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The heat produced in the nuclear reactor due to fission reaction must be kept in
control or else it will damage the components in the reactor core. Nuclear plants
are using water for the operation dissipation of heat. Instead, some chemical sub-
stances which have higher heat transfer coefficient and high thermal conductivity.
This experiment aims to find out how efficiently a nanofluid can dissipate heat from
the reactor vault. The most commonly used nanofluid is Al,O; nanoparticle with
water or ethylene as base fluid. The Al,O; has good thermal property and it is eas-
ily available. In addition, it can be stabilized in various PH levels. The nanofluid
is fed into the reactor’s coolant circuit. The various temperature distribution leads
to different characteristic curve that occurs on various valve condition leading to
a detailed study on how temperature distribution carries throughout the cooling
circuit. As a combination of Al,O; as a nanoparticle and therminol 55 as base fluid
are used for the heat transfer process. The Al,O, nanoparticle is mixed in therminol
55 at 0.05 vol.% concentration. Numerical analysis on the reactor vault model was
carried out by using ABAQUS and the experimental results were compared with
numerical results.

Key words: AL,0, nanoparticles, convective radiation, heat dissipation,
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Introduction

Reactor vault (RV) is an important structure supporting the main and safety vessels
of the reactor. It is a thick cylindrical structure built around the safety vessel. The RV is lined
with a carbon steel liner on the side facing the safety vessel [1]. The heat from the RV is re-
moved by demineralized cooling water flowing through square pipes welded on liner plate
and embedded in RV. The cooling water removes the heat from the concrete and liner plate.
The RV of fast breeder test reactor is divided into two walls, viz. the inner wall is of 750 mm
thickness while the outer wall is of 1000 mm thickness. Between these two walls, 50 mm thick
expanded polystyrene (EPS) insulation is sandwiched. However, the inner layer supports only
the safety vessel. The sandwich could also accommodate free differential movement of the two
walls and keep the outer wall cool. The temperature difference between the inner and the outer
faces of these layers are essential to estimate thermal stresses. These temperature differences
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depend upon the sandwich material between the two layers of the concreate section. The EPS
is taken as an insulator to reduce the temperature difference within the walls. It also maintains
the outer wall at cooler temperature. A parametric study on the thickness of the EPS leads to the
conclusion that, a 50 mm thick EPS insulation is adequate to provide acceptable temperature
distribution [2]. The objective of this present work is to do thermal analysis for entire length of
the RV [3].

Reactor vault cooling system

For the purpose of cooling, the RV is cooled by five square cooling pipes. The cooling
tubes of each region are divided into two loops with alternate pipes connected to one loop [4, 5].
This ensures that, in case of leakage in any one of the loops, the other loop supports to main-
tain the heat transfer rate. This arrangement leads to any one of the following combinations of
consecutive cooling pipes. Cooling pipe, followed by another cooling pipe — this is referred
to as the WWWWW case. This occurs when pipes of both the loops in adjacent segments are
working cooling pipe, followed by a non-cooling pipe and then a cooling pipe — this is referred
to as the WNWNW case. This occurs when the pipes of one particular loop are not working
when all the pipes are not working it is referred as NNNNN case. This occurs when all the pipes
attached to alternate loops in two adjacent loops are not working based on earlier parametric
studies, the pitch of the cooling pipes is fixed as 200 mm and the size of the square pipe is 25
mm % 25 mm X 3.2 mm [6, 7].

Liner plate and cooling circuit

The liner plate is made up of mild steel plate of dimensions of 1100 x1100 x6 mm. Five
numbers of square section cooling pipes of dimension 25 x 25 x 3 mm are welded to the liner
plate at a pitch of 200 mm. The square pipes are connected to three headers such as top header
and two bottom headers. The outlet of the top header is connected to the heat exchanger. The
inlet and the outlet of heat exchanger is connected to the water tank. A 0.5 hours power pump is
provided in the tank to circulate water through the circuit [8, 9]. Two square pipes are connected
to the bottom left side header and three square pipes are connected bottom right side header. The
bottom headers receive water from the tank with the help of a pump. Each inlet pipe is provided
with pressure gauge and control valve to regulate the flow of water through the circuit [10]. A
by-pass valve is also inserted at the pump outlet to control the flow of water through the circuit
[11, 12]. The flow meters are provided in the square pipes to measure the water flow rate, fig. 1.

