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Abstract The technology of passive safety is the current trend among safety systems in nuclear power plant. Pas-

sive residual heat removal system (PRHRS), a major part of passive safety systems of Chinese advanced PWR, is a

novel design with three-fold natural circulation. On the basis of reasonable physics and mathematics models,

MITAP-PRHRS code was developed to analyze steady and transient characteristics of the PRHRS. The calculation

and analysis show that the code simulates steady characteristics of the PRHRS very well, and it is able to simulate

transient characteristics of all startup modes of the PRHRS. However, the quantitative description is poor during the

initial stages of the transition process when water hammer occurs.
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1 Introduction

The technology of passive safety is the trend of
safety systems in nuclear power plant, and various
novel reactor concepts, including AP600, EPP1000,
SPWR, WWER1000, and MS600, have adopted pas-
sive safety systems [, Passive safety system is one of
the main features of Chinese advanced PWR, which is
different from other conventional PWR @, Passive
residual heat removal system (PRHRS), which ac-
counts for the majority of passive safety systems of
Chinese advanced PWR, is a novel design with
three-fold natural circulation (Fig.1). It consists of
three loops: (1) reactor coolant system by which the
decay heat is transferred to the secondary side of
steam generator; (2) steam water loop including steam
generator (SG), air cooler, and emergency feed water
tank (EFWT); and (3) air loop. The principle of work-
ing of PRHRS is as follows. When blackout or other
accident occurs, the isolation valves located at the
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outlet pipe of emergency feed water tank (EFWT) is
opened by a low-low water signal for the SG, so that
EFWT provides water to the secondary side of SG by
gravity and maintains the water level. The water in the
SG absorbs the residual heat during its transformation
into steam. The steam that rises and passes through the
air cooler condenses into water in the air cooler. Sim-
ultaneously, the heat is transferred to the air through
the natural convection of air occurring in chimney and
in atmosphere. And then, the condensed water returns
to the SG loop by gravity, thereby establishing a con-
tinuous natural circulation flow. On the basis of rea-
sonable physical and mathematical models,
MITAP-PRHRS code was developed to analyze steady
and transient characteristic of the PRHRS. In this arti-
cle, the development and verification of
MITAP-PRHRS code are introduced.
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Fig. 1 Schematic diagram of the PRHRS.

downward section of the PRHRS, etc. Mass conserva-
tion equation, momentum balance equation, and ener-

2 Mathematical model gy conservation equation are listed as follows:

Control volume of the PRHRS is shown in Fig.2. o l(cjj—W= (1)
Basic assumptions are as follows: (1) the model is one or AdZ
dimensional, (2) incompressible flow, (3) neglecting 8W . WZ oP
o . =—A——| 7,dU-pgA (2)
the gravitational work and the work related to the ki- or az 07 .
netic energy, and (4) adiabatic flow for pipe and ple-
num. ah +W oh _aqu, P 3)

Por Az A o
where W, p, A, P, h, Uy, Un, 7., and q represent
_Li 4 flow rate, fluid density, the cross-sectional area of
flow channel, system pressure, enthalpy, wetted pe-
rimeter, heated perimeter, shear stress at the wall, and
heat flux, respectively.

2.2 Two-phase mixture conservative equations

Two-phase mixture conservative equations are
applied in secondary-side boiling section of SG, mix-
ture of air cooler, etc. Mixture mass conservation

1-SG, 2-EFWT, 3-Upward section, 4-Air cooler, 5-Downward equation, mixture momentum balance equation, and
section. mixture energy conservation equation are listed as
Fig. 2 Schematic diagram of control volume for the PRHRS. follows:
0 0
6r[(1 a)pf+ang+a—[(1 a)pV; +apV ] 0
2.1 Single-phase conservative equations 4)
Single-phase conservative equations are applied oW oP 0 W?2
in primary si TRy e CD )
in primary side and the downcomer of SG, second- or oz g

ary-side subcooling section of SG, upward section and
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where « represents void fraction, and subscripts g and
f represent steam and saturated water, respectively.

