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Parametric Study on the Heat Loss of the Reactor Vessel
in the Nuclear Power Plant

Seoug-Beom Kim? - Jong-Ho Park*

Abstract : The design parameter of the heat loss for the pressurized water reactor has
been studied. The heat loss from the reactor vessel through the air gap, insulation are
enalysed by using the computational fluid dynamics code, FLUENT. Parametric study
has been performed on the air gap width between the reactor vessel wall and the inner
surface of the insulation, and on the insulation thickness. Also evaluated is the
performance degradation due to the chimney effect due to gaps left between the panels
during the installation of the insulation system. From the analysis results, the optimal
with of air gap and insulation thickness and the value of heat loss are obtained. The
results show how the heat loss varies with the air gap width and insulation thickness.
The temperature and the velocity distributions are also presented. From the results of
the evaluation, the optimal air gap width and the optimal insulation thickness are
cbtained. As the difference between the predicted heat loss and measured heat loss
from the reactor vessel is construed primarily as losses due to chimney effect, the
contribution of the chimney effect to the total heat loss is quantitatively indicated.

Key words : Reactor coolant system, Reactor vessel insulation, Hot functional test,
Chimney effect

1. B2 Units 3 and 4 (YGN 3&4) in Korea

consists of two identical heat transfer

The design parameter of the heat loss loops connected in parallel to the reactor
for the pressurized water reactor (1000 vessel. Each loop contains one steam
MWe) has been studied. The reactor  generator, two recirculating pumps and
coolant system (RCS) of the Yonggwang connecting pipe. A pressurizer is connected
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to one of the reactor vessel outlet pipes.
The design pressure and temperature of
the RCS are 17.24MPa and 343.3C"%
respectively. The thermal insulation is
provided for all components and pipes of
the RCS. During the hot functional test
of YGN 3, the measurements indicated
that the RCS experienced an excessive
heat loss. According to the report prepared
by the Electric Power Research Institute®,
most reactors show the excessive RCS
heat loss of 2~3 times larger than the

design heat loss during the plant heat

loss test.
The Palo Verde Nuclear Generation
Station (PVNGS, 1300 MWe) in the

United States, which is the reference
plant of the YGN 3 & 4, experienced the
RCS heat loss of 3.62 MW during the
heat loss test while the heat loss
predicted by the design was 1.50 MW.
The heat loss measurement using the
infrared thermometry on each component
was compared with the design heat loss.
The ratio of the measured heat loss to
the design heat loss was 0.0117/0.0293(MW
to MW) for the pressurizer, 1.015/0.17 for
two steam generators, and 0.491/0.064 for
the reactor vessel excluding the control
which
indicated the 4~7 times large heat loss.
The reftective insulation (k=0.065 W/m-
C") which is made of thin stainless steel
installed about 1.27~21.59¢cm
apart from the reactor vessel allowing the

element driving  mechanism,

plates, is

air space to prevent the hot or cold spots

on the vessel wall, to improve the
insulation performance, and to avoid the
chance of the chemical corrosion due to
the dirts on the insulation.The insulation

consists of the several panels, and each

(828)
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panel is required to be tightened to its
with the
allowable gap between each panel of
0.318cm™?,
enters the reflective panels, it contacts

adjacent panels maximum

When the external air flow

the vessel through the gap between the
insulation and the vessel surface. the air
is heated and rises to the top of the
into the
Such
additional heat load, due to the transport

vessel, and eventually exits

containment at high temperature.

of energy by the flow of air, may explain
the excess heat loss from the vessel. The
flow of infiltrated air is sustained by the
pressure difference due to the temperature
gradient, which can be termed ‘chimney
effect’ ™. is the

largest component in the containment

The steam generator

building with the largest surface area
and the largest number of insulation
panels, i.e., with the largest potential for
air infiltration area. Compared with the
pressurizer, the steam generators operate
at lower temperature, but they are of the
considerably greater height. The survey
in PYNGS determined a few vertical gaps
up to 0.635cm and lap displaces by spaces
up to 0.9525cm.

