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Abstract The transient performance and optimization of a
passive residual heat removal heat exchanger (PRHR HX)
were investigated. First, a calculation method was devel-
oped for predicting the heat transfer of the PRHR HX. The
calculation results were validated through comparisons
with ROSA experimental data. The heat-transfer perfor-
mance of the AP1000 PRHR HX in the initial period was
predicted, and it satisfied the design requirements. Second,
the distributions of the heat flux, tube-inside/outside heat-
transfer coefficients, and heat load for the AP1000 PRHR
HX over 2000 s were examined. Third, an optimization
study was conducted by adjusting the horizontal length and
tube diameter. Their effects on the four main heat-transfer
parameters and the heat-transfer area were analyzed. Fur-
thermore, the influence of the initial in-containment refu-
eling water storage tank (IRWST) temperature was
investigated using an established simulation procedure.
The results indicated that it significantly affected the trends
of the IRWST temperature and reactor outlet temperature.
Finally, the minimum required flow rates over time to
maintain the reactor outlet temperature at the safety line
were determined for different start-up times. The trends of
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the minimum required flow rate and the peak flow rate
were analyzed.

Keywords Heat transfer - PRHR HX - Transient analysis -
Optimization investigation

1 Introduction

Passive safety systems for nuclear power plants (NPPs)
have received increasing attention—particularly after the
Fukushima nuclear accident, which has significantly
influenced the development policies of nuclear power in
different countries. Reactors have increasingly adopted
various passive safety systems to reduce the probability of
accidents, such as AP1000 [1], CAP1400 [2], CPR1000
[3]1, HPR1000 [4], and the molten salt reactor [5]. The
passive core cooling system (PXS) is one of the passive
safety systems designed in AP1000 and CAP1400 to
remove the decay heat of fuel in the case of meltdown. The
PXS provides core residual-h at removal, safe injection,
and depressurization. The in-containment refueling water
storage tank (IRWST) is an important facility located
directly above the reactor coolant system loops that pro-
vides long-term safe water injection by exploiting gravity.
In addition, the IRWST can provide a heat sink for a
passive residual heat removal heat exchanger (PRHR HX),
which is submerged in the IRWST. After the PRHR HX
starts operating, the core decay heat is transferred to the
IRWST water. Once the IRWST water begins boiling, the
steam rises and condenses, and the water is drained back
into the IRWST [1, 2].

Once a trigger signal is received during a reactor shut-
down accident, the PRHR HX starts working to remove the
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residual heat through natural circulation. The transient
heat-transfer characteristics outside the irregular C-tube
bundle of the PRHR HX submerged in the IRWST exhibit
complex changes among the three heat-transfer mecha-
nisms of natural convection, subcooled boiling, and satu-
ration boiling with time. The transient heat-transfer
performance of the PRHR HX affects the reactor safety.
Therefore, several experimental facilities have been con-
structed to investigate the transient characteristics of the
PRHR HX. ROSA [6] in Japan, APEX [7] at Oregon State
University, SPES-2 [8] in Italy, and ACME [9] in China
are four representative experimental facilities for per-
forming component tests and integral system tests. How-
ever, not all the test data were released. Among these
experiments, the published materials on the PRHR HX and
IRWST were the most detailed for the ROSA test [10].
Therefore, ROSA test data were selected for comparison
and validation in this study.

The transient performance of the PRHR HX and that of
the circulation loop critically affect the system safety. The
transient performance of the PRHR HX under the design
and operation conditions requires an in-depth analysis. To
investigate the transient characteristics of the PRHR HX,
experimental methods have been utilized in recent years,
and scaled down setups have been established [2, 11].
However, experimental studies have high costs; thus, var-
ious codes have been developed to perform simulations
under different working conditions or assumed accidents
for different reactors [12—15]. Different types of codes
have been reported in the literature, such as the one-di-
mensional system analysis code [16] and multi-physics
coupling code [15]. In addition, the CFD method has been
adopted in several investigations to simulate the complex
fluid flow and heat-transfer characteristics of the PRHR HX
[17, 18]. The one-dimensional system analysis code can
quickly calculate the required parameters and has long
been employed in nuclear engineering. In this study, we
applied a one-dimensional system analysis method to
investigate the transient performance and optimization of a
PRHR HX.

The heat loads of different sections of the C-tube bundle
exhibited significant differences under transient conditions
[19]. Therefore, it may be possible to improve the heat-
transfer performance of the PRHR HX by optimizing the
length ratios of the horizontal and vertical sections of the
C-tube bundle. Additionally, the transient performance of
the PRHR HX may be improved with optimization of the
tube diameter. The establishment of a simplified circulation
loop between the reactor and the PRHR HX is essential for
analyzing the safety of the passive residual heat removal
system (PRHRS). Previous studies indicated that the initial
cooling water temperature of the IRWST influences the
tube outlet temperature and has obvious effects on the heat-
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transfer performance of the PRHR HX [20, 21]. In addi-
tion, the required flow rate inside the tube for keeping the
reactor under the safety temperature line must be investi-
gated to provide support for the operation boundary and
safety of the reactor.