o 10
Z[(l—a)pfhr + apghg]+K§[Wh] =

2.3 The wall temperature equation of U tube for
SG and air cooler

The wall temperature equation of U tube for SG
and air cooler is as follows:

oT, (7
s

ay, Fy, (TU1 ~Tw ) —ay, Ry, (TWU -Ty, ) (7

where M, Cp, F, and T represent mass, specific heat,
heat transfer area, and temperature, respectively; sub-
script U represents either U tube or ribbed tube of air
cooler; subscript WU represents wall of either U tube
or ribbed tube of air cooler; subscripts U; and U, rep-
resent primary side and secondary side of each SG or
air cooler, respectively.

2.4 The water level equation of SG and the enthal-
py equation of the downcomer

SG (Fig.3) consists of U-tube, steam dome, feed
water dome, downcomer, riser section, and lower ple-
num. The water level equation of SG B is as follows:
oL
Pl
Wi, + W, = XpeWs L 9py Op o 0Py _ah

(
Aﬁc P dc ap a ahdc

where L, Xrir, and Ws represent water level, outlet
quality of riser section, and secondary side circulation
flow rate of SG, respectively; subscripts afw, dc, and
fw represent emergency feed water, downcomer, and
feed water, respectively.

The enthalpy equation of the downcomer is as
follows:

ohy _ [A— Xg )Wehy + Wi, by, +Wag, Mo, —Wehy ]
or (Acpal)
Way +Wary = XrirWs)Ny
(AwcPucL)

) (8)
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1 — Lower plenum, 2 — U-tube, 3 — Downcomer, 4 — Riser sec-
tion, 5 — Feed water dome, 6 — Steam dome.

Fig. 3 Schematic diagram of control volume for SG.

2.5 The pressure equation of SG

The pressure equation of SG is as follows:
P _F-F (10)
or G

aaRIR

Where E VRIR(pg g pfhf)

F=h (Wgo STM Wv)

gaP D
oh,.

hf Pr P

where arir, VRIR, Vsp, Vuprwr, Wgo, Wstm, and Wy
represent outlet void fraction of riser section, volume
of riser section, volume of steam dome, upper volume
of feed water ring with J-tube, steam flow rate of riser
section, outlet steam flow rate of riser section for SG,
and relieved flow rate through safety valve, respec-
tively.

op,
G= (VSD + aRIRVRIR)(_g hg +p

Vurewr +Var 1= ri )](

2.6 Void fraction equation of SG

\oid fraction equation of SG is as follows:

o
%:Ws(xm = Xout )/(VR'R'OG) (1)

where Xout represents outlet quality in SG heating sec-
tion.

2.7 Natural circulation flow-rate equation of the
PRHRS and secondary-side circulation flow
rate of SG

Natural circulation flow-rate equation of the



304 NUCLEAR SCIENCE AND TECHNIQUES

\Vol.17

PRHRS and secondary-side circulation flow rate of
SG is as follows:

_ _ LWWZ _\W?2 &
W gSpgdz ch VS dz-w Z’Z,DAZ o
or <35le

A

where fy, and Kjoc represent the fanning friction factor
and form loss coefficient, respectively; and subscript i
represents the control volume.

2.8 Natural circulation flow-rate equation of air
loop

Natural circulation flow-rate equation of air loop
is as follows:

—Gz(i—ij—Tpgdz—WzTU—Wf Ldz

pcho pchi A " 2pA2

0 0
(13)
where Lcn represents the chimney height, subscripts

cho and chi represent the chimney outlet and the
chimney inlet, respectively.

2.9 Pipe and plenum model

Pipe and plenum model is as follows:
M ﬁ =W (hin - hout) (14)
T

where M, hin, and hou represent mass in the control
volume, inlet enthalpy in the control volume, and out-
let enthalpy in the control volume, respectively.

2.10 Thermal-hydraulic correlations

Considering the length limit of the article,
thermal-hydraulic ~ correlations  consisting  of
heat-transfer correlations and pressure-drop correla-
tions are omitted here. They can be referred to in Ref.

