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EXPERIMENTAL ANALYSIS OF THE OBTURATION OF PIPES BY ICE PLUGS
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This paper assembles together the knowledge acquired during seven tests of freezing with liquid nitrogen on pipes
representing eircuits in thermal or nuclear power plants, using different geometrical configurations, steels and initial
conditfons. These tests made it possible to link the physical phenomena to the appearance of the therimal stresses caused by the
freczing, The stresses measured were below the elasticity limit, The speed of temperature fall and the thermal gradienis (in the
thickness, axial and azimuthal) were measured; this made it possible to define a typical transient regime that may be
considered representative of a freezing operation. The tests of the resistance of the plug to pressure showed that it could
withstand high pressures. The iests also led to improvements in the technology of the process and the methods used.

1. Why freezing a pipe?

When a defect. (or leak) has been revealed on a
circuit, pipe or valve and it therefore becomes necessary
to carty out a repair operation without first emptying
the circuit, and when there is no section division by
which the pipe in guestion can be isolated, it is fre-
quently possible to block it off with an ice plug, and so
to repair it or add a valve, or even leave a part of the
circuit in service,

This is the purpose of the method of section division
by freezing. The ice plug acts as an artificial valve, It
enables the circuit to be serviced and repair or modifi-
cation operations to be carried out without interrupting
the functioning of the installation; emptying the pipe
systern or rendering it inert is avoided.

2. What 1s the principle of the freezing method?

The principle is as follows: the fluid (water, for
example) under pressure in the pipe in question is
locally frozen with a refrigerant (liquid nitrogen—
LN, —for example), thus isolating two sections which
are rendered physically independent.

In this paper we are essentially concerned with the
" case that occurs most frequently in Electricité de France:
the freezing of a water pipé with liquid nitrogen. How-
ever, what follows remains applicable whatever the fluid

to be [rozen or the refrigerant.

A box of parallelepiped shape (also called a sleeve or
caisson), made to fit the external diameter of the pipe
and heat-insulated, is placed around the pipe at the
desired position for freezing, It is filled with fine chips
of copper to encourage thermal exchange and te render
the heat flow homogeneous, The box is made fluid-tipht
by a “clay” type joint, which behaves very well at low
temperature and compensates for metal shrinkage. The
liquid nitrogen (at 77 K) is injected into the box until
the pipe is completely surrounded with it. The nitrogen
level is maintained thereafter. The cold is transmitted to
the fluid to be frozen by conduction through the pipe
wall. The plug is then formed by annular progression of
excentric concentric cylinders and develops towards the
axis of the pipe,

3. Application of the process in Electricité de France

This method is used in the gas and oil industry [1,2]
on gas and oil pipelines, essentially when a modification
is necessary {deviation or connection of circuits, adding
valvegear) and for repairing and isolating leaks. Electri-
cité de France proposes to use it for repairing circuits in
thermal and nuclear power stations.

To this end, studies on both theoretical and experi-
mental level have been undertaken in order to under-
stand better the physical phenomena that ocour during
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freezing and to evaluate the effects of the latter on the
. piping.

4, The thermal phenomena

The thermal phenomena that occur during the pro-
cess are extremely complex:

— conduction in the different materials: steel, ice, water;

— forced convection with nucleate boiling between the
liquid nitrogen and the wall of the pipe;

— natural convection or leak flow bringing heat that
discourages the formation of ice;

— phase change at the ice-water interface; the problem
is thus not linear,

Furthermore, it is three-dimensional: there are tem-
perature gradients in the thickness, around the cir-
cumference (the level of refrigerant varies, at least at the
beginning of the process) and along the axis.

A complete model of the thermal field covering all
these phenomena would therefore be very complex and
so far it has not been possible to establish one.

A methodology based on a number of simplifying
hypotheses (in particular for the thermal shock, etc.)
and some initial experiments was thus developed. This
analytic methodology is briefly described in refs. [3] and
[4]. It was then completed and a computer program
prepared with the essential object of answering the
questions that the operator may ask before any freezing
operation: is freezing physically possible? Can it be
carried out without harming the piping? How big is the
stress field?