This study focuses on the transient performance and
optimization of the PRHR HX in AP-series NPPs. Sec-
tion 2 introduces the calculation models for the different
heat-transfer mechanisms inside and outside the C-tubes.
Section 3 describes the calculation procedure, including
the unit division and iterative calculation. In Sect. 4, the
accuracy of the developed calculation method is verified by
comparing the results with ROSA experimental data. In
Sect. 5, the heat-transfer characteristics in the initial period
and the variation trends over 2000s for the AP1000 PRHR
HX are predicted. In Sect. 6, optimization is performed by
adjusting the horizontal lengths and tube diameters, and
their effects on the main heat-transfer parameters and heat-
transfer area are examined. Section 7 presents the simula-
tion procedure for the circulation loop to investigate the
effect of the IRWST initial temperature on reactor opera-
tion. The tendencies of the minimum required flow rates
and fitted curve of the peak flow rate were obtained.
Conclusions are presented in Sect. 8. This work provides
important design and optimization support for the PRHR
HXSs in AP-series NPPs.

2 Calculation model

2.1 Heat-transfer calculation model
for inside of tube

The Dittus—Boelter correlation [22] was used for the
calculation of the single-phase convection heat transfer
inside the tube.

k

ha = 0.023 d—ARegSPrﬁl3 (1)
1

The tube-inside fluid Reynolds number is calculated as

follows:

_ diuapa _ di (4W / psnmd?) pa 4w

ReA = .
Ha Ha nmfiad

The tube-inside fluid Prandtl number is calculated as
follows:

PI‘A = ,uAcpA/kA.

In these equations, the symbols are defined as follows:
ha—heat-transfer coefficient of tube-inside fluid, W/
(mz-K); W—total mass flow rate of tube-inside fluid, kg/s;
ka—thermal conductivity of tube-inside fluid, W/
(m-K); Rea—Reynolds number of tube-inside fluid; Prao—
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Prandtl number of tube-inside fluid; d;—tube inner diam-
eter m; up—velocity of tube-inside fluid, m/s; pp—density
of tube-inside fluid, kg/m*; ya—dynamic viscosity of tube-
inside fluid, Pa-s; c,o—specific heat of tube-inside fluid, J/
(kg-K); n—number of heat-transfer tubes.

2.2 Tube-outside heat-transfer calculation model
2.2.1 Single-phase natural convection
The McAdams correlation [23] was used in this study.
For a horizontal tube,
Nug = 0.53(Grg - Prg)'/*. (2)
For a vertical tube,

Nug = 0.13(Grg - Prg)"/?

_ gﬂBP(T\ZJv — Tg) (3)
!

PrB = MBCPB/kB'

GrB

Here, the symbols are defined as follows: Nugp—Nusselt
number of tube-outside fluid; Grg—Grashof number of
tube-outside fluid; Prg—Prandtl number of tube-outside
fluid; g—Ilocal gravitational acceleration, m/s*; fz—tube-
outside fluid volume expansion coefficient, 1/K; I—tube
length for a vertical tube or tube outer diameter for a
horizontal tube, m; T,—temperature of tube outer wall, K;
Tg—temperature of tube-outside fluid, K; vg: Kinematic
viscosity of tube-outside fluid, m?/s; ug—dynamic vis-
cosity of tube-outside fluid, Pa-s; c,g—specific heat of
tube-outside fluid, J/(kg-K); kg—thermal conductivity of
tube-outside fluid, W/(m-K); The qualitative temperature is
(Tw+Tg)/2 here.

2.2.2 Subcooled pool boiling

The Bergles—Rohsenow correlation [24] was used to
predict the tube outer wall onset of nucleate boiling (ONB)
temperature, as follows:

556.3 0.35331,%0234
Toxg = Tgsat + 0.556 (%) |
B

(4)
Here, the symbols are defined as follows: Tong—ONB
temperature of tube outer wall, K; Tg,—saturation tem-
perature of tube-outside fluid, K; ggong—corresponding
heat flux at ONB point, W/m?; pg—tube-outside fluid
pressure, Pa.

It has been reported [22] that when Ty, < Tong, boiling
does not occur. Nug can be calculated using Eqs. (2) and

3).

For Ty, > Tong and Tg < Tgsa, the Rohsenow correla-
tion [24] was used to calculate the subcooled pool boiling
heat transfer.

