours.

2.3.3 Vacuum Experiments

These are performed in order to reproduce the same temperature fields
(within 1% on an average basis) as those observed with air and helium present
as the test gas. This could be done by trial and error. The typical time for
reaching the steady state condition was about 24 hours. For example, after

the system had reached a steady state, without varying the power input to the
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heaters, by merely changing the outer cylinder temperature (using the constant
temperature bath) by about 1.5%, it would take about 4 hours for the system
to reach a steady-state.

As stated earlier the evacuation of the system is achieved by using a me-
chanical pump and a diffusion pump. Here, it would be appropriate to give a
brief surmise of the operating procedure of these pumps.

The mechanical pump consists of a stationary housing, an eccentrically
mounted rotor with two spring loaded vanes, an inlet and a discharge port.
Air enters the pump from the vacuum chamber through the inlet port. This air
is trapped, compressed and ejected into the atmosphere through the discharge
port by means of the rotor arrangement.

The electric heater at the bottom of the diffusion pump heats the pump oil
until it boils and gives off oil vapor (molecules of oil in the gaseous state). These
molecules of oil then rise up the jet stack and are forced through the nozzles
forming a high velocity vapor stream. This stream is directed downward and
outward toward the wall of the pump. Molecules of gas which diffuse from the
vacuum region toward the jet stream are struck by oil vapor molecules.

After performing its function, the oil vapor condenses on the wall of the
pump which is cooled to a temperature below the condensation point of the oil.
The condensed oil then runs back down into the boiler while the gas molecules
are directed to successively lower stages. The gas thus directed toward the
bottom of the pump is further pumped by oil vapor jets directed from the lower
nozzles and then pumped through the foreline by the mechanical pump. After
the oil drops to the bottom of the pump, it is reboiled and the cycle repeats.
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2.4 Measurement Uncertainty

A Hewlett-Packard 3497A Data Acquisition/Control system connected to a
HP 9000 series 200 computer is used for the collection of data. The thermocou-
ple outputs are measured to 0.1V, which results in a sensitivity of 0.0025 C.
The accuracy of temperature measurements are within £0.2 C, which consists
of errors introduced by reference junction compensation (£0.01 C), temper-
ature difference along the terminals, thermal offset, voltage to temperature
conversion error and Digital Voltmeter accuracy. The voltage input to each
circuit is measured with a sensitivity of 1mV and an accuracy of 0.1%. The
voltages and currents recorded from all the runs indicate that the heater resis-
tances are highly stable, resulting in a maximum uncertainty of +0.08% in the
resistance of each circuit. The power input is evaluated by using the measured
voltage drop across each circuit and its respective resistance. This procedure
gives an uncertainty of £1.3% in the calculated power inputs. An uncertainty
of £0.254mm in the length scale is used for the data reduction. The thermo-
physical properties for air and helium are obtained from the National Bureau of
Standards and Thermophysical Properties Research Center tables, hence, the
uncertainty in these are negligible.

The uncertainty in the Nusselt and Rayleigh numbers vary with the power
input. Smaller power inputs result in a higher uncertainty due to a lower
temperature difference between the rods and the outer cylinder. As the power
input increases, the uncertainty in the experimental data decreases. The heat
loss from the top and bottom end-plates are negligible as both the plates are
insulated from the rods. The estimated uncertainities in Nupy; and Ray are
1.72 to 3.09% and 3.04 to 3.98%, respectively. The uncertainty in the convective
Nusselt number, Nuy, is somewhat higher than that of Nury, due to uncertainty

in the radiation correction. The added uncertainty, however, should be a smaller
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fraction of the radiation heat transfer contribution.
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Chapter 3
RESULTS AND DISCUSSION

Convective heat transfer results are presented for a rod-bundle with two
enclosing outer cylinders in a vertical position, one with the internal fins present
and the other without the fins. The rod-bundle enclosure has pitch to diameter
ratios of p;/d = 1.25 and p,/d = 1.50, (please see Fig. 1.2a), and a height
to diameter ratio of L/d = 13.0; with an outer cylinder of D/d = 5.50, with
d = 2.54 cm. The position and numbering of rods, and the position of the fins
inside the enclosure are shown in the Fig. 1.2a. Sectional front-view showing
the height of the rod-bundle, thermocouples, conax connectors, valves, etc are
shown in Fig. 1.2b. A uniform power dissipation per unit length is supplied to
each rod and the outer cylinder is maintained at a constant temperature. The
results consists of indvidual rod temperature distributions, and correlations of
the Nusselt number as a function of Rayleigh number for both of the outer
cylinders.

A total number of 73 runs are conducted for air experiments. These data
points cover a pressure range of 1 to 7.0 atmospheres with the variation in the
power input per rod of 1 to 22 watts. With helium, a total number of 36 runs are
conducted covering a pressure range of 1 to 8 atmospheres, with the variations

in the power input per rod of 1 to 30 watts. Also, a total of 50 runs under
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vacuum are conducted for reproducing the average temperature fields observed
with the gas present.

