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Nomenclature

A
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D
d
dh
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f
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H
K
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k

LW
M

my

rh

inTL

IhTl1

Cross-sectional flow area
constants in Eq. (33), C,,=1.14, Cs =1.17, C,=2.18

Cunningham slip correction factor
Heat capacity

[J/kg K]
Diffusion coefficient
Diameter

Hydraulic diameter of the heat exchanger tube
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Thermal conductivity
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[-1
Mass flow rate

Lower limit of the transition flow regime

[kg/s]
Upper limit of the transition flow regime

[kg/s]
Effective lower limit of the transition flow regime

Effective upper limit of the transition flow regime

Steam mass flow rate vector for correlation model

Effective steam mass flow rate vector
Nusselt number
Perimeter of the heat exchanger tube
Prandtl number
Pressure

Condensation mass flux

Heat flux due to the sensible cooling of the gas

Heat flux from the interface to the wall

Heat flux from the wall to the coolant

Rayleigh number
Reynolds number

Gas constant

Radius
Schmidt number

[2][in]

[-1

[m2/s]
[im]

[im]
[%]
L-]

[m/s2]

[J/kg]
[-]
[-]

[W/m K]

[J/kg]
[g/mol]

[kg/s]

[kg/s]

[kg/s]

[kg/s]

[-]
[in]
[-1

[Pa]

[kg/s M 2
]

[W/m 2]
[W/m2]

[W/m2]

[-]
[-1

[N mlmol K]

[Im]
1-]

ImTL

mTIl

M*

Nu
P
Pr

P
q Wl

T
q

TS
q

TC
q
Ra
Re

R

r
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Sherwood number
Stefan flow correction factor,

Stef = 1/(i - 0.5 . (min(mnf,, + mnf,,, ,2 - mnf, - mf,,, )))

Average gas temperature

Average inlet gas temperature vector for correlation model
Average liquid film temperature

Interface temperature between the gas and the liquid film

Reference temperature, T,.2f = 273.15

Wall temperature

Steam condensation temperature at atmospheric pressure,

T, =373.15

Gas velocity
Steam volume fraction

Steam volume fraction vector

Multipliers for the effective steam mass flow rate

Particle deposition velocity

Dimensionless deposition velocity
Mole fraction or tube length

[-]

[-]
[K]

[K]
[K]

[K]

[K]

[K]

[K]

[mis]
[-]

[-]

W[Wi]
u

p
U+

X

Greek symbols
a Ratio of gas to particle thermal conductivities, a = kg /kp

/3 Structural diffusion volume

15 Liquid film thickness
y Coefficient matrix for steam volume fraction correlation

A Coefficient matrix for gas temperature and steam mass
Flow rate correlation

2 Mean free path
Pt Viscosity

v Kinematics viscosity
p Density or mass concentration

P. Mass concentration of water vapor in the gas

p,.,1 The equilibrium vapor mass concentration at the film

interface temperature T1.

cr Surface tension

'+ Dimensionless relaxation time
Volumetric thermal expansion coefficient

[m/s]
[-]
[-] or [m]

[-]

[cm 3/mol]

[in]
[-]

[-]
[in]

[N/s M 2
]

[m2/s]
[kg/m 3]

[kg/m 3]

[kg/M 3]

[N/m]

[-]
[l/K]

Subscripts

D

g
1

based on diameter
gas mixture
liquid water
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m mixture
n nitrogen gas
p particle
w water vapor
L laminar flow case
T turbulent flow case

Superscripts

DPH diffusiophoresis
TPH thermophoresis
TUR turbulent impaction
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1 Executive Summary
The purpose of this work is to investigate the capacity of Passive Containment Coolant
System Condensers (PCCS) to remove airborne fission products from the containment
atmosphere. A specific goal is to determine the decontamination factor of the PCCS units and
validate the model against existing experiments. Further aim is to perform source term
calculations with the integral MELCOR code in selected accident cases. For minimization of
formation of volatile iodine compounds during the severe accidents a high pH in the
containment pools is preferable. The estimation of pH in the containment with consideration
of buffer injections is being performed with a dedicated analytical equilibrium chemistry tool.

The studied ESBWR plant has a rated power of 4590 MWt and the Reactor Coolant System
(RCS) and Containment design is according to ESBWR Design Control Document Tier 1 and
2 rev 1. As to the containment passive safety systems, four double-module units of Isolations
Condensers are capable of providing coolant injection to the RCS at high pressure and a total
of 6 double-module PCCS provide long term pressure control of the containment. In addition
to that an attractive feature of the PCCS is the potential for fission product retention to the
heat exchanger tubes and to condensate flow.