5. Experimental analysis

Tests on the freezing of pipes typical of circuits in
thermal and nuclear power plants were then carried out
with different geometrical configurations (thickness,

Table 1
Thie freczing tests carried out
int. ] Int. Init, Final
Date | Test it::;l diameter | THICKNESS | qo0 kol temp. temp. Remarks
| (mm) | (m) (M oc(3) | (°¢)
10| 1| 316L23 289 33 ? 120 (max) Inclined pipe
03 CND 17,12 ) 50 (min) (459)
76
o7 2 0 50 Horizontal pipe
03 A 37 340 8,5 Ferritic stesl
79 brittle at
. low temp.
12 3 0,06 22
03
80 . '
- 196
Qs 4
11 0,06 27
80
type 316 Horizontal
11 Z5 CND 173 23 pipe
03 5 17.12 : 0,06 37
8
29
09 6 304 L.Z2 222 254 4,04 35 Horizontal pipe
82 CN 18.10 Circumference
weld in the
27 frozen part
10 7 ] 0 37 {for metallurgi-
82 cal tests)
Notes:

(1)The circulation flow corresponds to that of a realistic leak in a power plant,
(2) In this case the circulation flow was caused by movements of natural convectien inside the pipe,
(3) The initial pressure of the fluid to be frozen was around. 2 to 3 bar.

1 !

e B



A. Lannby, B. Flaix / Obturation of pipes by ice plugs 307

diameter inclination), initial conditions (pressure, tem-

perature, internal flow), and steel nature (ferritic or

austenitic). The objectives were as follows:

— to check the hypotheses and the analytical process [5]
adopted;

— to ascertain the speeds of temperature fall and the
thermal gradients, as well as the: stresses occurring
during the process;

~ to test improvements to the technology and freezing
procedure;

— to provide samples that have undergone actual freez-
ing one or several times, for metallurgical checking
and expert opinion (low-temperature characteristics,
tenacity, speed of appearance of martensite); this
metallurgical aspect will not be covered here.

The characteristics of these seven tests are given in

.table 1. ’
After a brief description -of the test methods, this

paper gives a general summary of the tests, explains the
physical phenomena that were observed and links these
to the stresses of thermal origin that appeared. It then
gives measurements of some characteristic parameters
of the freezing process.

6. The test method and equipment

A test facility was constructed to enable freezing
tests to be performed on any form of pipe (not flanged})
and to simulate any initial condition. The initial condi-
tions for each test are given in table 1; they correspond
to very low initial stresses, not taken into account in the
recordings.

Numerous measurements (pressure, water and metal
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FIG. 1 AN EXAMPLE OF THE INSTRUMENTATION (TEST N¢ 6)
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Photo 1. The freezing apparatus during a test.

temperature, strain, refrigerant level, flow of circulating
water) were carried out (about 70 per test); they re-
quired measuring methods at very low temperature to
be developed. Measurement error was less than 4°C for
the temperatures and than 30 MPa for the stresses. Fig.
1 gives an example of the siting of the measuring points,
Note that the zone with the most instrumentation was
the freezing zone (which was three times the diameter of
the pipe long), and that the metal temperatures were
measured at different depths on the circumference of
the pipe, and that the strains were measured in the two
principal directions.

Tests of detection of the ice plug (by ultrasonics and
acoustics) were carried out but were not conclusive
(difficulties in performing and interpreting the tests).
They are not mentioned here.

Photo 1 is a general view of the test device with a
freezing test in course. Photo 2 shows the freezing
caisson and reveals the presence of an ice plug by the
frosting on the pipe on each side of the caisson.

Photo 2. Frosting on the pipe indicates the formation and
position of the ice plug,
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7. The technology of the process

Compared with the studies [1,2] a significant im-
provement in the freezing procedure was achieved. In
pariicular, the caisson was provided with a cover, thus
creating a closed parallelepiped box with two lateral
orifices which, when conneeted to two flexible pipes,
enabled the nitrogen vapour to be evacuated away from
the experimental zone (a possibility that is feasible in
situ).

The cover, with its filling tube was made fluid-tight
with thermoplastic paste. Nitrogen was supplied auto-
matically via a cryogenic electric valve actuated by
position sensors (on or off sensors affected by the
physical state of the fluid —liquid or vapour).