The characteristic temperature difference of the rod-bundle, Ty r1 — Tuce,
is plotted as a function of power input to the rods as shown in Figs. 3.1a and
3.1b, respectively. For a given test gas and power input, as the pressure is
increased, there is an increase in Rayleigh number and consequently a lower
temperature difference is observed. This observation is made for the convection
flow regime. It should be noted that these temperature differences are a result
of combined processes of conduction, convection and radiation heat transfer.
A good example of the interdependent effects of these processes are given by
comparing the following two data points. For, air at a pressure of 1 atm.,
a temperature difference of 18.93°C is obtained with a power input of 2.98
W /rod. Whereas, under vacuum (a pressure of 3.28 x 10~° atm.) with the
same power input, a temperature difference of 73.69°C is observed. These data
points correspond, respectively, to a conduction dominated heat transfer process
and to one in which radiation is the primary mode of energy transfer.

At lower Rayleigh numbers, corresponding to the conduction and transition
flow regimes (transition from conduction to convection) with helium as the
convective medium, the temperature distributions from the bottom to the top
of the rods 1 and 2 are nearly uniform. As the Rayleigh number increases,
corresponding to the convection flow regime with air as the convective medium,
the temperature profiles show a steady increase from the leading edge to the
top of a given heater rod. This can be seen from Figs. 3.2a and 3.2b, where
the temperature difference as a function of local height is presented for rods 1
and 2, respectively. At the same axial location, the rods in position 1 (which
are closer to the center) have higher temperatures compared to those in the
position 2. This effect is more pronounced in the conduction regime. As the

Rayleigh number increases, boundary layers are formed from the bottom to the
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top of the rods. Each rod will have a distinct temperature profile depending

on its position in the rod-bundle. However, their average temperature at very
high Rayleigh numbers are nearly the same.

The following procedure is adapted in order to obtain the convective Nusselt
number. For air and helium as the test gas and a given power input per rod,
the mean temperatures of rods 1 and 2 are measured. Then, the cylinder is
completely evacuated. The power inputs to the rods 1 and 2 are simultaneously
adjusted until the mean temperatures are the same as those obtained when the
convection heat transfer was present. The outer cylinder is also maintained at
the same temperature as that when the gas was present. These power inputs
are considered to be the radiation contribution to the heat transfer process. Fig.
3.3 shows the temperature distributions on rods 1 and 2 obtained from a typical
experiment under vacuum, (a pressure of 3.28 X 10~° atm.). The temperature
profiles observed with convection heat transfer present are superimposed in this
figure. The average temperatures of rods 1 and 2, under vacuum are reproduced

to within 1% of the values observed with the test gas present.

3.1 Cask with Fins

The total and convective Nusselt numbers Nury and Nuy as a function of
Rayleigh number, Ray, for rods 1 and 2 are graphically presented in Figs. 3.4
and 3.5, respectively. The engineering correlations Nuy versus Ray for each rod
in the bundle for pure conduction, conduction flow and convection flow regimes

are :

Rod 1

Nug = 3.259, Rag < 4.64 x 103 (3.1)
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Nug = 2.360Ra;,*%™, 4.64 x 10® < Rag < 5.04 x 10*
Nug = 0.157Ra,,>*%, 5.04 x 10* < Ray < 2.36 x 10°
Rod 2

Nug, = 4.254, Ray, < 3.75 x 103

Nug, = 3.597Ra;, %% 3.75 x 10°® < Ray, < 4.20 x 10*

Nugz = 0.339Ra;,>**%, 4.20 x 10* < Ray; < 1.85 x 10°.

(3.2)
(3.3)

(3.4)
(3.5)
(3.6)

The overall convective and total Nusselt numbers Nup and Nurp as a function

of Rayleigh number Rap is graphically presented in Fig. 3.6. The correlations

for Nup as a function of Rap are :

Nup = 39.973, Rap < 7.71 x 10°
Nup = 23.25Rap®%® 7.71 x 10° < Rap < 8.39 x 10°
Nup = 0.489Rap®?"™, 8.39 x 10° < Rap < 4.94 x 108,

and Nup. as a function of Rap. are :

Nup. = 39.973, Rap. < 2.45 x 107
Nup. = 20.57Rap®%®® 2.45 x 10" < Rap. < 1.96 x 10°

Nup. = 0.204Rap’?"™, 1.96 x 10® < Rap. < 1.15 x 10%°.