1/2
qBsc = |:q]239 + (QBn - QBS)Z

gsc = hpe(Tw — T)

gBn = hn(Tw — TBsat) (5)
qBs = hpe(Tw — Tear)

hgse = gBsc/(Tw — Tg)

Here, the symbols are defined as follows: ggs.—sub-
cooled boiling heat flux outside tube, W/mz; gp—single-
phase natural convection heat flux outside tube, W/m2;
ggn—saturation pool boiling heat flux outside tube, W/m?;
gns—hp. multiplied by (T, — Tgsa), W/m?; hg—single-
phase natural convection heat-transfer coefficient outside
tube, W/(m*-K); hp,—saturated pool boiling heat-transfer
coefficient outside tube, W/(m*-K); hgs.—subcooled boil-
ing heat-transfer coefficient outside tube, W/(m>K).

According to the foregoing analysis of Eqs. (2) and (3),
hg. can be determined using the following equations.

hpcl
For a vertical tube, B’ — Nug = 0.13(Grg 'PVB)W'
B
(6)
hpcl
For a horizontal tube, —<- = Nug = 0.53(Grg - Prg)"/*.
B

(7)

Equation (9) is used to calculate hg, for both vertical
and horizontal tubes.

2.2.3 Saturated pool boiling

For Ty, > Tong and Tg > Tg.., the Rohsenow correla-
tion [22] was used.

cpB(Tw — Tsat) _cy [Q/(ndzL) o8 ]033 5
Prahs, ‘ g(pp1 — PBy)

Here, the symbols are defined as follows: hgs,—latent heat,
J/kg; Ci—empirical factor set as 0.013; QO—heat-transfer
capacity, W; d,—tube outer diameter, m; L—tube length,
m; og—surface tension, N/m. pp; and pg, represent the
densities of the tube-outside liquid and vapor, respectively
(kg/m?).

hgn = Q/(ndr L(Ty — Tgsat))
CSBMB(TW - TBSat)z 8(Pe1—Ppy)

0B
)
Cs3fP 4 133 h123fg

O
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3 Calculation procedure
3.1 Calculation method for a certain moment

Several units were separated from the tube inlet. Fig-
ure 1 illustrates the unit division method. The inlet tem-
perature of the tube was set as the initial dry condition.
Prior to the calculations, the following assumptions were
made.

1. The PRHR HX functions only under accident condi-
tions in which the fouling resistance is negligible.

2. The central tube of the PRHR HX was adopted for the
heat-transfer analysis.

3. The temperature difference of the IRWST water in the
same horizontal plane was ignored.

3.2 Calculation procedure

Figure 2 shows the calculation model for unit i. The
following iterative method was adopted for the
calculations.

(I) Assume a value for Tag), ie., the qualitative
temperature of unit i.

(2) Calculate the temperature of the tube-outside wall
Ty of unit i using the heat balance equations.

Upper header

Upper horizontal section

Flow direcu'ox

Unit /-1 :
Uniti | |
Unit /+1| |

Vertical section

Lower header

Lower horizontal section

Fig. 1 Unit division method
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Fig. 2 Calculation model for unit i

3)

“

TCL,‘ T/ . —T i
o (Tag — Twi) (10)

1 1 dy
dyhag) + 2k (i) In (dl)

w
On = ;CpA(TA(i—l) )

Ou =

(11)

By solving Egs. (10) and (11), T;, can be expressed
as

Wepa (TA(i—l) - T//\(i)>
TCl’lL(i)

(@)
dihap  2kye \di) ]

Here, the symbols are defined as follows: Q(i))—
heat-transfer capacity of unit i, W; L(i)—calculated
tube length of unit i, m; T¢;—qualitative tempera-
ture of unit i, K; Ty,;—tube outer wall temperature
of unit i, K; ha;—tube-inside fluid heat-transfer
coefficient of unit i, W/(m>K); ky;—tube thermal
conductivity of unit i, W/(m-K); Ts(;_1y—qualitative
temperature of unit i — 1, K.

Compare Ty), Tpa), and Tggy, and then use the
corresponding equation to calculate the tube-outside
fluid heat-transfer coefficient of unit i, i.e., hp).
Calculate the qualitative temperature of unit i, i.e.,
T/’(( > using the following equations.

L (Ty ) — Ta)

_ (13)
1 1 dy 1
dihag) + 2k (i) In (dl) + dyhy;)

(14)

Tuiiy = Thp) — 12)

Ou =

w
Ou = ;CpA(TA(i—l) - TX(,))

By solving Egs. (13) and (14), TX( ) can be expressed

i

as
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1 1 & |
nrL) Ty + [dlh,\(,) + 7 In ((T.) + dth(J WepaTa(i-1)

T// o
AD nalgy + | 77— 45— In(92) + | We
(@) dilag T Zhe o \di dyhys) PA

(15)

(5) Compare TX(i) with T//\(i)‘ If T/’w)—T/’((i)’ > g,
! 1

repeat the above four steps. If TA(i) - TAm <e,

the result is convergent; Thus, T, =

(T//%(i)_T/Z(i)) /2 is obtained (here, ¢ is set as
0.01 K).

