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ABSTRACT

Five experiments are conducted to study the effect of liquid nitrogen flow rate

on the solidification of stagnant water inside a horizontal stainless steel tube of inner

diameter 19.6 cm and 12 mm thick. This tube simulates the down-comer of the nuclear

reactor ET-RR-1. The apparatus design is mentioned wim more detail description.

The results show that for the first experiment where the liquid nitrogen flow rate

is 30 1/hr, the progress of solidification of water has been stopped at a diameter of 12

cm. By increasing the flow rate from 30 1/hr to 40,50 and 60 1/hr, the time of freezing

the water inside the tube is decreased from 86 to 67 and 60 minutes respectively. By

increasing the liquid nitrogen flow rate to 70 1/hr, there is no much effect on the time

offrozen

In all experiments, where the gofidification is happened, the ice block formed tnside the

tube is subjected to a pressure of 3 atmg at least, and is succeed to withstand this

pressure wMihout any leak.



INTRODUCTION

The idea of this paper is created when one of the valves attached to a circulating

pump was failed to close the down-comer of the nuclear reactor ET-RR-l.(Fig.l). This

research is carried out to show the possibility of freezing the water inside the down-

comer as an ice block. Abo, it gives an optimum vahie of liquid nitrogen flow rate

which enables to freeze the water inside the tube. This ice block must withstand the

water pressure at the valve place. This pressure is equal to about 10 meters head of

water (one atmosphere) without any leak.

Many theoretical and experimental studies have been performed for fluid flow

with solidification in circular tubes. Zerkle and Sunderland [1] reported an

investigation for the steady-state freezing of laminar flow inside a horizontal tube. An

experimental investigation of the effect of freezing a liquid in case of laminar flow

between two cooled plates has been performed by Kikuchi et al [2] They used water as

the working fluid. Both plates were mintained at the same temperature, which was

below the freezing temperature of the water and varied from-2 Cto -7 C.

Fortunately, the material of me down-comer of the nuclear reactor is made of

an austenitic stainless steel (304) which has good strength and toughness properties at

very cryogenic temperature [3,4]

EXPERIMENTAL APPARATUS AND PROCEDURE

The flow sheet of the experimental apparatus is shown in (Fig. 2.). It consists of
a stainless steel main tube of inner diameter 19.8 cm and 12 mm thick which simulates
the down-comer of ET-RR-1. The main tube has a flange fixed by bolts to allow for
the thermocouples carrier to be fixed inside the tube. In the center of the flange, there
is a welded bent tube of inner diameter 12 mm to be an exit for thermocouple wires.
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Near this flange, there is an air vent of 10 mm diameter drilled in the upper surface of

the tube. The main tube is placed horizontally with an inclination of 1/lOOin the

direction of the air vent. A flange is welded to close the other side of the main tube. In

the middle of this flange, there is a nipple attached to the water main through a valve.

Also, this nipple is attached to a static water positive pump which creates a pressure

from 0 to 300 atmg. This pump is used after the ice block is formed.

To minimize the heat gained from the surroundings during the solidification, a

vacuum jacket is used. It consists of two similar parts to allow for fixation around the

main tube (Fig.3). Each part consists of two coaxial half cylinders closed from each

side by half flange. Each part of the vacuum jacket has a tube attached in parallel by a

rubber hose to a for vacuum pump. The upper part is equipped with tube welded

between the two halves of cylinder to allow for supplying the liquid nitrogen directly on

the outer surface of the main tube. The length of the tube exposed to liquid nitrogen is

IS cm.

Seven copper constant thermocouples are fixed by araldit to apiece of perspex

plate of dimensions 10 x 19.6 cm and 10 mm thick. There are three springs to press

the perspex towards the inner surface of the main tube and to be always in the center

line of the tube. Two copper constant thermocouples are fixed in contact with the inner

surface, one at the middle of the vacuum jacket and the other at 10 cm from it. One

thermocouple is placed at the center line of the main tube which gives an indication that

all the water inside the tube subjected to liquid nitrogen is frozen four thermocouples

are located at a distance of 20, 40, 60 and 80mm from the tube center line to indicate

the progress of frozen water inside the tube. Two thermocouples are pressed against

the inner surface of the main tube by a leaf spring at a distance 18.2 and 27.9 cm from

the middle of the vacuum jacket, one thermocouple is placed at the center line of the

main tube at a distance of 30 cm from the middle of the vacuum jacket to measure the

bulk temperature of the water in the main tube. The thermocouple wires are attached

to a selector switch of twelve points and a D.C. voltage potentiometer.
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A certain mechanism (Fig. 4a) is used inside the Dewar's flask filled with the

liquid nitrogen to allow for liquid nitrogen supply. It consists of a long tube of inner

diameter 4 mm where at its end there is a heater around it This tube reaches the

bottom of the flask. The upper end is arranged with a gasket to prevent leakage of the

nitrogen gas. A variac of changeable volt from 0 to 220 volt is used to supply the

power to the electric heater. Due to the power supplied to the immersed heater, the

liquid nitrogen will evaporate. The nitrogen vapor creates a pressure on the liquid

surface casing the flow of the liquid nitrogen to the vacuum jacket. This flow can be

adjusted by changing the vapor pressure over the surface (changing the power supplied

to the electric heater). The relation between the pressure inside the Dewar's vessel and

the liquid nitrogen flow rate is done experimentally (Fig. 4b)

Two modifications are made on the main apparatus [5]. First, a pressure gauge

of range 0-1.6 kg/cm of 300 division is used to measure the nitrogen vapor pressure on

the liquid nitrogen surface.