The applied MELCOR version is 1..8.6 YK that was released in May 2006. The new features
in MELCOR 1.8.6 comprise a more detailed lower head model addressing better the creep
rupture failure of lower head. The core melt blockage and relocation model have been
enhanced and a stratified molten pool model for lower head has been included. Also more
output variables have been added for fission product transport and release results.

The first task was to update existing MELCOR input of ESBWR for the latest MELCOR
version 1.8.6YK. The MELCOR model was updated to incorporate the current ESBWR
design parameters for this report. The key modifications are the updating of COR input to be
compatible with the new models, checking and upgrading of most of the RCS and
containment volumes, flow junction and heat structure input, building up of RN package input
for radionuclide calculations.

For assessment of fission product retention in a PCCS a separate I -D model to calculate
particle deposition in tube flow was developed as task 2. The model was validated against 1-
tube heat exchanger experiments conducted previously at VTT. The model can calculate heat
transfer as well as particle deposition by diffusiophoresis and thermophoresis reasonably
accurately. Diffusiophoresis and thermophoresis were expected to be the main deposition
mechanisms also in the case of PCCS.

Both the experimental and modeling results suggest that deposition by diffusiophoresis could
remove as much as 50% of particles from the gas flow. However, aerosol did not accumulate
to the heat exchanger. In all experiments condensed water rinsed deposited particles from the
tube walls even though particle mass concentration was increased up to 6 g/m3 (NTP). If
steam mass flow rate through the PCCS is 10 kg/s, such concentration would correspond
approximately to 75 g/s mass flow rate of particles. Based on experiments conducted at VTT
the assumption that deposited particles are entirely rinsed from PCCS by the condensed water
is justified.



-e-7 RESEARCH REPORT VTT-R-04413-06I1'7 10(123)

Particle deposition in a PCC tube was calculated with the developed I-D model using a wide
range of values for steam mass flow rate, gas temperature, pressure, and steam volume
fraction and particle size. In the modeling work it was assumed that ICS/PCCS pool would be
at boiling temperature around the tubes and steam would be saturated in PCC. The results
showed that more than 90% of particles can be deposited in PCC, if the steam mass flow rate
is low. In turbulent flow the maximum deposition could be observed to be about 40%.

The aerosol retention models of MELCOR 1.8.6 were also tested against the heat exchanger
experiments conducted at VTT. The result was that MELCOR generally underestimated heat
transfer and steam condensation rates in the heat exchanger tubes. This is probably the reason
why also the aerosol retention was underestimated in comparison to the measured values. In
addition, the MELCOR results were compared to the I -D aerosol deposition model developed
in task 2. The 1-D model gives better results for the experiments that involve steam
condensation, but MELCOR is better at predicting the aerosol retention in the dry
experiments.

A Bottom Drain Line Break scenario with successful depressurization of RCS and reflooding
at 6083 s (and a second variation run with reflooding at 7400 s) was calculated to 16 hrs, after
which the calculation terminated to fatal convergence error.

The fission product release from the core was for noble gases about 82 %, for Cs 75 % and
CsI 82 % of the whole core inventory. The modeled single-hole leakage for containment
nominal leakage resulted in release fractions of noble gases, CsOH and Csl to the reactor
building to be 5.7l'10-5, 1.65"10-5 and 1.68"10-5 of the core release, respectively. At 15.8 h
into the accident 13 % of the CsJ released from the core was in the Lower Drywell pool, 25 %
in the Suppression Pool and 4 % in the water inside the Reactor Pressure Vessel (RPV). A
total of 51% of released CsI was deposited on structures.

When approximating the decontamination factor of CsI aerosol in the PCCS from MELCOR
results by dividing the airborne mass entering the PCCS by the airborne mass exiting the
PCCS one obtains a decontamination factor varying between 4.4 and 17 during the bulk of the
accident time.

The Csl decontamination factor for the whole containment can be defined as the ratio of total
CsI released from the RPV divided by the total airborne mass of Csl in the containment. The
value for containment decontamination factor ranges from 1.4 to 3467 on the basis of
MELCOR calculation.

