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Abstract
After the Fukushima nuclear accident in 2011, the safety of the spent fue l pool (SFP)
which lost the cooling function and feed water suffered an unpre cedented threat.
Many countries paid attention to the safe ty of the SFP. Researches on improving the
safety of the SFP have become the important topic. In China analyzing and improving
the safety of the SFP for CPR1000 is one sub-topic of them.
This paper gives a design of passive air cooling system for CPR1000 SFP, which can
control the wa ter temperature of th e SFP under 80℃. Then the transi ent analysis of
the CPR1000 SFP with designed passive air cooling system will be done in statio n
black out (SB O) accident by the best-estimate thermal-hydraulic system code
RELAP5.
The design calculation results show that to maintain the temperature of CPR1000 SFP
under 80℃, the tube numbers of the SF P and air heat ex changers are 6627 and 19086
respectively. The height difference between the bottom of the air heat ex changer and
the top of the SF P heat ex changer is 3.8m. The SFP heat ex changer's tube number
decreases as the hei ght difference increases, while the air h eat exchanger's tube
number increases.
The transient anal ysis results show that a fter the SBO accident, a stable air cooling
natural circulation is established. The surface tem perature of CPR1000 SFP increases
continually until 80.5 ℃, which indicates that the desig n of the passive air cooling
system for CPR1000 SFP is capable of re moving the deca y heat to maintain the
temperature of the SFP around 80℃ after losing the heat sink.
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Nomenclature
k

Total heat transfer coefficient ( W/(m 2  K) )

di

Tube inner diameter (m)

do

Tube outside diameter (m)
Tube inner heat transfer coefficient ( W/(m 2  K) )
Tube outside heat transfer coefficient ( W/(m 2  K) )

hi

ho
Kf

O

Heat rejection efficiency of fins
Heat conduction coefficient ( W/(m  K) )

Ai

Total internal surface area of the heat exchanger ( m 2 )

Ah
Af

Total external surface area of the heat exchanger ( m 2 )

Ar

External surface area except the fin surface area ( m 2 )
Heat transfer power (W)
Logarithmic mean temperature difference
Nusselt number
Grashof number
Prandtl Number
Gravitational acceleration ( m/s2 )
Tube length(m)
Expansion coefficient ( 1/ K )

)
'Tm
Nu
Gr
Pr
g
l

Dv

Q
Tw
Tf
H

G

f
De
u
A1
A2
Ft
Ns
Np

Total surface area of the fins ( m 2 )

Kinematic viscosity ( m2 / s )
Wall temperature (K)
Water average temperature (K)
Height of the interlayer ( m )
Thickness of the interlayer ( m )
Friction factor
Equivalent diameter ( m )
Fluid velocity ( m / s )
Upstream area ( m 2 )
Downstream area ( m 2 )
Structure correction factor
The number of serial heat exchangers
The number of tube passes

Tin

Inlet temperature of the heat exchanger( qC )

Tout

Outlet temperature of the heat exchanger( qC )

Ti

Inner tube wall temperature of the heat exchanger( qC )
Outer tube wall temperature of the heat exchanger( qC )
Mass flow of the passive cooling loop ( kg/s )
Decay heat(MW)

To

G
Q
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1.