(3.7)
(3.8)
(3.9)

(3.10)

(3.11)
(3.12)

The correlation of the ratio of maximum temperature to mean temperature

of the heater rod as a function of Rayleigh number in the convection flow regime

1s given as,
Tmax — Tuc
Tmr — Tumc

= 0.656Rap %%,

(3.13)

The average deviation of these correlations from experimental data is less than

3.0%.
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3.2 Cask without Fins

The total and convective Nusselt numbers are presented in Figs. 3.7 and 3.8
respectively. As the radiation heat transfer contributions are different for the
two gases, there is a discontinuity in the slopes and the absolute values as ob-
served in Fig. 3.7 (also Fig. 3.4) of the Nur, versus Ray graphs. The radiation
heat transfer contribution with air as the test gas is a higher percentage of the
total heat transfer when compared to that of helium. Under a given condition
of uniform power input per rod, the individual rods in the bundle exchange
energy with the working fluid via different but co—existing flow regimes. At a
power input of 10 W, with helium, rod 1 has a Ray of 8.42 x 103, which can
be classified as a transition flow regime and the rod 2 has a Ray of 5.90 x 103,
which can be classified as a conduction regime (Fig. 3.8). The departure from
conduction flow regime is classified as the case where the Nuy of a given rod
exceeds its pure conduction value by 10% or more. As can be seen from this fig-
ure (also Fig. 3.5), the conduction flow regime ends at a lower Rayleigh number
for rod 1 than rod 2. Also, rod 2 has a higher convective Nusselt number than
rod 1, which is a direct consequence of its proximity to the outer cylinder. This
difference is more pronounced in the conduction and transition flow regimes,
but, as the Rayleigh number increases (convection flow regime), the Nusselt
numbers for the rods are nearly the same.

The engineering correlations for each rod in the bundle are :

Rod 1

Nug = 0.860, Rag < 2.80 x 10° (3.14)
Nug = 0.206Ra,,°"®", 2.80 x 10° < Rag < 2.56 x 10* (3.15)
Nug = 0.068Ra "%, 2.56 x 10* < Ragy < 2.70 x 10° (3.16)
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Nug, = 1.780, Ray; < 1.84 x 10° (3.17)
Nug, = 1.275Ra;,"%*°, 1.84 x 10® < Rag, < 1.95 x 10* (3.18)
Nug, = 0.286Ra,,” %%, 1.95 x 10* < Rag; < 2.58 x 10°. (3.19)

The overall convective and total Nusselt numbers are presented in Fig. 3.9.

The correlations for overall and total Nusselt numbers are :

Nup = 11.794, Rap < 2.35 x 10° (3.20)
Nup = 1.7320Rap°'®®, 2.35 x 10° < Rap < 4.26 x 10° (3.21)
Nup = 0.3097Rap®?*", 4.26 x 10° < Rap < 4.50 x 10%. (3.22)

The maximum temperature correlation is given as,

Tvax — Tumc

= 0.5436Ra%%3%, 3.23
Tur — Tmc “D (3.23)

The average deviation of these correlations from experimental data is less

than 3.0%.

3.3 Comparison

The radiation heat transfer contributions of the rods 1 and 2 vary with the
test gas, Rayleigh number and the outer cylinder (please see Tables 3.1 and
3.2). For example, for rod 1 with helium as the working fluid, the radiation
contributions at an approximate Ray of 7.0 x 10, are 11.0% (cylinder with
fins) and 25.3% (cylinder without fins). When the Ray increases to about
2.5 x 10%, the corresponding values gets reduced to 9.5% and 13.5%. The

radiation contribution for rod 2 also follows the same pattern as above.
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Table 3.1: Radiation contributions as percentages of power input per rod : with
internal fins

Gas Power Rod1 Rod?2 Rag Ragy,
W % %
Helium 22 12.97 10.99 1.13 x10® 9.12 x 102
22 9.82 7.76  3.08 x 10* 2.51 x 104
Air 9 43.34 40.64 6.62 x 10 5.86 x 10*
12 16.13 18.66 1.90 x 10® 1.84 x 10°

Table 3.2: Radiation contributions as percentages of power input per rod :
without internal fins

Gas Power Rod1 Rod?2 Ray Ragy,
W % %
Helium 1 24.11 10.11 1.64 x 10 0.96 x 10°
10 18.23 9.24 843 x10® 5.91 x 10°
Air ) 38.50 37.82 7.73x10* 6.45 x 10*
10 12.63 27.60 2.70 x 10® 2.58 x 108
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The presence of internal fins alter the flow regime spectrum with respect
to Rap. At Rap = 1 x 10%, the rod-bundle is exhibiting a pure conduction
flow regime for the cylinder with fins (Fig. 3.6), and is in the convection flow
regime for the one without fins (Fig. 3.9). As seen from these figures, there is
a difference in absolute values of Nup, which is higher in case of the cylinder
with internal fins. This is due to the fact that the cylinder with internal fins
provides a greater cooling surface area for the heat transfer from the rod-bundle
and consequently a lower characteristic temperature difference is observed when
compared with the one without fins. In order to see the effect of presence of
fins on individual rods in the bundle, with repect to the onset of convection
and absolute values of Nusselt numbers, the set of equations representing the
individual rod correlations (Nug versus Ray) are shown graphically in Figs.
3.10a (rod 1) and 3.10b (rod 2). As already discussed for the overall bundle, in
case of individual rods also, due to the presence of fins, there is a delay in the
onset of convection which can be clearly seen in these figures.