When the water passes through the square pipes welded to the liner plate it gets heated
and the hot water is sent to top header and from this header, the water flows through the heat
exchanger where it is cooled and supplied to the tank. Water is re-circulated through the circuit
with the help of a pump, fig. 2.

Experimental preparation of Al,O,-therminol 55
nanoheat transfer fluid (nHTF)

Spherical Al,O, nanoparticle with 99.5% purity with reactive index of 1.768 and sur-
face area of 32-40 m?/g are used to prepare nHTF [13]. The surface morphology and micro-
structure of the nanoparticle are observed using electron microsope. The SEM images of Al,O,
at 200.00x and 30.00x are shown in the fig. 3 [14]. The nanoparticle used in this process has
an average size of 30-40 mm. Therminol 55 has good miscibility and viscosity so it is used as
a base fluid. The amount of nanoparticle to be added to achieve a concentration of 0.05 is ob-
tained using the eq. (1).
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Liner plate

Figure 1. Cooling water circuit Figure 2. Photographic view of reator vault
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Figure 3. The SEM images at 20000x X20,000and 30000x X30,000
magnification of Al,O, nanoparticle
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The 2.25 g of ALO, nanoparticle is measured using electronic weighing machine
which is dispersed in one liter of therminol 55 base fluid. Then the mixture is kept in magnetic
stirrer which is left for around 15-25 minutes. So the nanoparticle completely disperse into the
base fluid.

Figure 4 shows the magnetic stirring of nanoparticle in therminol base fluid. The
2.25 g of Al,O, nanoparticle is added to one liter of therminol which is kept over the magnetic

(1)
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stirrer [15, 16]. A small roller bearing is dropped inside the beaker and aligned to center posi-
tion. When the intensity of the magnetic stirrer is increased the roller begins to produce a tor-
nado. The tornado causes an effective dispersing of nanoparticle and base fluid. This process is
allowed to take place for 15-20 minutes, depending on volumen concentration of the nanofluid.
Figure 5 shows the ultrasonic bath apparatus for stabilization of the nanofluid. Nanofluid ultra-
sonic bath is carried out in order to maintain the stability in the nanofluid. After the magnetic
stirrer process, one liter of nanofluid is separated into 2 half liters and placed in the ultrasonic
bath apparatus which is filled with distilled water. The temperature of the process is set to 30 °C
and the total time of the process is set through the timer as 25 minutes.

Figure 4. The magnetic Figure 5. Ultrasonic bath for
stirrer stabilization of nanofluid

The ultrasonic stabilization process is necessary in order to maintain the stability of
the nanofluid. Or else nanofluid can lose their potential to transfer heat. The stability method
used in this process is ultrasonic bath. Then the mixture is kept in the ultrasonic bath for 30-40
minutes in order to improve the stability of the nanofluid and this process is known as soni-
fication. This process is used to prepare nanofluid of Al,O,-therminol 55 combination with a
volumetric concentration of 0.05% [17, 18].

Thermocouple location in cooling water
circuit and RV

A thermocouple is a temperature-measuring device consisting of two dissimilar con-
ductors that contact each other at one or more spots, where a temperature differential is expe-
rienced by the different conductors (or semiconductors). It produces a voltage when the tem-
perature of one of the spots differs from the reference temperature at other parts of the circuit.
Thermocouples are widely used temperature sensor for measurement and control, and it can
also convert a temperature gradient into electricity. A total of 64 numbers of K-type thermocou-
ples are used in this set-up in order to measure the temperature at different locations. Thermo-
couples are fastened to five locations on each plate with the help of a nut. The nuts are welded
to each plate with the help of arc welding, fig. 6.
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Thermocouple sensor location details
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location details

Right side of liner plate
with 5 pipes welded

Experimental methodology

An experimental program has been undertaken in the model to study the temperature
distribution at various locations in the main vessel, safety vessel, thermal insulation, liner, cool-
ing pipes, and concrete. The experiments are conducted to maintain the main vessel at differ-
ent temperature level of 100 °C, 200 °C, 300 °C, 400 °C, 500 °C, and 577 °C along with five
cooling pipes. The experiments are also conducted by maintaining the main vessel at different
temperature with alternate cooling which pipes are not working. The cooling nanofluid flow
rate through the pipes welded to liner plate is maintained at 6 lpm.