openings in the seams occurred in the

The largest number of

horizontal seams with openings up to 2.54
cm. There are also many local openings with
inadequate treatment for local air tightness.
The reactor vessel operates differently
from the other vessels such as a pressurizer
or a steam generator in the fact that the
cavity below the vessel is pressurized at
1.524em"? of water, which can increase
the infiltrating flow through the insulation
gap. In this paper the heat loss from the
reactor vessel has been analysed.
Parametric study has been performed
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on the air gap width between the reactor
vessel wall and the inner surface of the
insulation. and on the insulation thickness.
Also evaluated 1is the performance
degradation due to the chimney effect
due to the gaps left between the panels
during the installation of the insulation

system.

2. Governing equations

The heat transfer

vessel through the insulation is performed

from the reactor

about analysis model, shown in Fig. 1 and
2. The air between the reactor vessel and
the insulation is heated by the reactor
surface and circulates due to the
buoyancy force, and there occurs the heat
loss through the insulation. The analysis
handles the convective flow region and

the conducting solid region of the insulation.

Reactor
Vessel

P——————————

E Insulation

Fig. 1 Reactor vessel

The common approach in engineering
analyses is to resolve the mean flow field,
and to model the turbulent flow. The k-¢

turbulence model®, which is a widely

(829)

used model, has been utilized in the
analysis. Here, k stands for the turbulent
kinetic energy, and € the dissipation rate.

In the momentum equation the Boussinesq
approximation is used, which models the
buoyancy force in terms of the temperature
instead of the density variation. But the
compressibility effects, viscous dissipation
and radiation heat transfer of fluids are
neglected according to evaluation results'?.

The major assumptions to the steady
state in 2-dimensional axis symmetry and
the transfer to cylindrical coordinates
which include the conservation of mass,
continuity, navier-stockes of mean time,

and energy equation are as follows:

Continuity eguation

UL V.V,
ax T or 7 (1)

Axis momentum_ equation
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Cylindrical momentum equation
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The energy equation (4) is applied to
turbulent flow of water, and due to the
solid

velocity term as the following simplified

region with insulation has not

expression.

_ad oT
O‘ax(saxHrar(“Sa) (5)
The Reynolds stresses are used this
assumption as following model for eddy

viscosity of Boussinesq.

oU; aU
By the equation (6) rearranged as

followings, respectively.

U __120P
U +V67’ o ox
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Sr= Ix (V’Gr)
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The turbulent thermal diffusivity (a;) is
introduced as the required problem

formulation. They are

— b= a,aaz
— vh= at%T (9)

(830)

Numerical values for turbulence Prandtl
numbers (0:=V¢/at) with case of the internal
flow have a range of 0.5 ~ 0.9 as researched

® Johnson®

by Reynolds Ludweig”
They are given to a value of 0.9. By
substituting equation (9) into equation
(4) the solution of conservation equation

is obtained as follows:

T
U9x+V67 x[(y ) ]
oT
” ar [( 1)7—'37] (10)

The velocity scale (k) and the length
scale (k¥%&) are expressions defined to
multiply form as following.

N
vi=Cy 5 1D
Where Cu is an empirically derived

constant of proportionality. The values of
k and ¢ required in equation (11) are

obtained by solution of conservation
equations.
ok ﬂ__ Vi Ok
Use T Vor (ok 87) (12)
t
r 87 ( 67>+P_6
where,
e Vi de
U&x + Var [ o, ar]
10 ¥ 66 &
e 67( 5 r52)+ Cag P—Ca™ (13)
szt[ {(QU) +(67V V)}
W) ] (14)

Generally, numerical values for Ce, Cez,
0k, and 0 are used in turbulence modeling.
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They are given in Table 1.

Table 1 Values of k-£¢ model coefficients
Cu Cex Cez O G
0.09 1.44 1.92 1.0 1.3

The computational fluid dynamics code,
FLUENT with SIMPLE algorithm®, has
been used to evaluate the performance of
the reflective insulation.