The overall convective Nusselt numbers Nup. as a function of Rap. are
shown graphically in Fig. 3.11 for the 3 x 3 and 5 X 5 rod-bundle of Keyhani et
al. [5, 6] and 3 x 4 rod-bundle for the present cases. D* represents the diameter
of an equivalent outer cylinder, whose surface area is equal to the outer cooling
area including the area of the fins if present. The experimental critical Rayleigh
number for departure from the conduction flow regime (Rap_., D = D* in this
case) for the case of 3 x 4 rod-bundle without fins is 4.03 x 10°. This value is
calculated from Eq. (3.21) for a Nusselt number whose value is 10% higher than
the pure conduction value (Eq. (3.20)). Keyhani et al. [5, 6] have proposed the
following relation for the prediction of critical Rayleigh number for the onset of

convection in enclosed vertical rod—bundles without internal fins,
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For the 3 x 4 rod-bundle without internal fins, Eq. (3.24) predicts a critical

D
Rap,, = 363[3]0'25[

(3.24)

Rayleigh number of Rap, = 4.42 x 10%, which is within 10% of the experi-
mentally determined value of 4.03 x 10°. Also, as seen from this figure, in case
of 3 x 4 (fins), the conduction regime is extended to a higher Rayleigh number
and the onset of convection is considerably delayed. Here, it should be empha-
sised that the results for the 3 x 4 (fins) are based on a fictitious outer cylinder.
Unfortunately, it is not possible to compare the experimental critical Rayleigh
number for this case with the one obtained from Eq. (3.24) as it has been pro-
posed only for the rod-bundle without internal fins. Another significant result
of the present study is the fact, that, once the rod-bundles reach their respec-
tive convective flow regimes (that is at different Rayleigh number), the slopes of
the Nusselt number versus Rayleigh number curves are very close to each other,
as evident from Fig. 3.11, though the absolute values of the Nusselt numbers
are different. But as the Rayleigh number increases (Rap» > 2.0 x 10®), the
Nusselt number of all the rod-bundles are nearly the same. Hence, the data
points for all the rod-bundles are put together and a general correlation is pro-
posed for the convective flow regime in vertical enclosed rod-bundles (with or
without internal fins and whether a square array of rod-bundles or not). The

correlation is given as,

Nups = 0.1131Rap?3®, 1.28 x 10" < Rap- < 9.56 x 10°. (3.25)

Eq. (3.25) predicts all the experimental data in the convective flow regime with
an average deviation of 7.2%.
The range of Rayleigh numbers, Rap-, (at atmospheric pressure) encoun-

tered for the actual model at various power generations (500, 1000 and 2000
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watts) and radiation heat transfer contributions (0%, 20% and 50%) are
5.89 x 10 to 1.84 x 10" in case of the liner with fins and 4.69 x 10°
to 1.39 x 10'° in case of the one without fins. Thus, Eq. (3.25) can be used for
the actual model with an extrapolation to Rap. = 2.0 x 10'!. The extrapo-
lation of this correlation to the higher Rayleigh number range is not expected
to result in any significant error. The maximum temperature of the canisters
in this Rayleigh number range are calculated using Egs. (3.12) and (3.13)
(with fins) and Egs. (3.22) and (3.23) (without fins). The range of maximum
temperatures on the canisters vary from 299.32 K to 356.59 K (with fins) and
304.58 K to 386.84 K (without fins), respectively, at various sink temperatures
(liner) of 293.16, 303.16, 313.16 and 323.16 K. Figs. 3.12a (with fins) and 3.12b
(without fins) show the characteristic temperature difference as a function of
power generation for the lowest and highest sink temperatures considered. As
seen from these figures, in the convective flow regime, the heat transfer has no

dependency on the variation of the sink temperatures for both the cases.
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Chapter 4

CONCLUSIONS AND
RECOMMENDATIONS

The following conclusions are drawn from the present study :

e The 3 X 4 rod-bundle, in case of outer cylinder with internal fins clearly
shows that the extent of conduction regime is extended to a higher
Rayleigh number and the onset of convection is delayed when compared
with the one without fins. It can be concluded that, the fins which are
present in this configuration are retarding convection heat transfer from
the rod-bundle to the outer cylinder while increasing conduction heat

transfer.

The experimental Rap_, obtained for the 3 x 4 rod-bundle without inter-
nal fins on the outer cylinder is in a very good agreement with the one
predicted by the relation, proposed by Keyhani et al. [5, 6] for a square
array of rod-bundles. Hence, in general, this relation (Eq. (3.24)) may
be used to predict the onset of convection for all the vertical rod—bundles
(whether a square array or not), where the outer cylinder has no internal
fins. Since, this relation is applicable to only vertical, cylindrical enclo-

sures without internal fins, for the case of enclosing cylinder with internal

56



fins a different relation is needed for predicting the critical Rayleigh num-

ber Rap: and unfortunately, sufficient data is not available for proposing

a similar criterion.

Once, the convective flow regime is attained, the convective heat trans-
fer for all the available rod-bundle data can be predicted with a single

correlation given by Eq. (3.25).