Figure 3 shows a diagram of the iterative calculation
procedure, which started from the unit adjacent to the inlet
and ended at the unit next to the outlet. The iterative cal-
culation procedure was performed for each unit. Through
the iterative calculation, important parameters were
Obtained, including TA(i)’ Tw(i)’ hA(i)’ and hB(i)'

4 Validation of calculation method

The calculation results were compared with the experi-
mental results of the ROSA test facility [10] to verify the
applicability and accuracy of the proposed method. The
temperature distributions at different times during the
operation of the PRHR HX were examined. The compu-
tational model of the C-tube used in the calculations was
identical to the central tube of the tube bundle in the ROSA
experimental facility. Additionally, the boundary condi-
tions used in the calculation process, such as the mass flow
rate, IRWST temperature, and tube inlet temperature, were
set according to the ROSA experimental data. Table 1
presents the parameters of an AP600 PRHR HX. The
related physical parameters of water under different con-
ditions were acquired from IAPWS-IF97 [25]. The accu-
racy of the proposed iterative calculation method was
verified by comparing the results with the ROSA data. The
length of the central tube was set as the approximate
average value for all PRHR HX C-tubes in AP600. The
number of tubes used in the calculation did not include an
8% design margin. Four unit sizes (Iengths of 300, 100, 30,
and 10 mm) were used to check the mesh independence,
and the outlet temperature (400 s) for each unit length was
calculated. The results are shown in Fig. 4. The unit length
of 10 mm was selected for the calculations presented in the
following sections.

The comparison results for 400, 1500, and 3000 s are
shown in Fig. Sa—c. In these figures, the X coordinate
indicates the normalized length, and the Y coordinate
indicates the temperature. In the legend, “IRWST” refers
to the water temperature, “ROSA center tube” and “ROSA

outer tube” refer to the ROSA experimental data, and
“Calculated value” refers to the results obtained via the
proposed iterative calculation method.

In the ROSA IRWST, the water level was approximately
8.0 m. The local pressure increased with the water depth,
and the saturation temperature of the water also changed
with respect to the water depth. In the following compar-
ison, the saturation temperature influenced by the water
depth in the IRWST was considered.

The comparison results indicated that the calculated
values at the three times were slightly higher than the
ROSA experimental data. For the results calculated under
the two conditions where the influence of water depth on
the saturation temperature was considered and ignored, the
maximum error was 0.77%. In the following analysis, the
effect of the water depth was ignored. Furthermore, the
maximum error between the ROSA experimental and cal-
culated temperatures was 7.4% and occurred at 400 s.
Considering that there are several influencing factors, such
as errors in the predicted correlations and errors in the
ROSA data, the proposed iterative calculation method is
acceptable and applicable.

The heat-transfer rates (single tube) were compared to
assess the proposed calculation method, as shown in
Fig. 5d. The heat-transfer rate of a single tube was
underestimated by ~ 7%. The maximum error between
the two calculation methods (Ref. [10] and this study) was
approximately 2%. The proposed method is acceptable for
the transient performance analysis and optimization of the
PRHR HX. Importantly, the model tube in Ref. 10 con-
sisted of 25 cells (5 cells used for modeling the upper
horizontal section, 5 for the lower horizontal section, and
15 for the vertical section), and it was unclear for which
cell each Nu number (in Ref. 10, Figs. 10, 11) was calcu-
lated. Furthermore, the Nu number changes along the axial
direction of the tube—particularly in the vertical sec-
tion. Therefore, it was difficult to compare the Nu numbers
in the ROSA experiment with the calculation results of the
proposed method. However, a rough comparison was
conducted, and the average Nu numbers of the vertical
section and lower horizontal section calculated via the
proposed method were on the same order of magnitude as
the ROSA experimental data. For the upper horizontal
section, the data points (in Ref. [10] and Fig. 13) were
highly scattered, and the corresponding relationship with
each cell was not clearly identified. The predicted heat flux
and ROSA experimental results were on the same order of
magnitude and exhibited a reasonable trend.
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F}g. 3 Iterative calculation Start
diagram l

Input structural dimensions and technical
parameters

!