Introduction

The spent fuel pool (SFP) is one of the most important equipment in the nuclear power plant.
It plays a major role in removing the decay heat and shielding the radiation produced by the
spent fuel during the process of spent fuel storage. After the Fukushima nuclear accident in
2011, investigations on the thermal-h ydraulic characteristics and the safety performance of
the spent fuel pool have become the research focus in the world.
In 2012, China promulgated an 863 project named “nuclear safety research”. One of the subtopics is aimed to analyze and improve the safety of the spent fuel pool for generation II+
pressurized water reactor, such as CP R1000 which is the major reactor type in service or in
construction in China. However, the cooling system of the SF P for generation II+ PWR is
depending on the drivin g forces. Once without the driving forces, the w ater of the SFP will
be boiling and the fue l will be melt. The passive safety systems were put for ward in the
1980s, which depend on the g ravity and natural circulation instead of o perator actions or
electronic feedback in the emergency event. The passive system has been widely applied in
generation III reactors, such as the Westinghouse AP1000[1], the J apanese N.G.P, the
Chinese ACPR1000[2], the Russian VVER, the PIUS with inherent safety features designed
by ABB Power Generation Ltd. in Switz erland[3], the PWR wi th SIP-1 presented by SIET
laboratory in Italy[4], and so on.
After Fukushima accident, a number of researchers have studied the safety of the spent fuel
pool. Carlos et al. used TRACE thermal -hydraulic code to simulate th e steady state and
transient conditions with a loss of cooling and coolant of spent fuel pools. Their calculations
of steady state have a good agreement with the measurements of Maine Yankee[5]. Chen et al.
have developed a 3-D CFD model to analyze the localized distributions of the flow and heat
transfer of the spent f uel pool in a loss of cooling event. The results show that the
temperature rising rate calculated by the 3 -D CFD is the identic al to that calcul ated by
Procedure 597.1 for the Maanshan NPP[6]. Wang et al. applied REL AP5 to investigate the
behavior of the spent fuel pool for CPR1000 with loss of heat sink[7].
Some researchers have developed the advan ced passive safe ty system for SFP. Arndt B
et.al[8] introduced a design based on the conce pt of cooling the spent fue l storage pool only
depending on air cooling. Westinghouse Corporation[9] designed a floating passive cooling
system using gravitate heat pipe principle to manage the spent fuel pool cooling. Their
system is composed of many modular gravitate heat pipes. Each heat pipe ma y at most
remove 300 kW of heat , and the cooling system can control the temp erature of the pool
water under 60℃. Shanghai Jiao Tong University et.al[10] designed a passive cooling system
for spent fue l pool of C AP1400. Their cooling system adopts separa te heat pipe principle,
and removes the decay heat of spent fu el to atmospheric environment d epending on the air
cooling tower. This passive cooling system can keep the pool wa ter from boil, even under
station blackout (SBO).
In the present paper, a passive coolin g system for the sp ent fuel pool of CPR1000 is
designed to control its water temperature under 80℃. The safe ty performance of the spent
fuel pool with passive cooling system is analyzed under station bla ckout using RELAP5
code. The research of this paper is useful for the safety improvement of CPR1000 spent fuel
pool system.
2.

Thermal-hydraulic design of passive cooling system

The CPR1000 (improved Chinese PWR) which is based on the French 900MW PWR with
upgraded net power output of 1000 MW is the main reactor t ype in service and und er
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construction in China . So its safety behavior is a ver y important issue for Chinese nuclear
industry.
When SBO accident takes place, the spent fuel storage pool water temperature will continue
to rise until boiling . If no active coolin g measures are available, th e water will evapora te
away. Then the radioactive materials will release into the environment to cause danger. The
passive cooling system is applied to re move the decay heat effectively and control the water
temperature below an acceptable lev el when the active devices failure or loss of heat sink
occurs.

Riser

The air cooling
heat exchanger

Downcomer
The SFP
heat exchanger

Spent fuel storage area

Fig. 1 Design diagram of passive cooling system

The sketch of the desi gned passive cooling system is shown in . Fig. 1 The heat ex changers
in the SFP and air are all shell and tube t ype. The SFP heat ex changer is immersed in the
pool around the pool wall to load or unload the spent fuels assemblies conveniently. Water is
used as the working fluid in the clos ed loop. The atmosphere is used as the final heat sink.
The air cooling heat exchanger is equipped with uniform section circular fins to increase the
heat transfer area.
Under normal operating conditions, the tube side of the heat exchangers and the connecting
pipes are filled with water and isolated b y a check valve and an isolation valve. A fter the
SBO occurs, the check and isolation valves will open automatically and the passive cooling
system will start to work automatically without any active operation. The water heated in the
SFP heat exchanger flows upward and enters the tube side of the air cooling heat exchanger,
where it is cooled by the shell side air by natural convection. Finally, the cooled water flows
back to the tube side of the SFP heat exchanger by gravity. Consequently, the passive S FP
cooling system removes the decay heat by natural circulation under station blackout accident.
2.1

The heat transfer model in the passive cooling system

Ignoring the fouling resistance, the total heat transfer coefficient correlations for SFP and air
heat exchangers based on tube outer surface are respectively as
1 1 do do do 1
ln 

(1)
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In Eq.(2), K f is the heat r ejection efficiency of fins, and can be found according to the fin
efficiency curve[11]; Ai , Ah is the total internal and external surface area; A f is the fin
surface area; Ar is the external surface area except the fin surface area, Ah
The heat transfer equation is as following form:
)

Ar  Af .

(3)

kAt 'Tm

In Eq.(3), 'Tm is the logarithmic mean temperature difference and it can be expressed by
'Tm

'Tmax  'Tmin
'T
ln max
'Tmin

(4)

The heat trans fer coefficient between the wall and water in the tub es of the S FP or air
cooling heat exchanger is calculated by Churchill-Chu correlation[12]:
0.387(Gr u Pr)1/6 2
(5)
Nu [0.825 
]
0.492 9/16 8/27
[1  (
) ]
Pr
Whereˈ
hl
(6)
Nu
d

gDV Tw  Tf l 3

Gr

(7)