The final conclusion is that, in order to cover the higher Rayleigh number
range encountered for the actual model with or without fins, Eq. (3.25)

needs to be extrapolated, expecting, this will not result in any substantial

€error.
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Table A.1:

Temperature data for helium experiments

Run P q Tac Tvr Tymr2 ATy AT,
no. atm. W C C C C C
64 123 10 23.67 41.70 37.80 18.02 14.12
65 1.22 14 23.82 49.02 43.56 25.19 19.73
66 1.18 18 23.49 55.12 48.14 31.62 24.64
67 1.14 22 2436 62.74 54.39 38.38 30.03
68 2.02 22 23.97 61.90 53.63 37.92 29.85
69 194 14 23.69 48.49 4297 24.79 19.28
70 2.14 18 23.52 55.00 48.05 31.48 24.52
71 218 26 24.12 68.42 58.73 44.29 34.61
72 276 26 24.04 68.30 58.79 44.26 34.74
73 298 14 23.14 47.83 42.30 24.68 19.15
74 295 18 23.60 54.91 48.08 31.30 24.47
75 297 22 2385 61.71 53.60 37.85 29.74
76 4.05 21 23.82 61.24 53.30 37.41 29.47
77 4.04 14 23.17 47.66 42.25 2449 19.07
78 3.92 18 23.26 54.37 4764 31.10 24.38
79 393 26 24.15 68.00 58.52 43.84 34.36
80 500 26 23.76 66.83 57.78 43.06 34.01
81 495 14 2294 47.15 41.93 24.20 18.98
82 493 18 23.56 54.17 47.55 30.61 23.98
83 5.00 22 23.62 60.39 52.65 36.77 29.03
84 6.10 22 23.44 59.68 52.29 36.23 28.84
8 588 18 23.33 53.76 4740 30.42 24.06
8 6.03 26 24.02 66.87 58.21 42.85 34.19
8 6.00 30 23.73 72.33 62.66 48.59 38.92
88 6.97 30 23.92 71.61 62.39 47.68 38.46
8 757 30 23.90 71.10 62.14 47.20 38.24
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Table A.3: Convective and total Nusselt numbers for helium experiments

Run no. Rag Nuryn Nug Ragy, Nurgs Nug

64 6.69 x10> 3.61 3.21 5.32 x10? 4.81 4.11
65 8.9 x102 3.60 3.26 7.11 x10? 4.61 4.25
67 1.13 x10° 3.66 3.18 9.12 x10®> 4.69 4.18
69 2.21 x10®* 3.63 3.28 1.75 x10®° 4.68 4.31
70 3.3¢ x10®* 368 3.27 2.67 x10° 4.74 4.31
71 4.63 x10° 3.73 3.30 3.74 x10® 4.79 4.36
74 6.31 x10> 3.70 3.31 5.05 x10® 4.75 4.34
72 742 x10®° 3.74 331 6.02 x10® 4.79 4.36
77 9.56 x10® 3.70 3.35 7.59 x10® 4.77  4.40
78 1.11 x10* 3.72 3.35 894 x10° 4.76  4.38
79 1.49 x10* 3.76  3.33 1.21 x10* 4.82 4.38
82 1.72 x10*  3.75  3.39 1.38 x10* 4.81 4.44
83 2.09 x10* 3.82 344 1.69 x10* 4.86 4.48
85 2.45 x10* 3.80 344 1.98 x10* 4.82 445
84 3.08 x10* 388 3.50 2.51 x10* 4.89 4.51
87 3.80 x10* 3.93 3.52 3.15 x10* 4.93  4.50
88 5.04 x10* 4.00 3.58 4.20 x10* 4.98 4.55
89 5.90 x10* 4.05 3.65 4.93 x10* 502 4.61
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Table A.4: Convective and total Nusselt numbers for air experiments

Run no. Rag, Nuryy Nug Ray, Nurgs Nuge

2 2.55 x10*  5.72 342 2.18 x10* 6.73  4.33
3 2.94 x10* 577 3.53 2.54 x10* 6.78 4.21
4 3.57 x10* 586 3.57 3.09 x10* 6.89 4.35
6 4.78 x10* 6.06 3.57 4.17 x10* 7.10 4.36
9 6.62 x10* 6.30 3.56 5.86 x10* 7.33 4.35
34 8.98 x10* 6.26 4.52 8.75 x10* 7.27 541
14 1.37 x10°  6.63 4.98 1.20 x10® 7.63 5.76
16 1.89 x10° 6.76  4.97 1.69 x10° 7.69  5.69
17 2.02 x10° 6.93 507 1.82x10° 7.84 5.81
18 2.26 x10° 7.07 5.09 2.05 x10° 7.95 5.69
20 2.56 x10° 7.30 5.16 2.34 x10° 8.17 585
24 2.73 x10° 7.07 530 3.35 x10° 7.88  5.89
26 3.63 x10° 7.69 5.90 3.35 x10° 843 6.41
27 4.23 x10° 8.05 6.26 3.93 x10° 875 6.73
30 5.29 x10° 8.47  6.58 4.97 x10° 9.14  6.88
42 6.85 x10° 886 7.13 6.47 x10° 9.46  7.46
44 8.08 x10° 9.13 731 7.69 x10° 9.70  7.56
46 9.68 x10° 9.68 7.76 9.23 x10° 10.26 7.96
50 1.25 x10° 10.19 8.38 1.20 x10% 10.70 8.59
53 1.49 x10° 10.63 8.68 1.44 x10% 11.12 8.82
56 1.90 x10® 11.31 9.49 1.84 x10% 11.73 9.54
60 2.35 x10° 12.03 10.19 2.30 x10° 12.41 10.16
63 2.97 x10° 12.71 10.65 2.89 x10® 13.15 10.66
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Table A.5: Convection and radiation contributions for helium experiments