Calculation unit division N=L/ A

l

Assume the qualitative temperature of unit i, T’

l

Calculate tube-inside heat-transfer coefficient /14

|

Calculate tube outer wall temperature Ty

l

YES NO
Tw(t) == TON’B
NO YES
Tg(iy <T'Bsat
Select natural convection Select saturated boiling Select subcooled boiling
correlation to calculate correlation to calculate correlation to calculate tube-
tube-outside heat-transfer tube-outside heat-transfer outside heat-transfer
coefficient /g coefficient /g coefficient /g;

According heat-balance
equation, calculate 75"

NO
|Taw ~Tap|<e —> Taw=(Tap+Tap )2 ——

YESI

Ta=(Tae T Tan)2

l

=it]  —————— =

l

Output results

l

End
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Table 1 General parameters of the AP600 PRHR HX

No. Parameters Description/value
1 Tube-inside fluid Pressurized water
2 Tube-outside fluid Cooling water

3 Tube-inside flowrate 36.47 kg/s

4 Tube inlet pressure 15.4 MPaG

5 Tube-outside pressure Atmospheric pressure
6 Tube inlet temperature 570.35 K

7 IRWST initial temperature 322.15 K

8 Tube material 690 alloy

9 Number of tubes 689

10 Tube outer diameter 19.05 mm

11 Design margin 8%

355

*  Outlet temperature

w

%3

S
T

w

=

<
T

Outlet temperature(K)
\
\
\

340 | I I | | |
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Unit length(m)

Fig. 4 Mesh independence analysis

5 Heat-transfer performance of AP1000 PRHR
HX

5.1 AP1000 PRHR HX

Table 2 presents the general parameters of the AP1000
PRHR HX. In the calculation process, the length of the
central tube was set as the approximate average value for
all PRHR HX C-tubes. The number of tubes used in the
calculation did not include an 8% design margin.

Figure 6a presents the inside fluid temperature, outer
wall temperature, and IRWST temperature distributions of
the AP1000 PRHR HX. The X-coordinate indicates the
normalized length, and the Y-coordinate indicates the
temperature. The tube-inside fluid temperature decreased
significantly along the flow direction. The inlet temperature
was 570.4 K and finally reached 366.7 K. The wall tem-
perature decreased slowly; the initial wall temperature was
389.5 K, and the wall temperature decreased to 353.2 K at
the outlet. The IRWST temperature remained at 322.2 K.

Figure 6b presents the tube-inside and tube-outside
heat-transfer coefficient distributions of the AP1000 PRHR
HX. The X-coordinate indicates the normalized length, and
the Y-coordinate indicates the heat-transfer coefficient.
With an increase in the normalized length, the tube-inside
heat-transfer coefficient decreased slowly, and it remained
between 7522.2 and 4408.9 W/(m*K). The tube-outside
heat-transfer coefficient decreased rapidly before the nor-
malized length reached 0.52, and then it decreased slowly
with an increase in the normalized length from the tube
inlet. The tube-outside heat-transfer coefficient decreased
from 9280.2 to 1024.6 W/(m*-K). The tube-outside heat-
transfer coefficient within the normalized length range of
0-0.52 exceeded that within the normalized length range of
0.52-1.0, owing to the differences in the heat-transfer
mechanism and calculation correlation. Within the nor-
malized length range of 0-0.52, the heat-transfer mecha-
nism was subcooled boiling.

Figure 6¢ presents the heat flux distribution of the
AP1000 PRHR HX. The X-coordinate indicates the nor-
malized length, and the Y-coordinate indicates the heat
flux. The calculated heat flux was in the range of
624,073.2-31,895.6 W/m?. The heat flux decreased rapidly
within the normalized length range of 0-0.52 and then
decreased slowly with an increase in the normalized length
from the tube inlet, indicating that the heat-transfer
capacity of the PRHR HX changed significantly along the
flow direction.

Table 3 presents the calculation results. The calculated
tube outlet temperature was 366.7 K, and the calculated
heat load was 61.4 MW, which satisfied the design
requirements.

The proposed calculation method was used to predict the
heat-transfer performance of the AP1000 PRHR HX in the
initial period. The change trends of the tube-inside fluid
temperature, tube outer wall temperature, IRWST tem-
perature, tube-inside heat-transfer coefficient, tube-outside
heat-transfer coefficient, and heat flux with respect to the
normalized length were obtained. Furthermore, the calcu-
lated tube outlet temperature and heat load satisfied the
design requirements.

5.2 Prediction of heat-transfer performance
over time

Hot test data [26] were used in this study. The inlet
temperature, inlet flow rate, and average IRWST test
temperature were used to calculate the outlet temperature,
tube-inside and tube-outside heat-transfer coefficients, and
heat flux.