Q2

For the heat ex changer without fins, the heat transfer mode between the tube outer wall and
the coolant belongs to natural convection in infini te space. For the heat exchanger with fins,
the heat transf er mode may belong to n atural convection in infinite spac e or n atural
convection in finite space dependin g on the situation. Seig el R et al .[13] found if the ra tio of
the fin pitch to fin heig ht is larger than 0.28, the heat transfer mode between the fins and the
coolant is natural convect ion in infini te space. Otherwise, it will be natural convection in
finite space. The natural convection heat transfer correlation in infinite space is as follows [11]:
(8)
Nu C (Gr * Pr) n
The natural conv ection heat transfer correlations in vertical and horizontal finite space can
be presented respectively as follows[11]:
Nu

§H·
C (Gr * Pr) ¨ ¸
©G ¹

m

(9)

n

Nu

(10)

C (Gr * Pr) n

Eq. (10) is fully applicable to gas. But for liquid, considering the re lation between the
properties and th e temperature, the ri ght side o f this equation should be multiplied b y a
correction factor depending on the propert y change. So the heat transfer corre lation for the
tube outside is modified as

Nu

C (Gr * Pr) n Pr f Prw

0.11

(11)

In the Eq. (8)-(11), C, n and m are determined by experiments, depends on the heat transfer
surface shape and positi on, turbulent or laminar flow, and th ermal boundary conditions.
Their values can be found in the literatures[11].
2.2

The pressure drop model in the passive cooling system
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The establishment of the stable natura l circulation is based on the situation that the pressure
drop produced b y the density difference between the riser and down comer must over come
the resistance pressure drop in the loop:
'Pel ¦ 'Pf  ¦ 'Pc , s  ¦ 'Pc ,c  ¦ 'Pc ,e  ¦ 'Pt
(12)
Where,
The elevation pressure drop:

'Pel

Pdown  Pup

(13)

'Pf

f

l Uu 2
De 2

(14)

The frictional pressure drop:

The elbow, junction or valve pressure drop:
'Pc ,s

K

Uu 2
2

(15)

The area abrupt contraction pressure drop:

'Pc ,c

0.4[1  (

A2 2 U u2 2
) ]
2
A1

(16)

The area abrupt expansion pressure drop:

'Pc ,e

(1 

A1 2 U u12
)
2
A2

(17)

The heat exchanger tube pressure drop:

'Pt

(f

Uu 2
l
 3) Ft Fs N p 3
2
De

(18)

Where, K is form drag coefficientˈ Ft is structure correction coefficient with the value of
1.4 for the I 25 u 2.5 pipe.
2.3

Thermal-hydraulics design

According to the desi gn basis of the spent fuel pool for CPR1000, the max permissible
temperature of the poo l water is 80 ć. In this paper, 80ć is d esigned as the final
temperature of the spent fue l pool in a loss of heat sink event. The environment temperature
is designed to 30 ć. According to the target, the tube numbe rs N of the SFP and air
cooling heat ex changers and the heig ht difference 'h between the top of the SF P heat
exchanger and the bottom of the air cooling heat exchanger are calculated by other designed
parameters.
The designed geometrical parameters of the passive cooling system are shown in Table 1. The
last step is to calculate b y the mass flux G and the pressure drop o f the passive cooling
loop. The detailed calculation procedure is shown in Fig. 2.
Table 1 Geometrical parameters of the passive cooling system

SFP heat exchanger
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Tube
length
/m
6.5

Tube
type

Tube length
/m

Tube
type

Fin height
/m

I25×2.5

12.0

I25×2.5

0.03

Fin
thickness
/m
0.002

Fin
distance
/m
0.01

Other parameters of the passive cooling system are assumed as Table 2. The power of the
spent fuel assemblies is set to 11.98MW , which is the max imum power in abnormal
conditions.
Table 2 Other assumed parameters of the passive cooling system

Parameter

Unit

Value

Environment temperature

℃

30

Pool temperature

℃

80

Inlet temperature of the SPF heat exchanger

℃

35
-1

Mass flow of the passive cooling loop

kg∙s

65

Diameter of the passive cooling loop pipe

m

0.3

Power of the spent fuel assemblies

MW

11.98

Working fluid

/

Water

The tube number of each heat ex changer and height difference between the two heat
exchangers are calculated by the design parameters, as shown in Table 3.
The height difference is 3.8m, which is easy to achieve from the view of engineering. These
results indicate the d esigned passive cooling system for the spent fuel pool of CPR 1000 i s
practical significance.
Table 3 The steady state results of the passive cooling system

Parameter
Tube number of the SPF heat
exchanger
Tube number of the air heat
exchanger
Height difference
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Unit