After fillirig, this detection device maintained the
nitrogen level to ensure that the pipe remained covered
throughout the period of freezing.

8. The different phases of a test

All the freezing test followed the same pattern:
— an initial condition corresponding to an actual situa-
tion in a power plant was established;
— a freezing phase was begun, divided into two se-
quences: :
® filling the caisson (transient regime with thermal
shock), beginning with the injection of liquid
nitrogen and ending when the pipe is completely
immersed,
® the freezing proper during which cold is trans-
ferred, starting with complete immersion of the
pipe and ending with formation of the plug;
— the tests of the resistance to pressure of the plug thns
formed, up to the test pressure of the test circuit;
— the thawing phase, with the plug still under pressure,
Fach of these phases is mentioned in turn in the
following sections.

9. The filling phase
9.1, Thermal analysis

This phase begins with injection of liguid nitrogen
up to complete immersion of the pipe. It is during this
phase that the greatest temperature differences, the
_ greatest thermal shocks and consequently the most
severe thermal stresses occur. From the stress point of
view, this is the critical part of the process.

All points on the pipe experience successively:

— Nitrogen vapowr: the convectional exchanges are
small, the temperature decreases siowly, the tensile
stresses due to thermal gradients in the thickness
(08/0r) and axial (06,/0z) are small and the com-
pressive stresses due to thermal bending caused by
the azimuthal gradient (38/0w) are not negligible,

— The lignid-nitrogen level: this level fluctnates widely.
It is the level of a liquid that is boiling at atmospheric
pressure; there are greater thermal exchanges, the
temperature falls, and stresses increase.

— Liguwid nitrogen: convectional exchanges are very sub-
stantial, and the phenomenon of nucleate boiling
occurs. The steep gradients observed cause very heavy
tensile stresses. The moment when the liquid nitrogen
just touches the point under observation is the most
critical one. All the stresses are of tension and they
are cumulative.

— The liquid nitrogen after homogenization of the metal
remperatures: the gradients die away and the stresses
decrease with the return to thermal equilibrium,

Fig, 2, which shows the temperature moverments dur-
ing test No. 7 at a given point (the middle generating
line) and at different depths, illustrates these different
stages well. Fig. 3, which is obtained from test No. 5,
also gives the changing temperatures in the metal at the
middle generating line at three depths, and the water
temperatures opposite this point.

9.2. The thermal gradients observed

During the tests, some temperature dissymetry cavsed
by the distribution of the liquid-niirogen flow around
the pipe, was observed.
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Table 2 gives the maximum experimental values for
the speed of temperature drop 98/07, the temperature
gradients, the temperature difference between the upper
and lower generating lines, for the pipes under experi-

309

ment. These parameters are large, and are responsible

for the thermal-stress field

Some degree of homogeneity was found for the
gradients measured in tests Nos. 1, 4, 6 and 7, made on
austenitic steels and thick pipes. In test No. 5, alsoon a
pipe in austenitic steel, the freezing process was much
faster and caused a greater thermal shock, with a steep
gradient in the thickness (and so heavier thermal shocks
in the thickness), but on the other hand a smaller
difference between the upper and lower generating lines
{and thus small stresses on a given level), With regard to
tests Nos. 2 and 3 on the ferritic-steel pipe, it is difficult
to form a conclusion. For, we did not have control of
test No. 3 and we met several problems in filling (leaks,
level stabilization, etc.) and the filling phases were very
sudden.

The convection coefficients between the liquid
nitrogen and the steel were deduced from the test data;
they are of the order of 900 W m™? K~' and 2200
W m™? K~! for the metastable and nucleate boiling
phase, for the austenitic and ferritic steel respectively.

9.3. Mecharnical analysis
The gradients observed cause stresses of thermal

origin attributable to the freezing alone,

Table 2

The thermal gradients observed. (maximum values)
Test 1 2 3 4 5 & 7
Steel type 316L ferritic 316 304 L
‘Caisson filling time (mins.) 407 31 7| 297 38 2 34 1
“Thickness of pipe min 33 8.5 23 254
Speed of tentperature
drop (98/dt) (1) oC/mny —66 | —50 | —144 [ —66 |-151 | -39 1 —359
Gradient in the
thickness (90/51) (2) oC/mm| 42 | 7.7 3.5 6.1 7.2 421 43
Axial gradient .
{d8/9z} (3} °C/mm| 03 0.5 1.2 1.2 1.2 0.9 0.8
Max. temperature difference not
between upper and lower OC | mea- | 207 | 194 185 75 185 132
generating lines of pipe (4) sured .