The inlet temperature, inlet flow rate, and average
IRWST test temperature change over time, and the fitted
curves are expressed as follows:

@ Springer
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Fig. 5 (Color online) Comparison of calculated values with ROSA data

Table 2 General parameters of the AP1000 PRHR HX

No. Parameters Description/value
1 Tube-inside fluid Pressurized water
2 Tube-outside fluid Cooling water

3 Tube-inside flowrate 66.8 kg/s

4 Tube inlet pressure 15.5 MPaG

5 Tube-outside pressure Atmospheric pressure
6 Tube inlet temperature 570.35 K

7 IRWST initial temperature 322.15K

8 Tube material 690 alloy

9 Number of tubes 692

10 Tube outer diameter 19.05 mm

11 Design margin 8%

(1) Inlet temperature (K)
T=446.00321 + 113.46762 x 0.99927"

@ Springer

(16)

(2) Inlet flow rate (kg/s)
F=71.24833 + 147.02697/[1 + (1/13.32329)"**7]

(17)
(3) Average IRWST (K)

t — 1548.425
Ty, = 312.24732 — 17.04092/ {1 + exp (518854619>}

(18)

The change tendencies of the main parameters were
obtained according to the above boundaries and the cal-
culation method presented in Fig. 3. Figure 7a shows the
changing tendencies of the inlet, outlet, and IRWST tem-
peratures over 2000 s. The outlet temperature was calcu-
lated under the corresponding inlet temperature and
IRWST temperature boundaries at each moment. It grad-
ually decreased and became stable. Figure 7b shows the
changes in the heat flux at different moments. Figure 7c, d
shows the changing tendencies of the tube-inside and tube-
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Fig. 6 (Color online) Heat-transfer performance of the AP1000 PRHR HX at the initial moment

Table 3 Calculation results

Parameter Value
API000PRHR HX

Tube outlet temperature 366.7 K
Heat load 61.4 MW

outside heat-transfer coefficients at different moments.
Over time, the three heat-transfer parameters decreased
continuously. With an increase in the normalized length
from the tube inlet, significant reductions were observed. In
addition, the difference between the maximum and mini-
mum values at a particular moment in Fig. 7b—d decreases
continuously.

To visualize the heat load distribution, three heat-
transfer sections were considered: upper and lower hori-
zontal sections and a vertical section. Figure 8a shows the
division of the heat-transfer sections of the PRHR HX.

Figure 8b shows the changing tendencies of the heat load
in the three sections over 2000s. The total heat load
exhibited a downtrend, as expected. Among the three
sections, the upper horizontal section had the largest heat
load, and the lower horizontal section undertook the
smallest heat load.

6 Optimization investigation

In the foregoing analysis, the upper horizontal section of
the PRHR HX had the largest heat load. It may be possible
to increase the capacity of the heat exchanger by adjusting

its horizontal and vertical tube lengths.

6.1 Performance with different horizontal
and vertical tube lengths

To investigate the PRHR HX heat-transfer performance
with different horizontal and vertical tube lengths, the main
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Fig. 7 (Color online) Changing tendencies of the AP1000 PRHR HX heat-transfer performance

Fig. 8 (Color online) Heat-
transfer section division and

(a)

changing tendencies of the heat
load of the PRHR HX
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heat-transfer parameters were analyzed under different
conditions. The heat-transfer tube diameter was set as
19.1 mm, and the horizontal lengths were set as 1000,
2000, 3000, and 4000 mm. In the analysis, the vertical tube
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length was adjusted to keep the total heat load constant
(design value) under each condition.

Figure 9a—c presents the changing tendencies of the heat
flux and tube-inside/outside heat-transfer coefficient with
four horizontal section lengths. As shown, there were no
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Fig. 9 (Color online) Changing tendencies of heat-transfer parameters with an increase in the normalized length from the tube inlet with four

horizontal section lengths

significant differences in the calculated heat flux or heat-
transfer coefficient among the different lengths. Figure 9d
shows the heat loads in the three sections and the total heat
load with the four horizontal section lengths. With an
increase in the horizontal section length, the heat loads of
the upper/lower horizontal sections continuously increased,
with the former increasing faster. However, the heat load in
the vertical section decreased sharply. The results indicate
that the horizontal section length of the PRHR HX had
negligible effects on the distributions of the heat flux and
heat-transfer coefficient along the tube but significantly
affected the heat load distribution of the three heat-transfer
sections.

6.2 Performance with different tube diameters

In general, the specifications (such as the diameter) of
the heat-transfer tube significantly affect the heat-transfer
performance. In this study, three types of tubes with dif-
ferent outer diameters (14.0, 19.1, and 25.0 mm) were used

to investigate the heat-transfer performance. The length of
the horizontal section was kept constant (3000 mm).