Value

/

6627

/

19086

m

3.8

5242
5242

Fig. 2 Calculation flow chart of the passive cooling system

2.4

Height difference sensitivity analysis

As shown in s ection 2.3, the establishment of the stable natural circulation is based on the
situation that the press ure drop produced b y the density difference between riser and
downcomer must overcome the resistance pressure drop of the loop. So the height difference
between the bottom of t he air heat exchanger and the top of the SFP heat exchanger which
has the significant influence on pressure drop will affect the stable natural circulation.
Keeping other parameters constant, the tube numbers of the air and SPF heat exchangers are
changed with the height difference between the bottom of the air heat exchanger and the top
of the SFP heat exchanger. Fig. 3 and Fig. 4 show the curves of tube numbers of th e air and
SFP heat exchangers with the hei ght difference, respectively. As they show, the SFP heat
exchanger's tube numbe r decreased as hei ght difference increasedˈwhile the air heat
exchanger's tube number increased.
This is because the mass flow of the natural circulation increases with the height
difference. According to Eq.(19) ,
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Q C pG Tout  Tin

(19)

where the decay heat Q and inlet temperature Tin is designed to be a constant, so Tout
decreases with the increase of the height difference. This leads the logarithmic mean
temperature difference of the SFP heat exchanger increases and the logarithmic mean
temperature difference of the air cooling heat exchanger decreases. Final it results the heat
transfer area of the SFP heat exchanger decreased and the heat transfer area of the air cooling
heat exchanger increases as height difference increased shown from Eq.(3).

Air heat exchanger's tube number
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Fig. 3 The curve of tube number of the air heat exchanger with height difference

SFP heat exchanger's tube number
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Fig. 4 The curve of tube number of the SFP heat exchanger with height difference
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Ratio of the material area
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Fig. 5 The curve of the material area with height difference

The ratio of the material area is defined as the ratio of the material area of the passive system
and the minimum of them. Fig. 5 shows the curve of the ratio of the material area with height
difference. In terms of economy, the height difference is better between 3 to 10 meters.
3.

The passive cooling system performance analysis based on RELAP5

Fig. 6 Nodalization of the passive cooling system
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This section will use R ELAP5 to analyze the designed passive coolin g system, taking the
result of se ction 2 as th e input conditions. We need to verif y whether the passive cooling
system can control the pool temperature at 80ć after loss of heat sink occurs.
A nodalization of the passive cooling system for the SFP is shown in Fig. 6. Control volume
271 and 276 represent the SFP and air cooling heat exchangers respectively. Control volume
272 and 277 represent the riser and downcomer of the loop respectively. 287 is the valve at
the downcomer, and must be opened immediately to remove the decay heat when the loss of
heat sink occurs.
Fig. 7 shows the coolant mass flow change of t he passive cooling system. The mass flux
increases rapidly to 46.3 kg∙s-1 at 100 seconds after the ac cident. Early in the accident the
large temperature difference between the SF P and air h eat exchangers causes th e large
density difference and a large driving force in the loop.
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Fig. 7 The coolant mass flux change of the passive cooling system

As Fig. 8 shows, early in the accident the thermal load of the heat exchanger rises rapidly, but
still under the decay heat of the spent fue l (11.98 MW). So the passive cooling system can’t
remove the decay heat, and the temperature of the pool surface increases continually, shown
in Fig. 9.
The increase of th e water temperature results in a larger temperature difference between the
cold and heat sources of the loop. Moreover, the driving force of the coolant increases, and
the coolant m ass flux increases with it. Meanwhile the heat load of the heat ex changer
increases until 11.98 MW to remove the decay heat of the spent fuel exactly. After that every
parameter remains constant. It means the pass ive cooling system has been established
successfully.
As shown in Fig. 9, the temperature of the pool surface is 80ć after the establishment of the
passive system. Fig. 10 shows the inlet temperature of the SFP heat exchanger is 35ć. They
certifie the passive cooling system we designed is effective.
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Fig. 8 The thermal load change of the heat exchanger
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Fig. 9 The temperature profile of the pool surface
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Fig. 10 The inlet temperature of the SFP heat exchanger

4.

Conclusion

In this paper, a passive cooling system for the SFP of CPR1000 is designed. The passive
cooling system can maintain the temperature of the SFP around 80℃ after losing heat sink.
Then the heig ht difference sensitivity was analyzed. The r esult shows that the SF P heat
exchanger's tube numbe r decreased as hei ght difference increasedˈwhile the air heat
exchanger's tube number increased.
The loss of heat sink accident of the spent fue l storage pool with the passive cooling system
was analyzed by RELAP5-MOD3.3, which used the theoretical ca lculation as the input.
After the accident, the temperature of the pool surface increased continually until 80.5 ℃.
The result suggests that the design of the passive cooling system of the SFP for CPR1000 is
successful to remove the decay heat to maintain temperature of the S FP around 80 ℃ after
losing the heat sink. The present results will be useful for the improvement of the CPR1000
spent fuel pool cooling system.
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