Experimental results

The temperature at 64 locations in the model has been noted down at steady-state con-
dition. The temperature distribution graphs are plotted with respect to sensor locations.
Discussion of experimental results

In this trial, the temperature of main vessel (heater plate) is set at 577 °C and the tem-
perature at various locations of the model has been noted at steady-state condition. It is found
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that the temperature of safety vessel — MS plate temperature (sensor T7 as 567 °C), insulation pan-
el temperature ranging from T12 as 552 °C and T27 as 134.9 °C, liner temperature T29 as 89 °C,
concrete vault temperature T49 as 73 °C , T54 as 56 °C, T55 as 49 °C, T60 as 39 °C, and T64 as
36 °C. The temperature distribution graph with respect to sensor locations is shown, figs. 7-12.

Numerical analysis as validation of experimental results

Methodology for numerical analysis

Numerical analysis of the model has been done by using ANSYS CFD. The steps in
the analysis are.
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The property module

The properties of the materials for the different parts of the model are assigned using
PROPERTY module [19]. The following properties are assigned, tab. 1.

Table 1. Properties of materials used in RV

. Conductivit Specific heat Densit

iyizmells [W/mm"C]y p[J/kg"C] [kg/mm);]
Stainless steel
304L plate 0.00006 490 8.03E-6
N, 0.000026 1040 1.153E-9
Concrete 0.0008 420 2.4E-6
EPS 3.3E-5 1.3 1E-6
MS plate 0.00006 510 8.03E-6

Mesh module

The mesh module allows generating mesh-
es on parts and assemblies created within ANSYS/
CAE. Various levels of automation and controls are
available so that a mesh that meets the needs of the
analysis can be created. The mesh module provides
the following features: Tools for prescribing mesh
density at local and global levels. Model coloring
that indicates the meshing technique assigned to
each region in the model [20, 21]. A variety of mesh
controls, such as: element shape, meshing technique,
meshing algorithm, adaptive re-meshing rule, fig. 13.

In the numerical analysis, the temperature of main vessel (heater plate) is set at 577 °C
and the temperature at various locations of the model are analyzed. It was found that the tem-
perature of safety vessel — MS plate temperature (sensor T7 as 554 °C), insulation panel tem-
perature ranging from T12 as 529 °C and T27 as 103 °C, liner temperature T29 as 80 °C,
concrete vault temperature T54 as 48 °C, T55 as 43 °C, T60 as 38 °C, and T64 as 36 °C. The
temperature distribution graph with respect to sensor locations is shown figs. 14-19.

100000 (mm)

Figure 13. Meshed image of the set-up using
hypermesh

Comparison of experimental and numerical analysis

Figures 20-25 shows the comparison of temperature distribution obtained by exper-
imental and numerical analysis. The temperature values obtained by numerical analysis were
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Figure 14. Temperature distribution when main
vessel is set at 100 °C

Figure 15. Temperature distribution
when main vessel is set at 200 °C
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Figure 18. Temperature distribution when main Figure 19. Temperature distribution when main
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found to be slightly less or equal to experimental values. So the experimental results can be
validated by numerical analysis. An experimental program has been undertaken in the model to
study the temperature distribution at various locations in the main vessel, safety vessel, thermal
insulation, liner, cooling pipes, and concrete. The experiments are conducted by maintaining
the main vessel at different temperature level of 100 °C, 200 °C, 300 °C, 400 °C, 500 °C, and
577 °C with all the five cooling pipes which are working. The experiments are also conducted
by maintaining the main vessel at different temperature with alternate cooling pipes which are
not working. The cooling nanofluid flow rate through the pipes welded to liner plate is main-
tained at 6 lpm. The temperature at 64 locations in the model are noted down at steady-state
condition. The temperature distribution graphs are plotted with respect to sensor locations.
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In this trial, the temperature of main vessel (heater plate) is set at 200 °C and the
temperature at various locations of the model has been noted at steady-state condition. The
fig. 20-25 shows the temperature distribution in the cooling water circuit. The temperature
difference between the inlet and outlet of cooling pipes has been found to be 2 °C, figs. 26-31.

Comparison between experimental results when all the
cooling pipes are opened and when the alternate pipes are closed

The temperatures measured at different locations were found to be almost equal for
WWWWW condition and WNWNW condition except near the liner plate, where the tempera-
ture was slightly higher for WNWNW condition, figs. 32-37.