[6].
3 Numerical method

Because the three-fold natural circulation systems
closely couple with each other, the three-fold natural
circulation systems are solved together. After the dis-
cretization of the spatial derivative terms in the equa-

tions, the following ordinary differential equations are
obtained:

dy =, _ _
—=f(t,y,y' 15
g - [(Lyy) (15)

V() = Yo (16)

Therefore, the dynamic simulation of the whole sys-
tem can be solved as an initial value problem [, For
the stiff system of differential equations, Gear’s algo-
rithm is used traditionally. In this article, Gear’s algo-
rithm is used to solve differential equations of the
PRHRS.

4 \ferification of steady characteristics

4.1 Steady calculation

According to system characteristics on PRHRS of
Chinese advanced PWR, while system pressure, height
between heat resource and heat sink, heating power
and system resistance are definite, steady characteris-
tics are also definite. Based on steady characteristics,
steady calculation has been performed using
MITAP-PRHRS code, and influences of some im-
portant factors such as system pressure, height be-
tween heat resource and heat sink, air inlet tempera-
ture, and heating power, on the steady characteristics
have been analyzed. A comparison of thresholds of
height between heat source and heat sink between
MITAP-PRHRS and the correlation ! has also been
made. Steady calculations show that MITAP-PRHRS
code can simulate the steady test very well, and rela-
tive errors between calculation results and experi-
mental ones were less than +10%, as shown in Tables
1and 2.

4.2 Code application

In the calculation, effects of chimney height and
temperature of air at the inlet on steady characteristic
of the PRHRS are estimated. As shown in Fig.4, re-
sidual heat removal capability is increased as chimney
height increases. However, the change is remarkable
as chimney height is 8.8—14.8 m, the change is very
slow as chimney height is 14.8—18.8m, and change is
hardly observed as chimney height is 18.8—20.8m.
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Table 1 Comparison of results of steady state between calculation and test

Runs Pressure  Height Air inlet Heating Natural Outlet Wind Outlet
/MPa between temperature  power circulation temperature flow rate temperature
heat source  /°C [ kW flow rate of air cooler  /kg-s* of chimney
and heat /kg-ht /°C /°C
sink/m
1 Test 3.71 6.41 31 90.5 151.3 226.1 0.56 157.5
Calculation 3.89 6.41 31 86 160.5 209.1 0.6 172.4
2 Test 4.18 6.42 29.9 80.3 162.7 228.1 0.57 161.2
Calculation 4.1 6.42 29.9 88.5 172.3 221.2 0.6 1755
3 Test 4.66 6.4 33 90 158.2 210 0.56 167.9
Calculation 4.74 6.4 33 89.1 169.8 2113 0.6 180.6
4 Test 531 7.03 31 99.4 184.9 2525 0.57 170.7
Calculation 5.47 7.04 31 95.6 189.2 227 0.61 187.7
5 Test 6.7 6.22 35.4 99.7 179 198.1 0.58 184.5
Calculation 6.72 6.22 354 94 187.5 226.8 0.6 190.6
6 Test 6.7 6.24 32 101.3 184 2185 0.58 184.3
Calculation 6.7 6.24 32 100 194.6 218.3 0.6 184.1
7 Test 6.7 6.24 323 97.3 165.8 194.9 0.58 185.5
Calculation 6.66 6.25 323 95 183.4 216.9 0.59 177.6
8 Test 6.7 7.05 32.6 99.8 198.8 255.2 0.58 181.2
Calculation 6.78 7.03 32.6 104 219.9 249.6 0.61 202.1
9 Test 6.7 6.24 32 94.6 164.6 229.3 0.52 193
Calculation 6.68 6.28 32 86.2 180.6 246.3 0.55 188.6
10 Test 6.81 6.28 345 81 105 111.7 0.54 190.7
Calculation 6.88 6.33 34.5 80 114.9 83.1 0.53 118.4

Table 2 Comparison of threshold of height between heat source and heat sink between MITAP and correlation