Figure 10a—c shows the changing tendencies of the heat
flux and tube-inside/outside heat-transfer coefficients with
different tube outer diameters. All the parameters
decreased with an increase in the diameter, and the heat
flux curves were similar. However, the tube-inside/outside
heat-transfer coefficient curves exhibited obvious differ-
ences. The tube-inside heat-transfer coefficient of the 14.0-
mm-diameter tube significantly exceeded those of the other
two tubes. The tube-outside heat-transfer coefficient of the
14.0-mm-diameter tube was initially the largest but was
eventually equal to those of the other tubes. Figure 10d
shows the changing tendencies of the heat loads in the three
sections with the different tube outer diameters. Within the
same section, the heat loads exhibited small differences.
For a given tube diameter, the heat load distribution of the
three heat-transfer sections exhibited a trend similar to that
shown in Fig. 9d. From the tube inlet to the outlet, the heat
loads of the three sections decreased continuously.
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Fig. 10 (Color online) Changing tendencies of heat-transfer parameters

different tube outer diameters
6.3 Comparison of required heat-transfer areas

Under the design heat load, the initial IRWST temper-
ature was 322.15 K. The heat-transfer areas with the three
tube outer diameters (14.0, 19.1, and 25.0 mm) were
determined, as shown in Fig. 11. With a reduction in the
tube diameter, the required heat-transfer area decreased.
The main reason for this is that a reduction in the tube
diameter does not cause a wide change of heat fluxes.
However, the tube-inside/outside heat-transfer coefficients
differed significantly among the three types of tubes. For
the same tube, there were no obvious changes in the
required heat-transfer area with different horizontal section
lengths. This is easily explained by Fig. 9a—c: with dif-
ferent horizontal section lengths, the heat flux and heat-
transfer coefficient did not change significantly with an
increase in the normalized length from the tube inlet.
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7 Effects of operating conditions
7.1 Effect of initial IRWST temperature

To analyze the influence of the initial IRWST temper-
ature on minimum required flow rate, a heat-transfer cal-
culation procedure was established for the circulation loop
between the reactor and PRHR HX in the IRWST. Fig-
ure 12 shows the heat-transfer process diagram for the
circulation loop.

The heat-transfer calculation procedure for the circula-
tion loop was as follows:

1. The coolant in the primary loop flowed into the PRHR
HX inlet at a design temperature of 570.15 K,
transferred the residual heat to the water in the IRWST
through the C-tube bundle, and was then recycled to
the reactor.

2. In the reactor, the coolant absorbed residual heat, and it
was assumed that all the residual heat was absorbed by
the coolant.

3. The heated coolant brought the residual heat out of the
reactor and entered the PRHR HX inlet through the
connecting line (considering that there were insulation
layers outside the pipeline, the heat loss was ignored).
It then transferred the heat to the IRWST water again.

4. The primary coolant flowed into the reactor again and
absorbed residual heat. The cycle continued until the
coolant satisfied the safety requirements.

Initially, the residual heat was high and could not be
transferred by the PRHR HX in time; therefore, the primary
coolant temperature of the reactor outlet increased. As time
progressed, the residual heat continuously decreased and
could be removed immediately. The reactor outlet tem-
perature decreased over time. Meanwhile, the water tem-
perature in the IRWST increased, resulting in saturated
boiling of the water.

If there is no major interruption before the reactor
shutdown, the residual decay power after the shutdown of
the NPP can be modeled by the following equation [27]:

Control rod

Rcactor PRHR HX —

outlet Tain inlet _
>
. C-tube bundle
Heat Natural Heat T
absorption circulation loop release E
. Taou y

Reactor PRHR HX IRWST

inlet outlet

Fig. 12 (Color online) Heat-transfer process diagram for the
circulation loop

Ores (1) = 0.066 x Qg x 12, (19)

Here, the symbols are defined as follows: Q,.,—residual
decay power, MW; Qy—power of reactor under normal
operation before shutdown, MW; r—time since reactor
shutdown, s.

For AP1000, the designed thermal power is 3400 MWt;
therefore, in Eq. (19), Qg is 3400 MWt, 7 is assumed to be
120 s [28], and the residual decay power is described by
the curve in Fig. 13.

To be practical and conservative, the flow rate was
calculated using Eq. (17), and the initial PRHR HX inlet
temperature was set as 570.15 K. According to the heat-
transfer calculation procedure for the circulation loop, the
changing tendencies of the PRHR HX inlet, outlet, and
IRWST temperatures were obtained under different initial
IRWST temperatures. The main parameters used in the
calculations are presented in Table 4.

Figure 14a—d shows the changing tendencies of the
PRHR HX inlet and outlet temperatures and the IRWST
temperature under four different initial IRWST tempera-
tures. Table 5 presents the calculation results. When the
initial IRWST temperature increased from 278.15 to
322.15 K, the time required for the IRWST temperature to
reach the saturation temperature decreased from 23,710 to
10,740 s.