The pH of the containment pools was calculated with ChemSheet code with the history of
mass flow rates and pool masses obtained from MELCOR results and given as boundary
conditions to ChemSheet. The formation of HC1 due to radiolytical release of Cl from the
cable insulations was estimated as a function of dose rate with the method presented in
NUREG/CR-5950. The sensitivity of pH to HC1 release rate was examined by varying the
HCI release rate. The drainage of CsOH with the PCCS condensate flow through the PCCS
Drain Line keeps the water in GDCS alkaline in the beginning of the accident as CsOH is
highly soluble to water and a strong base. But as the amount of airborne CsOH in the Upper
Drywell reduces and GDCS water mass decreases due to injection to the RPV the pH in
GDCS is also decreases due to acidic flow from Upper Drywell/PCCS containing soluble
HCI. The time range when pH in the GDCS turns to acidic depends on the formation rate of
HC1. In the Base Case with a total HCI release of 430 moles, the GDCS shifts from alkaline to
acidic at about 12.5 h. In the base case all other pools (Lower Drywell, Wetwell and RPV)
remain alkaline.
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In the sensitivity runs with the total HCl formation of 131 moles (release rate 0.0015 mol/s)
the GDCS shifts from alkaline to acidic at around II h with the pH being already 3.95 after
15 h. With the HCl release being 532 moles (release rate of 0.0060 mol/s) the shift from basic
to acidic takes place at about 8 h with the pH being 3.31 at 15 h. The initial pH (being neutral
or 5.3) seemed to have a negligible effect.

Also with the HCI formation rate of 0.0060 mol/s the water in reactor becomes acidic at
around 11 h and with 0.0038 mol/s around 13 h. This is due to high flow rate of acidic water
from GDCS.

In all sensitivity runs the pH in Lower Drywell stayed alkaline after buffer solution injection
is started (at 6080 s) and the pH in Wetwell was alkaline due to sufficient amount of CsOH.
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2 Introduction

The studied ESBWR plant has a rated power of 4590 MWt and the Reactor Coolant System
(RCS) and Containment design is according to ESBWR Design Control Document Tier 1 and
2 rev 1. As to the containment passive safety systems, four double-module units of Isolations
Condensers are capable of providing coolant injection to the RCS at high pressure and a total
of 6 double-module Passive Containment Coolant System Condensers (PCCS) provide long
term pressure control of the containment. In addition to that an attractive feature of the PCCS
is the potential for fission product retention to the heat exchanger tubes and to condensate
flow.

3 Goal

The purpose of this work is to investigate the capacity of PCCS condenser to remove airborne
fission products from the containment atmosphere. A specific goal is to determine the
decontamination factor of the PCCS units and validate the model against existing
experiments. Further aim is to perform source term calculations with the integral MELCOR
code in selected accident cases. For minimization of formation of volatile iodine compounds
during the severe accidents a high pH in the containment pools is preferable. The estimation
of pH in the containment with consideration of buffer injections is being performed with a
dedicated analytical equilibrium chemistry tool.

4 Description of ESBWR plant model for
MELCOR 1.8.6

The applied MELCOR version is 1.8.6 YK that was released in May 2006. The new features
in MELCOR 1.8.6 comprise a more detailed lower head model addressing better the creep
rupture failure of lower head. The core melt blockage and relocation model have been
enhanced and a stratified molten pool model for lower head has been included. Also more
output variables have been added for fission product transport and release results.

4.1 Reactor Core

The reactor core nodalization is depicted in Figure 1. The core region is divided into 6 radial
rings and 14 axial levels. The radial rings in the active core region have equal cross-section
area. The ring 6 is for lower head modeling and the ring 6 cells above the elevation of the
bottom of downcomer (=1.544 m) are dummy. The lower head model is a new feature in
MELCOR version 1.8.6. Tables 1, 2 and 3 collect the applied parameters in the COR model.
The full core decay heat curve is given as a tabular function power vs. time and represents the
situation of a full core at the end of cycle.
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Table 1. Applied ESBWR core data in the MELCOR 1.8.6 code

Item Data in the MELCOR 1.8.6 Data source
input

Outer radius of fuel pellet MELCOR input (2001)
Outer radius of cladding MELCOR input (2001)

Thickness of gap between the pellet [ ]] MELCOR input (2001)
and the cladding
Center-to-center spacing of fuel rods i[ MELCOR input (2001)

Thickness of canister wall M ELCOR input (2001)

Outer radius of core region DRF 0000-0037-2687

Radius of curvature of inside of the DRF 0000-0037-2687
lower head
Inner radius of RPV cylinder [[ ]] DRF 0000-0037-2687

Thickness of cylindrical vessel wall [[ DRF 0000-0037-2687

Thickness of lower head [[ DRF 0000-0037-2687

Elevation of baffle plate [[ DRF 0000-0037-2687

Elevation of (top of) lower core [ DRF 0000-0037-2687
support plate
Elevation at top of active fuel [[ DRF 0000-0037-2687

Elevation at top of core region [[ ]] DRF 0000-0037-2687

Total mass of UO 2  [[ ORIGEN calculation by GE

Total mass of Zircaloy (cladding) [[ calculated from rod data
calculated from canister data, DCDTotal mass of Zircaloy (canisters) E[[] Tier 2, chapter 1

Total mass of stainless steel in active [e 1]
core
Total mass of B4C [r

Mass of core support plate [ estimated from DRF 0000-0037-
2687 data

Mass of control rod guide tubes [[ MELCOR 2001 input

Support plate thickness [[ DRF 0000-0037-2687
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Table 2. Core radial data.