Runs  Pressure SGwater  Natural circulation  Natural circulation Threshold of height between heat source and heat sink
/MPa  level /m flow rate / kg-h? heating power / kW Calculation through Calculation through
MITAP /' m correlation / m

1 7.03 6.26 146.1 61.2 5.45 5.78

2 6.58 6.73 159.3 68.8 6.25 6.42

3 7.10 6.77 188.6 78.8 7.09 7.66

4 6.85 6.70 194.7 82.1 8.23 7.94

5 6.71 6.76 2338 99.2 9.70 9.73

6 5.25 5.55 261.6 118.0 10.80 11.25

7 5.80 5.40 272.9 120.3 11.88 11.68

8 7.09 5.63 294.7 123.0 12.76 12,51

9 6.80 5.63 3111 131.8 13.76 13.36

10 6.48 5.65 335.8 143.8 14.75 14.54

Residual heat removal capability is limited if chimney
height is too less, but it is meaningless for a residual
heat removal system to have a too high chimney. So a
suitable chimney height must be considered in engi-
neering design.

As shown in Fig. 5, the driving force of natural

circulation is decreased as air inlet temperature is in-
creased, because density difference of air between in-
let and outlet is decreased. Therefore, residual heat
removal capability is decreased as air inlet tempera-

ture is increased.
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Fig. 4 Residual heat removal capability vs chimney height.
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Fig. 5 Residual heat removal capability vs air inlet tempera-
ture.

5 Verification of transient characteristics

5.1 Transient calculation

Transient calculation has been performed using
MITAP-PRHRS code, and the transient characteristics
were analyzed. Changes of mass flow rate of natural
circulation and system pressure with time were calcu-
lated and tested, as shown in Figs. 6 and 7. Transient

calculations show that MITAP-PRHRS code is
350

|+ Calculation
— Test

Pressure / MPa
L R - -]

=y
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Fig. 7 Change of pressure with time.

able to simulate the transient characteristics of all
startup modes ©!. However, the quantitative descrip-
tion is poor during the initial stages of the transition
process when water hammer occurs because of the
lack of a mechanistic model regarding steam conden-
sation in both emergency feed water tank and air
cooler.

5.2 Code application

Effects of chimney height and air temperature at
the inlet on transient characteristic of the PRHRS are
calculated. As shown in Figs. 8 and 9, the system
pressure maximum is decreased as chimney height is
increased. Meanwhile, the flow rate maximum is in-
creased, and time is shorter as both system pressure
and flow rate reach the maximum.

As shown in Figs. 10 and 11, the system pressure
maximum is decreased as air inlet temperature is de-
creased. Meanwhile, the flow rate maximum is in-
creased, and time for both system pressure and flow
rate to reach the maximum is shorter.
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Fig. 6 Change of mass flow rate of natural circulation with
time.
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Fig. 8 Change of mass flow rate of natural circulation with
time for different chimney heights.
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Fig. 9 Change of pressure with time for different chimney
heights.
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Fig. 10 Change of mass flow rate of natural circulation with
time at differentair inlet temperatures.
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Fig. 11 Change of pressure with time at differentair inlet tem-
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6 Conclusions

On the basis of reasonable physical and mathe-
matical models, MITAP-PRHRS code was developed.
MITAP-PRHRS code is a typical code that is used to
analyze steady and transient performance of the
PRHRS. The calculation and analysis show that the
code simulates steady characteristics of the PRHRS
very well, and it is able to simulate transient charac-
teristics of all startup modes of the PRHRS. However,
the quantitative description is poor in the initial stages
of the transition process while water hammer occurs.

MITAP-PRHRS code is an important tool for ful-
filling various design tasks of the PRHRS, such as
determining system arrangement, equipment capacity,
and system startup mode. After it is verified and per-
fected by test data from new generation 1000MWe
PWR PRHRS integrated facility, the MITAP-PRHRS
code with self-reliance copyright will be directly used
for engineering design of the PRHRS.
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