7.2 Effect of start-up time

As shown in Fig. 14a—d, the PRHR HX inlet tempera-
ture first increased and then decreased. A peak was
observed in the temperature curve. During the residual heat
removal process, the maximum reactor outlet temperature
must be maintained below the design temperature
(616.15 K) of the reactor vessel to avoid damage to the
vessel body and other accidents. Therefore, after the

100

A Heat load

Heat load(MW)
A& U 0 2 ® 0
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Fig. 13 Residual decay power curve
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Table 4 Main parameters used

. . Parameter Value
in the calculation process
Initial IRWST temperature 278.15, 293.15, 308.15, and 322.15 K
p
Initial PRHR HX inlet temperature 570.15 K
IRWST volume 2100 m*
Primary-loop pressure 15.5 MPa
650 650
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s 3
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Fig. 14 Changing tendencies of the PRHR HX inlet and outlet temperatures and the IRWST temperature under four different initial IRWST
temperatures

Table 5 Calculation results

No. Initial IRWST temp Time required for IRWST temp. to reach saturated temp
1 278.15 K 23,710 s
2 293.15 K 18,910 s
3 308.15 K 14,640 s
4 322.15 K 10,740 s

reactor is shut down, the flow rate in the primary loop must ~ maintained at the vessel design temperature of 616.15 K
control the highest temperature. According to Eq. (19),  during the simulation. Figure 15a shows the changing
after the control rod drops, the influence of the PRHR HX  tendencies of the required primary coolant flow rate for the
start-up time on minimum required flow rate must be  different start-up times. In each curve, the flow rate first
considered. increased to its highest value and then continuously

Simulations were conducted with six different start-up  decreased. Earlier start-up corresponded to a higher peak
times to investigate the tendencies of the minimum  flow rate. Figure 15b shows the changing tendencies of the
required flow rate. The reactor outlet temperature was  peak flow rate for the different start-up times. The peak
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Fig. 15 Changing tendencies of the required primary coolant flow rate and peak flow rate at different start-up times

flow rate approximately followed an exponential distribu-

tion F.c=at®, and through the nonlinear fitting method
with the Origin software, the coefficients a and b were
determined to be 176.86333 and — 0.17189, respectively.

The maximum fitting deviation was 0.83%.

mm-diameter tube had the largest tube-inside heat-
transfer coefficient. The tube-outside heat-transfer
coefficient of this tube was the largest initially but it
was eventually equal to those of the other tubes. The
heat loads exhibited small differences within each of

8 Conclusion

A calculation method for the AP1000 PRHR HX was
developed. The distributions of important parameters
such as Ta), Tway hag) and hgg;y were acquired. The
results were compared with the ROSA experimental
data, and the maximum error was acceptable. Fur-
thermore, the calculated tube outlet temperature and
heat load satisfied the design requirements.

The heat-transfer performance of the PRHR HX over
2000s was calculated. The PRHR HX outlet temper-
ature gradually decreased and stabilized under the
corresponding boundary conditions. Over time, the
heat flux and the tube-inside and tube-outside heat-
transfer coefficients continuously decreased with an
increase in the normalized length from the tube inlet.
In addition, the differences between the maximum and
minimum values of the three parameters continuously
decreased at each moment.

The PRHR HX heat-transfer performance was ana-
lyzed for four different horizontal lengths: 1000, 2000,
3000, and 4000 mm. The results indicated that the
horizontal section length significantly affected the heat
load distribution of the three heat-transfer sections but
had negligible effects on the distributions of the heat
flux and heat-transfer coefficient.

Three types of tubes (with outer diameters of 14.0,
19.1, and 25.0 mm) were compared, and the horizontal
section length was kept constant (3000 mm). The 14.0-

the three heat-transfer sections.

Under the design heat load, the required heat-transfer
area decreased with a reduction in the tube diameter.
For the same tube, there were no obvious changes in
the required heat-transfer area with different horizontal
section lengths.

4. Through a heat-transfer simulation procedure devel-

oped for the circulation loop between the reactor and
the PRHR HX, the influence of the initial IRWST
temperature on the time required to reach saturation
temperature was investigated. With an increase in the
initial IRWST temperature, the time required for the
IRWST temperature to reach the saturation tempera-
ture decreased from 23,710 to 10,740 s. In addition,
the reactor outlet temperature was significantly
affected.

5. The minimum required flow rate to control the reactor

outlet temperature at the vessel design temperature for
different start-up times was determined. The flow rate
first increased to the peak value and then decreased
continuously at each start-up time. The peak flow rate
was analyzed, and it approximately followed an
exponential distribution. The maximum fitting devia-
tion was 0.83%.
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