Notes:

(1) calculated speed, obviously on the external skin.

(2) Average calculated gradient between the thermocouple on the external skin and the deepest internal one.-
(3) Value between two distant points on the same generating line—~ one in the frozen zone, and the other outside the caisson,
@) Maximum difference noted, equal to the difference between the highest and lowest temperatures in the same section,
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Figs. 4 to 8 illustrate our results for different geomet-
rical positions and different tests. In these figures are
shown the external and internal temperatures for the
point in cuestion, the main stresses measured in the

- tangential and axial directions, and the resultant axial
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thermal stress, calculated with the help of ref. [5], these
stresses being due to the freezing alone.
We deduced the following infermation:

{a) During the phase of convectional exchange between
the nitrogen vapour and steel, the tensile stress due
to the gradient in the thickness is deduced from the
compressive stress due to the azimuthal gradient.

(b) During the phase of convectional exchange between
the liquid nitrogen and the steel, the two previous
stresses are tensile and cumulative, It is during this
phase that the steepest thermal gradients and the
highest stresses occur.

LN2 INJECTION PLUG FORMED

+10 250
=
-4
] w0 =
Y z
5 -
0]? / : 50 E
. s = 0
a ':ﬁ-;;-_-_.
- 100 E \ 0
-15¢ E \ 1588
K |
- 100 250
. * 1100 1900 £ 3000 14X 4700 w00

FIG.7: TESTN'4 TIME IN SECONDS
TEMPERATURES AND STRESSES AT Ws 2 7/3

KEY: __ EXTERNAL METAL TEMPERATURE
o INTERNAL TEMPERATURE (AT DEPTH OF 17-MM)
«~- TANG, STRESS
—-~ AXIAL STRESS

—-— DRIGIN GAUGE AXIS

s 02 CALCULATED.




A. Lannoy, B. Flaix / Obturation of pipes by ice plugs 311

1.N2 INIECTION PLUG FORMED
50 451‘ 150
AN
2 iy z
v — b :';/l '1! \. 150 §
=N Z
\ i3
oM TN,
¥ . RN 5o E
> 1l R - T
,Ei__.,,x L-li.\;— P I, -,--}*S}M.An @
T 100 ﬁ \ 50
E |
3 \
. -150 E l\. i 150
: )
[
B —r 1100 1600 7100 3000 3400 &0 w00 100

FIG. 8+ TESTNe 4. TIME 1N SECONDS
TEMPERATURES AND STRESSES AT 2= 7

KEY : — EXTERNAL METAL TEMPERATURE .
e INTERNAL METAL TEMPERATURE AT 17 MM DEEP
___ INTERNAL METAL TEMPERATURE AT 7 MM DEEP
——. TANG. §TRESS
mmem AXIAL STRESS
- ORIGIN GAUGE AXIS
v, 0% CALCULATED

(c) When the temperatures are equalling out, the stress
due to the azimuthal gradient has completely disap-
peared and that due to the thermal gradient in the
thickness diminishes progressively because of the
thermal inertia of the pipe {with the thick pipe) and
becomes negligible.

(d) The axial and tangential stresses measured are simi-

© lar.

(e) The maximum values-for the stresses were observed
at the generating line 2« /3, when the temperature
on the external skin of the metal-is of the order of
~110°C. These stresses (a maximum of 260 MPa,
corresponding to 950 pm/m in the case of the
austenitic steels) were always below the elasticily

limit (0.2% at this temperature), though close to this
limit for test No. 3,

(fy The filling- mode, which varied widely in all tests,
did not significantly influence the degree of stress,

(2) A freezing process constitutes a fatigue cycle with a
half-amplitude of a maximum of 370 MPa and 260
MPa respectively for the ferritic and austenitic steels
under experiment; this corresponds to the using up
of 1/3000th and 1,/90000th respectively of the life
span of. the steel due to the freezing alone, not
counting any other stress, which in point of fact can
be neglected.