Run ¢ Rap- Nurps Nup« RAD1 CON1 RAD2 CON2
no. W % % % %

64 10 2.60 x10° 43.31 43.01 11.13 88.87 10.87 89.13
65 14 3.46 x10° 43.24 40.07 9.62 90.38 .77 92.23
67 22 4.40 x10° 43.87 39.25 12.97 87.03 11.00 89.00
69 14 8.62 x10° 4354 39.52 9.66 90.34 7.86 92.14
70 18 1.30 x10" 44.14 4053 11.13  88.87 8.95 91.05
71 26 1.80 x107 44.73 40.49 11.43 88.57 9.04 90.96
74 18 245 x107 44.38 39.71 10.50 89.50 8.65 91.35
72 26 2.88 x107 44.88 40.52 11.49  88.51 8.98 91.02
77T 14 372 x107 4443 4058  9.43 90.57 7.68 92.32
78 18 4.33 x107 44.63 40.77  9.79 90.21 7.99 92.01
79 26 581 x107 45.13 40.43 11.42 88.58 9.10 90.90
82 18 6.71 x107 45.05 41.33 9.71 90.29 7.72 92.28
83 22 8.13 x10"7 45.88 41.81 991 90.09 7.92 92.08
85 18 9.53 x107 45.58 41.84 9.52 90.48 7.69 92.31
84 22 1.20 x10® 46.53 42.48  9.82 90.18 1.76 92.24
87 30 1.48 x10® 47.16 42.76 10.49 89.51 8.70 91.30
88 30 1.96 x10® 47.98 43.33 10.41  89.59 8.59 91.45
89 30 2.30 x10® 48.56 44.33 9.84 90.16 8.19 91.81
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Table A.6: Convection and radiation contributions for air experiments

Run ¢ Rap- Nurp» Nup« RAD1 CON1 RAD2 CON2
no. W % % % %
4 4 139 x10% 7042 43.69 39.07 60.93 36.82 63.17
6 6 1.86 x10®8 72.74 43.93 41.06 5894 38.61 61.38
9 9 257 x10% 75.60 44.11 43.34 56.65 40.64 59.35
34 5 3.88x10® 75.17 5518 27.85 T72.15 2561 74.39
14 6 534 x10® 79.55 59.83 24.88 75.11 2448 7551
16 6 7.36 x10% 81.13 59.89 26.44 73.56 26.02  73.98
17 7 7.88x10% 83.13 60.94 26.79 73.21 2592 74.07
18 8 882 x10® 84.80 60.27 28.03 71.97 2834 T71.66
20 10 9.99 x10® 87.58 61.66 29.33 70.67 28.48 T71.52
24 4 1.06 x10° 84.86 60.96 25.06 T4.94 2523 T4.77
26 6 1.41 x10° 92,32 70.08 2335 76.64 2396 76.04
27 7 1.65x10° 96.56 T4.51 2220 77.80 23.11 76.89
30 11 2.06 x10° 101.63 77.51 2225 7775 24.72 7598
42 7 267 x10° 106.28 83.96 19.52 80.47 21.10 78.89
4 9 3.15x10° 109.60 86.01 19.96 80.03 22.00 78.00
46 12 3.76 x10° 116.13 91.54 19.77 80.22 22.39  T77.60
50 10 4.88 x10° 12230 99.03 17.74 8225 19.74 80.25
53 13 5.80 x10° 127.61 101.66 1834 81.65 20.70  79.30
56 12 7.40 x10° 135.78 111.59 16.13 83.87 18.66 81.33
60 14 9.17 x10° 144.41 119.31 15.35 84.64 18.13 81.87
63 20 1.15 x10° 152.54 125.80 16.19 83.81 18.94  81.06
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Appendix B

EXPERIMENTAL DATA FOR
CASK WITHOUT FINS
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Table B.1:

Temperature data for helium experiments

Run P g Tumc Tum Tmre ATy AT,
no. atm. W C C C C C
1 1.14 10 27.82 81.20 59.97 53.38 32.15
2 2.12 10 27.90 74.96 57.86 47.05 29.96
3 1.67 10 2749 76.44 57.52 48.94 30.02
4 1.09 1 26.41 32.06 29.70 5.65 3.29
5 1.02 3 27.00 43.96 36.78 16.96 9.78
6 1.01 6 26.90 59.68 46.00 32.78 19.09
7 3.07 10 27.81 70.27 56.17 4246 28.36
8 4.04 8 27.78 60.23 50.00 3245 22.21
9 4.04 14 28.42 80.88 65.45 52.46 37.04
10 5.04 14 2857 78.18 64.62 49.61 36.05

Table B.2: Temperature data for air experiments

Run P q Trmc Tar: Trmre AT, AT,
no. atm. W C C C C C
1 1.03 1 26.82 41.17 3764 1434 10.82
2 1.03 3 27.07 63.88 55.98 36.80 28.90
3 1.04 5 27.22 85.81 73.97 58.58 46.74
d 1.99 2 26.32 49.35 45.07 23.03 18.75
6 1.99 4 26.88 67.57 60.80 40.69 33.93
7 3.10 2 26.29 46.20 43.20 19.91 16.91
8 3.02 4 26.71 62.89 58.07 36.17 31.35
9 4.07 5 26.89 65.19 61.34 38.30 34.45
10 4.99 8 28.17 81.42 77.12 53.26 48.96
11 5.98 8 2864 T77.62 74.58 48.98 45.94
12 6.16 10 27.61 85.84 82.46 58.22 54.84
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Table B.3: convective and total Nusselt numbers for helium and air experiments

Run no. Rag Nurgyn, Nug Ragy, Nurgs Nug,
4 1.64 x102 1.13 0.86 0.96 x10? 1.94 1.74
6 7.40 x102 1.15 0.86 4.52 x102 1.99 1.80
1 1.41 x10® 1.18 0.87 9.13 x10> 1.97 1.79
3 2.80 x10° 1.29 0.99 1.83 x10® 2.12 1.94
7 8.43 x10% 1.48 1.21 5.91 x10® 2.23 2.02
10 2.56 x104 1.77 1.53 1.96 x10* 245 2.21
3 7.73 x10*  2.98 1.83 6.45 x10* 3.77 2.34
7 2.74 x10° 3.69 2.80 2.37 x10° 4.32 2.82
9 8.37 x10° 4.76 3.97 7.71 x10° 524  3.67
10 1.64 x10% 5.30 449 1.53 x10® 5.79 4.12
12 2.70 x10® 6.03 5.27 2.58 x10° 6.42 4.65

Table B.4: Convection and radiation contributions for helium and air experi-
ments

Run ¢ Rap Nurp Nup RAD1 CON1 RAD2 CON2
W % % % %

1 2.74 x10* 13.57 11.60 24.11 75.89 10.11 89.89
6 1.23 x10° 13.81 11.80 25.31 74.69 9.12 90.88
10 2.35 x10° 14.12 11.98 26.28 73.72 9.28 90.72
10 4.66 x10° 1548 13.37 23.18 76.82 8.58 91.42
10 1.40 x10® 17.76 15.42 18.23 81.77 9.24 90.76
4.26x10%° 21.26 18.88 13.51 86.49 10.01 89.99
5 1.29 x10”7 35.80 22.17 38.59 61.41 37.82 62.18
2 456 x107 44.33 30.41 24.11 75.89 34.62 65.38
5 1.39 x10® 57.09 42.58 16.53 83.47 2895 70.05
8 2.73 x108 63.65 4820 1532 84.68 28.74 T1.26
10 4.50 x10® 72.37 5597 12.63 87.37 27.60 72.40

— — 3
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Appendix C

TEMPERATURE PROFILES
FOR THE 3X4 ROD-BUNDLE
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Figure C.1: Local temperature difference on rods 1 and 2 at various pressures
for helium
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Figure C.2: Local temperature difference on rods 1 and 2 at various pressures

for air (a) Rod 1 (b) Rod 2
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Figure C.2 (Continued)
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Figure C.3: Temperature profiles on rods for helium at 1 atm.
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Figure C.9 (Continued)
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Figure C.10: Temperature profiles on rods for air at 2 atm. (a) 1 W (b) 10 W
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Figure C.13: Temperature profiles on rods for air at 5 atm. (a) 5 W (b) 15 W
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Figure C.13 (Continued)
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Figure C.14: Temperature profiles on rods for air at 6 atm. (a) 10 W (b) 18 W
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Figure C.14 (Continued)
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Appendix D

INSTRUMENTS AND
EQUIPMENT

94



Table D.1: Instruments

Sl.no. Item Manu- Range Accuracy
facturer
1. Ammeter Keithley- 20pA to 0.8%Rdg + 15D
instruments 200ma
2. Voltmeter Keithley— 20mV to 0.5%Rdg + 15D
instruments 1000V
3. Constant- MGW LAUDA —-20to +0.01 C
temp. bath (MT-6) 120° C
4. Vacuum- NRC equip. 1to 14 mV
gage corp. 2500um Full scale
5. Pressure- De Vilbiss 0to
gage company 100PSI + 0.2 PSI
Table D.2: Associated equipment
Sl.no. Item Manufacturer
1. 35mm Camera Minolta XG-M
Single lens reflex
2. Data acquisition/control =~ Hewlett-Packard
system(200 channels) 3497A
3. Digital voltmeter Hewlett—Packard
3456A
4. Variacs (3) Oak-Ridge national-
laboratory
5. Vacuum pump Sargent—Welch
scientific company
6. Cool-arc welder Laboratory—
apparatus co.
7. Ice-point Kaye instruments
reference model R — 140/4
8. Regulator De Vilbiss
company
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Appendix E