Temperature distribution calculations

The water velocity through the pipes is 0.105 m/s and the Reynolds number of the
flow is 3000. The Nusselt number and hence the heat transfer coefficient for water side in cool-
ing circuit is calculated:

23107

7/ (Re-1000)Pr
8 = 00054+ - 3)

Nu =
1+ 12.7\/§(Pr2/3— 1)

and

N
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where f'is the Darcy’s friction factor, Re — the Reynolds number, and Pr — the Prandtl number

of water

Discusion of experimental vs. numerical results

From the experimental study and numerical, the following conclusions were drawn.
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Figures 32-37. Shows the comparison between experimental results when all the cooling pipes
opened and when the alternate pipes are closed when main vessel is set at 100 °C to 577 °C

When the temperature of main vessel (heater plate) was set at 100°C, the temperatures
at inner and outer faces of the inner concrete vault were 40 °C (T49) and 34 °C (T55), respec-
tively, and the difference was 5 °C which is less than acceptable temperature difference. When
the temperature of main vessel (heater plate) was set at 100 °C, the temperature at TS5 was 36
°C and at T60 was 33 °C. When the temperature of main vessel (heater plate) was set at 200 °C,
the temperatures at inner and outer faces of the inner concrete vault were 41 °C (T49) and 36 °C
(TSS5), respectively, and the difference was 5 °C which is less than acceptable temperature dif-
ference. When the temperature of main vessel (heater plate) was set at 200 °C, the temperature
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at T55 was 37 °C and at T60 was 34 °C. When the temperature of main vessel (heater plate) was
set at 300 °C, the temperatures at inner and outer faces of the inner concrete vault were 56 °C
(T49) and 47 °C (T55), respectively, and the difference was 9 °C which is less than acceptable
temperature difference. When the temperature of main vessel (heater plate) was set at 300 °C,
the temperature at T55 was 47 °C and at T60 was 35 °C. When the temperature of main vessel
(heater plate) was set at 400 °C, the temperatures at inner and outer faces of the inner concrete
vault were 61 °C (T49) and 46 °C (T55), respectively, and the difference was 15 °C which is
less than acceptable temperature difference. When the temperature of main vessel (heater plate)
was set at 400 °C, the temperature at TS5 was 46 °C and at T60 was 36 °C. When the tempera-
ture of Main vessel (heater plate) was set at 500 °C, the temperatures at inner and outer faces of
the inner concrete vault were 70 °C (T49) and 48 °C (T55), respectively, and the difference was
22 °C which is less than acceptable temperature difference.

When the temperature of main vessel (heater plate) was set at 500 °C, the temperature
at T55 was 48 °C and at T60 was 38 °C. When the temperature of main vessel (heater plate) was
set at 577 °C, the temperatures at inner and outer faces of the inner concrete vault were 72 °C
(T49) and 49 °C (T55), respectively, and the difference was 23 °C which is less than acceptable
temperature difference. When the temperature of main vessel (heater plate) was set at 577 °C,
the temperature at TS5 was 49 °C and at T60 was 39 °C. When heat is transferred from inner
face of inner concrete vault to end face of outer concrete vault, there is a large temperature
difference taking place between the inner concrete vault and outer concrete vault (between T55
and at T60) due to the presence of EPS sheet for which the conductivity is less. Hence, the tem-
perature at the outer face of the outer vault is maintained slightly above the room temperature
in all cases.

Conclusion

Experimental study was carried out on the set-up by maintaining the main vessel at
different temperatures with all the cooling pipes working and with alternate cooling pipes not
working. The temperatures were measured at 64 locations in the set-up at steady-state condi-
tion. The water circulation through the square pipes welded to liner plate was maintained at 6
Ipm. Numerical analysis on the model was carried out using ABAQUS and the experimental
results were compared with numerical results. The temperatures obtained by numerical analysis
were found to be slightly less or equal to experimental temperature values when the main vessel
was set at different temperatures. From this experiment we found that the cooling circuit with
nanofluid in RV will absorb more heat compared to water. Thus the experimental results were
validated by numerical analysis.

Nomenclature
Nu  — Nusselt number, [-] Acronyms
Re - Reynolds number, [-] EPS — expanded polystyrene
nHTF — nanoheat transfer fluid
SS-GRADE 304 - stainless steel- GRADE 304
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