3. Numerical analysis

The reactor vessel, shown in Fig. 1,
consists of the upper and lower dome
head and the cylinder part. The control
of the
located in the upper head area where the

elements shutdown rods are
separate cooling system is provided. The
lower head and the cylinder part are
covered with the same insulation, but
near the border region between the lower
head and the cylinder part the air gap
width between the reactor surface and
the insulation is so narrow that the
convection between each air space of the
lower head and cylinder part can be
neglected. In this analysis the cylinder

part of the reactor is modeled and
analysed, and Fig. 2 shows the analysis
model. The radius, ra, and the height, L,
of the cylinder part are 226cm and 399cm,
respectively. The air gap width and the
insulation thickness vary depending upon
the analysis cases. The air gap widths
considered in the analyses are 1.27, 2.54,
5.08, 7.68, 10.16, 15.24, and 20.32cm, and
the insulation thicknesses are 2.54, 5.08,
7.62, 11.43 and 15.24cn.

The temperature of the reactor surface

(831)

is assumed to be 295.8C for all cases
because the reactor control system controls
the water temperature entering the reactor
vessel to be maintained at 295.8C.

The heat transfer coefficient of 5.68 W/
m'-C" is applied to the outside surface
of the
temperature is assumed to be 357C.

insulation and the ambient

Several cases haves been analysed to
determine the sensitivity of the air gap
size and the insulation thickness on the
RCS heat loss. And to evaluate the
‘chimney effect” on the heat loss, the
opening between the insulation panels is
turbulence modeled in the analysis. The
pressure boundary condition with the
difference of 0.00464 kg/ci''? on account
of the elevation difference is imposed on

at the lower and upper openings.

reactor vessel

surface
AX \A

Fig. 2 Analysis model

Two cases with the opening sizes of 0.084
cm and 0.168cm are analyzed. Fig. 3 shows
the boundary conditions. The computation
is performed with the grid of 200x100, and

the grid is concentrated near the openings.
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insulated wall
P,=P,-0.00464 kg/cm?

T. =35°C

T,=295.8 *C
h=0.065 W/m —°C

N

insulated wall

Fig. 3 Boundary condition.

4. Results and discussions
4.1 Variation of the air gap width

The heat transfer characteristics in
accordance with the variation of the air
gap width between the vessel wall and
the insulation are considered with the
insulation thickness of 11.43cm. Fig. 4

(a) shows that the convective air

velocity increases as the gap width
increases. When the gap is 1.27cm, the
air is almost stagnant, and the

temperature distribution across the gap
at x=L/2 is linear. which indicates that
the conduction heat transfer dominates
(Fig. 4 (b)).

As the convection develops with the
increase of the gap width, the temperature
distributions at x=1./2 become similar.
The highly convective recirculating flow
is shown in the enclosure in case of the
large air gap width. The effect of the
convection becomes large in both ends of
x=0 and x=L with the increase of the
gap. The temperature of the inner surface
of the insulation varies in the whole

region along the x-direction in case of the

(832)

S EE

gap of 20.32cm, while the end effect is
limited in case of the narrower gap. The
the wvessel and the
heated by the
surface while going up and is cooled by

air  between

insulation is vessel

the insulation surface due to the heat
loss while going down.
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Fig. 4 Heat Transfer with variation of air gap width

The air temperature in the upper region
is higher than the lower region, and the
temperature distribution of the insulation
surface is shown in Fig. 5. (a) and (b).
The temperature of the insulation outer
surface is lower than 60°C"" in conformance
with the insulation design requirement.
Fig. 5, (¢) shows that the heat flux from
in the
becomes larger than that in the upper
Since the

the vessel wall lower region

region as the gap increases.
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large differences in the temperature and
heat flux of the lower and upper region
desirable, these should be
considered in the insulation design.

are not

temperature { °C)
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(¢) Heat flux at the reactor surface

Fig. 5 Heat transfer with variation of air gap width
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gud

42 Variation of the insulation thickness

The heat transfer characteristics with
the variation of the insulation thickness
while the air gap is maintained at 20.32
cn. As the thickness of the insulation is
decreased, the heat loss increases and the
convection causes the wall temperature to
vary along the wall surface.
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Fig. 6 Heat transfer with variation of insulation
thickness
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The velocity and temperature distributions
for the different insulation thicknesses
are shown in Fig. 6, (a) and (b). Fig. 6,
(¢) indicates that the temperature of the
outer surface of the insulation whose
thickness is smaller than 5.08cm, exceeds
the limit, 60T required for the design,
and in case of the thickness of 7.62cm the
part of the
shows the higher temperature than 60T.