ANALYSIS OF
EXPERIMENTAL ERRORS

The uncertainities in Nuz, and Ray are calculated, following the method of
Kline and McClintock. The assumptions and equations used in these analyses

are presented below.

Assuthions
wy = 0.005 volts.

wr = wyg = 0.000254 m.
wr = 02C.

WAT = wa = 028284 C

R = 116.720 Q.
Equations
Power input per rod : -
1= 4R
wn = [(Wv0gV) + (urgl)? + (wapa)l?
= RN+ (P + (A
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Total heat transfer coefficient :

Ohry OhT4 o1
’U.’th = [( q_)2 ( BAT)2]2
Whrq wq 2 WaAT |2
Total Nusselt number :
Nupy = hq;d
Note : wy is negligible.
ONu ONu
WNury [(thd ah Td) + (wd ade)z]%
WNurqg — Whrg \2 W4 y2y1
T (e g (S
Rayleigh number :
BAT
Raq = gﬂau

Note : w,, w, and w, are negligible.

1
B = T
OR OR OR L
whey = [(wr, 570" + (s ajj“) (warg )1}
WRay _wﬂ 2 Wd |9 'wAT 2_
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Table E.1: Uncertainty in Nusselt and Rayleigh numbers

% Uncertainty Helium Air
Lowest Highest Lowest Highest
Pandq Pandq Pandq Pandgq
Nury 3.09 1.72 2.52 1.80
Ray 3.98 3.04 3.60 3.09

Table E.2: Accuracy of temperature measurements

Temperature  Percentage of Data Tnps - Typ
Range in C Points in the Range

25 - 60 49.55 —0.078
60 - 70 29.35 +0.171
70 - 85 21.10 +0.280
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Appendix F

ANALYSIS OF APPLICATION
OF RESULTS TO THE
ACTUAL CANISTER.

The maximum temperature on the actual canisters is estimated by using
the generalized correlations for different values of power generation, percentage
radiation and liner temperatures. The following are the equations to obtain the
maximum temperature.

The generalized correlation :
Nup = a(Rap)
where, a and b are known constants.

(NuD)l+b = a(RaD N’uD)b

hpD

Rap Nup = ‘Z;Ds(TMR — Tmc) Dk
_ 98,QrD
- avD ATtk

where, r is the percentage radiation.
Nup = z (Rap Nup)’
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where,

l -

x = a™ and y =

Since,

Qr = hpAr(Tmr — Tmc)

k
= NUDBAT(TMR — Tmc)

k
= z (Rap NuD)y'EAT(TMR — Tumc)

The characteristic temperature difference,

Qr 1
AT% T (RaD NuD)y

(Tmr — Tmc) =
Using the correlation,

(Tmax — Tume)
(Tmr — Tmc)

= u (Rap)’

where, u and v are known constants,

Twmax 1s obtained.
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Table F.1: Maximum temperature on canisters at Tyyec = 20 C

Q TMAX n C TMAX in C
Cask with Fins Cask without Fins
W 0% 2% 50% 0% 20% 50%
500 30.75 28.99 26.26 40.16 36.79 31.42
1000 38.76 35.68 30.75 55.63 49.66 40.16
2000 52.76 47.38 38.76 83.02 72.45 55.63

Table F.2: Maximum temperature on canisters at Tyy¢ = 30 C

Q TMAX inC TMAX in C
Cask with Fins Cask without Fins
W 0% 20% 50% 0% 20% 50%
500 40.82 39.05 36.21 50.26 46.85 41.46
1000 48.89 45.79 40.83 65.79 59.77 50.26
2000 62.99 57.57 48.8993.24 82.63 65.76

Table F.3: Maximum temperature on canisters at Thye = 40 C

Q TMAX in C TMAX in C
Cask with Fins Cask without Fins
W 0% 20% 50% 0% 20% 50%
500 50.90 49.11 46.25 60.31 56.91 51.50
1000 59.02 55.90 50.90 75.88 69.87 60.31
2000 73.21 67.75 59.02 103.46 92.82 75.86

Table F.4: Maximum temperature on canisters at Thyre = 50 C

Q TMAX in C TMAX in C
Cask with Fins Cask without Fins
W 0% 20% 50% 0% 20% 50%
500 60.97 59.17 56.29 70.38 66.97 61.54
1000 69.14 66.00 60.97 86.09 79.98 70.38
2000 83.43 77.94 69.14 113.68 102.99 86.01
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