10. The frozen phase

The cold passes towards the inside of the pipe and
causes the formation of ice in concentric but excentric
cylindrical layers, It combats the various heat contribu-
tions: mass enthalpy of the water, latent heat of solidifi-
cation, contribution by the circulation flow and/or
natural convection, This phase of cold transfer thus
lasts from immersion of the pipe in the nitrogen up to
formation of the plug,

The metal temperatures outside the caisson were also
recorded. We did not find any sudden change in these
temperatures. The strains and stresses measured at these
points proved negligible.

Table 3 gives the experimental values of some char-
acteristic parameters for a freezing operation. -

10.1. Resistance of the plug to pressure— Thaw phase

As soon as the plug is formed and the injection of
refrigerant consequently stopped, the cold moves from

Table 3
Characteristic parameters of a freezing operation
Test i 2 4 5 6 7
Tnternal pipe diameter (mum). | 289 340 173 222
. Obturation time {minutes} 196 162 117 47 71| 87 86
Consumption of liquid '
nitrogen (dm3) 5000 | 2001 | 2000 307 526 580 560

Position of 0°C isotherm

(frost) (mm) not measured

160 150 162 167
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Table 4
Tests of resistance of the ice plug to pressure

Test 1 2 3

Plug resistance to - 45 16 16
pressures (bars)

139 80 250 250

Time the plug was

maintained at the 20 | 46 | 2 | - - | 13|13

pressure (hours)

Remarks Maximum pressure Pre'ssure at }-;Z;Et“:“:iii“gl“r;:
for the test which the ference weld
cireuit plug slips present

the coldest to the warmest parts, Initially the ice plug
progresses, just after its formation. It generally has a
symimetrical aspect. The lower part of the plug is longer,
and the central part is slightly hollowed out, because of
phenomena of natural convection.

Tests of resistance to pressure were catried out,
generally just after the formation of the plug, and this
pressure was maintained for some time, until the tem-
perature rose to close to 0°C at the ice-steel interface;
the pressure was. progressively lowered to 1 bar. At this
point, the plug lost fluid-tightness.

The results are given in table 4. Note that the seven
tests carried out are insufficient for conclusions to be
drawn and systematic testing is necessary. The most
interesting tests are Nos. 4 and 5. The pressures indi-
cated are those at which the plug first became detached.
After this first detachment, we found that the plug
could stand even high pressure, and so on on successive
movements until the maximum pressure for the test
circuit was reached. .

Lastly the thaw phase, even when accelerated, did
not show significant changes in the thermal gradients
and stresses,

10.2, Conclusion

These tests, which are full-scale simulations, have
shown that it-is possible to freeze on two occasions, at
the same place, a thick pipe of large diameter in ferritic
or austenitic steel, typical of a circuit in a thermal or
nuclear power plant. It was possible to link the physical
phenomena to the appearance of the stresses. These
stresses, of thermal origin, caused by the freezing proc-
ess alone, proved to be lower than the limit of elasticity

to cold (at about —110°C). The speeds of temperature
drop observed were of the order of 80°C/min. The
gradients in the thickness (of the order of 5.5°C/mm on
average), the axial gradients (of the order of 1.0°C /mm)
and the differences between the upper and lower gener-
ating lines of the pipe (of the order of 170°C) were
responsible for the thermal shocks during the phase of
filling the caisson. This was incidentally the critical
‘phase of the process (sudden transient regime of ther-
mal shiock), The tests of pressure resistance are insuffi-
cient. However, they showed that an ice plug could
easily withstand pressures of over 80 bar, The predic-
tion calculation for the characteristics of freezing based
on the analytical procedure set out in ref. [5] is pessimis-
tic. The freezing processes used, which varied widely
from test to test, did not show any significant dif-
ference. :

The technology for the freezing operation was im-
proved (automatic nifrogen feed regulation, confined
freezing zone, evacuation of vapour, procedure to be
used), and was shown to be efficient in practice. How-
ever this process must always seek to reduce the thermal
stresses as far as possible, by precooling the pipe over
its whole circumference followed by immersing it as
quickly as possible in a bath of liquid nitrogen. And
furthermore, the safety aspect of the use of this process
on & power-plant circuit must also be gone into.
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