The
makes the outer surface temperature
lower than 60C. The heat loss with the
insulation thickness of 2.54cm is about 2.5

upper insulation surface

insulation thicker than 11.43cm,

times larger than that with 11.43cm.

4.3 Consideration of the chimney effect

The heat loss due to the chimney effect
is evaluated. The cold air infiltrating the
insulation panels shows large effect on
the heat transfer. As the convective air
velocity is increased (Fig. 7. (a)), the air
temperature between the reactor and the
is lowered by about 65.6T
compared with the case without the
chimney effect (Fig. 7, (b)).

The chimney effect causes the heat flux

insulation

from the reactor vessel to increase,
especially in the lower part where the
cold air infiltrates (Fig. 7. (c)). The dip
in the heat flux distribution in the lower
part is owing to the recirculating zone in
the corner where the inlet air comes
through the panel opening. In addition to
the large heat loss, the infiltrating cold
air can cause the undesirable cold spot
on the reactor vessel.

The heat loss in each case is listed in
Table 2. The heat loss in this case shows

the minimum with the air gap width of

(834)

wEs

5.08cm and increases thereafter. Since the
increase of the heat loss due to in the
case of the opening size of 0.084cm and 8
times in the case of the opening size of
0.168cm, even a smaller opening between
the insulation panels can have a serious
impact on the design.
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Fig. 7 Heat transfer with consideration of the
chimney effect
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The air entering the enclosure by the
chimney effect exits at high temperature
which
degrades the efficiency of the reactor

to the containment atmosphere,

coolant system and causes the increase of
the heat load to the HVAC of the
containment building. Therefore. this
heat load should be taken into account in
determining the capacity of the HVAC.

Table 2 Comparison of the heat losses

(a) Variation of the air gap width
heat loss (kw)

air gap width (cm)

1.27 1.103
2.54 1.042
5.08 1.033
7.62 1.062
10.16 1.093
15.24 1.108
20.32 1.131

(b) Variation of the insulation thickness
heat loss (kw)

insulation thickness(cm)

2.54 2.840
5.08 1.961
7.62 1.486
11.43 1.131
15.24 0.923

(c¢) Consideration of the chimney effect
opening size (cm) heat loss (kw)
0.084 4.6
0.168 9.37

The reason why the heat losses in the
tests of most plants are 2—~3 times as
much as the design values as in the EPRI
report, is mainly because of the poor
installation of insulation panels, not
secause of the defect of the insulation
Jdesign itself. he insulation panel, therefore,
should be carefully handled not to be

damaged and the gap in the lap joints

(835)

between the panels should be maintained
as small as possible.

Obviously., the corrective action is to
close all openings to the maximum extent
possible and to reduce the chimney effect
by using horizontal convective seals. The
‘chimney height” breakup by adding
horizontal convective seals also effectively
reduces the potential for air infiltration
and exiting from the vessels.
that the

installation and the panel damage due to

The analysis shows poor
the improper storage or handling cause
non-design gaps in the lap joints between
lead to the

degradation of the system performance

the panels and serious
due to chimney effect. The data from this
study can be wused for the insulation
design of the large equipment in various

plants

5. Conclusions

A numerical study is performed to

optimize the insulation design and to
investigate the chimney effect due to poor
installation of the insulation panels.
From the results of this study, it is
concluded that:

The air gap width between the reactor
wall and insulation minimizing the heat
loss is 5.08cm. In order to maintain the
outer surface temperature of the insulation
below 60T,

11.43cm is adequate. Since the heat loss is

the insulation thickness of

increased eight times even with a half of
the allowed opening size, the opening
between the insulation panels should be
and the

in order to

kept as small as possible,
horizontal convective seals

reduce the chimney effect should be used.
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