Second, instead of pouring the liquid nitrogen from the tube, a shower is

attached to the Hquid nitrogen supply to distribute the liquid over the entire length. Its

dimensions are shown in (Fig.3)

The vacuum jacket can be used for solidification of water inside different tubes

of outer diameter not more than 22 cm. This can be done by fabrication four halves of

a disc made of foam with outer diameter 22 cm and inner diameter equal to the outer

diameter of the tube contained water to be frozen.

Before starting the experiment, the main tube is filled with water through the

valve ull the water comes from the air vent. Then, the valve is closed. The forevacuum

pump is switched on. The supplying tube with the heater is immersed in the liquid

nitrogen contained in the flask. The gasket is fixed. The power is supplied to the

heater and is adjusted to give a predetermined pressure value corresponding to the

liquid nitrogen flow rate. The temperature measurements are taken every ten minutes.

The supply of liquid nitrogen is stopped when the temperature at the center reaches 0 C

A hydrostatic water pressure pump worked manually to give a pressure of 3 kg/cm

indicated on the pressure gauge fixed on the pump. If there is a leak through the ice

block or any movement, it will appear as a bleeding water from the air vent.
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RESULTS AND DISCUSSION

(fig.5a) shows the temperature variation of water for liquid nitrogen flow rate of

30 1/hr at different radial positions. Curves 5 and 6 represent the temperature variation

of water at a radius 2 cm and at the center line of the tube respectively. It is clear that

not all water across the tube is frozen. This means that the latent heat of evaporation of

liquid nitrogen is compensate the heat gained from the surroundings plus the heat

transferred by natural convection of water inside the tube.

For flow rate of 40 1/hr (fig. 5b), the water is frozen all over the cross section of

the tube after 86 minutes. Curve 1 represents the temperature of the inner surface of

the main tube versus the time. The temperature decreases initially very fast and then

slowly with time. This is due to decrease of the thermal conductivity of the stainless

steel from 14.4 w/m. k at 22 C to 7 w/m. k at- 150 C [6] For curve 2, at a diameter of

16 cm, the temperature decreases more slowly than curve 1. This is happened because

the heat is transferred by natural convection of water inside the tube in addition to ice

formed on the inner surface becomes an insulator for heat conducted through it.

Due to the increase of thermal conductivity of ice from 2.25 w/m. k at 0 C to

3.95 w/m. k at-90 C[[7], (curve 6), the decrease of temperature with time at the tube

center is very rapid. Also, the time of water to be frozen between a diameter of 4 cm

and the center line is less than the time for the distance between diameters 8 and 4 cm,

due to the fact that the heat transferred naturally from water inside the tube length is

reduced.

(Fig 6a) represents the temperature variation versus time at different radial

positions of water inside the tube for flow rate 50 1/hr of liquid nitrogen. The curves

have the same trend as in case of 40 1/hr except that the time of solidification is

decreased. If the liquid nitrogen flow rate around the main tube is increased from

60 1/hr to 70 1/hr (Fig. 6b), there is no much effect on time of ice block formation.
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(Fig. 7) is a good representation of the liquid nitrogen flow rate effect on the

time of solidification of water inside the tube. It is clear that below the flow rate of 37

1/hr of liquid nitrogen, the water does not frozen totally across the cross section of the

tube. The increase of liquid nitrogen flow rate will decrease (he time of frozen till a

certain value (701/hr), it has no effect

In the last four experiments where the ice block is formed the ice blocks

withstand 3 atmg at least without any leak from one side to the other. The time of

withstanding this pressure is more than 30 minutes after stopping the liquid nitrogen

supply. Also, it is clear from figures that the temperature of ice at the center is much

less than 0 C after stopping the liquid nitrogen supply. This time is enough to change

the failure valve.



- 6 -

CONCLUSION

By increasing the flow rate of liquid nitrogen around the water tube of outer

diameter 22 cm, the time of ice block formation is decreased. Up to 70 1/hr of the

liquid nitrogen, this increase has no influence on the solidification time. For flow rate

less lhan 37 1/hr, the ice block formation is not completed.

The freezing shut of the water tube withstands a pressure up to 3 kg/cm and

lasts more than 30 minutes after stopping the liquid nitrogen supply. This time is more

than enough to make maintenance for the nuclear reactor

The vacuum jacket designed can be used for different sizes of tubes up to 22

cm.Outer diameter.
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