Core ring Outer radius Data source Power peaking Data source
of ring (m) factor

1 calculated*[ DCD Tier 2, Chapter 4

2 calculated* DCD Tier 2, Chapter 4

3 [[ ]] calculated* [[ DCD Tier 2, Chapter 4

4_[[ ]] calculated* [r DCD Tier 2, Chapter 4

5_[E ] DRF 0000-0037-2687 Er DCD Tier 2, Chapter 4

6 [[ DRF 0000-0037-2687 [[ ]] DCD, Tier 2, Chapter
1

* The assumption that A I=A2=A3=A4=A5

Table 3. Axial core input data.

Axial Elevation height of Channel flow Bypass flow Axial Data source
level at the cell (m) area per ring area per ring power

bottom (m2) (Mi2
) peaking

of cell factor
(m)

I [MELCOR 2001 input, DCD Tier
2, Chapter 4

2 MELCOR 2001 input, DCD Tier
2, Chapter 4

3 MELCOR 2001 input, DCD Tier
2, Chapter 4

4 MELCOR 2001 input, DCD Tier
2, Chapter 4

5 MELCOR 2001 input, DCD Tier
2, Chapter 4

6 MELCOR 2001 input, DCD Tier
2, Chapter 4

7 MELCOR 2001 input, DCD Tier
2, Chapter 4

8 MELCOR 2001 input, DCD Tier
2, Chapter 4

9 MELCOR 2001 input, DCD Tier
2, Chapter 4

10 MELCOR 2001 input, DCD Tier
2, Chapter 4

11 MELCOR 2001 input, DCD Tier
2, Chapter 4

12 MELCOR 2001 input, DCD Tier
2, Chapter 4

13 MELCOR 2001 input, DCD Tier
2, Chapter 4

14 MELCOR 2001 input, DCD Tier
2, Chapter 4

4.2 Reactor Coolant System volumes and flow paths

The reactor coolant system and containment nodalization of ESBWR for MELCOR 1.8.6
input are depicted in Fig. 2. The total volume of reactor pressure vessel nodes in the
MELCOR 1.8.6 input is 942.126 mi3 . The total volume of RPV in (Figure 5.1-1 in [1]) is
959 mi3 . Tables 4, 5 and 6 gather the key input data for RCS nodalization and flow paths. The
operation logic of valves connected to different flow paths is discussed in Chapter 4.6 of this
report.
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Figure 2. MELCOR 1.8.6 control volume and flowjunction scheme of ESBWR model.
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Table 4. Control volumes of reactor coolant system.

Control Control Elevation vs. Volume Initial temperature Initial Data source
volume volume volume of node of pool pressure

name node elev. Vol. (m3) (m
3

) T;,,n(K) Tpool(K) (MPa)

Core 101 7.896 59.46681 43.0 sat. sat. 7.21 DRF 0000-0037-
7.4533 42.9312 2687 &
4.405 0.0 ESBWR DCD

Tier 2, Ch. 6 rev I

Bypass 102 7.896 54.138 54.138 - 551.82 7.21 DRF 0000-0037-
7.4533 39.08414 2687 &
4.405 0.0 ESBWR DCD

Tier 2, Ch. 6 revl

Chimney 103 16.51 255.6355 66.79 sat. sat. 7.21 DRF 0000-0037-
7.896 0.0 2687 &

ESBWR DCD
Tier 2, Ch. 6 revI

Lower 104 4.405 136.0938 136.09 550.9 7.21 DRF 0000-0037-

plenum 4.0105 123.6317 2687 &
2.365 71.65127 ESBWR DCD
0.0 0.0 Tier 2, Ch. 6 revl

Downcomer 105 22.276 147.0625 147.0625 sat. 488.8 7.21 DRF 0000-0037-
19.540 135.2081 2687 &
16.365 115.1544 ESBWR DCD

7.896 39.2945 Tier 2, Ch. 6 revl
2.365 0.0

Upper 106 27.56 289.7294 26.862 sat. sat. 7.17 DRF 0000-0037-

plenum 25.24 226.2726 2687 &
19.5278 54.8177 ESBWR DCD

16.51 0.0 Tier 2, Ch. 6 rev I
Main steam 107 23.58 27.25 sat. 7.0881 DRF 0000-0037-
line 22.08 0.0 2687 &

ESBWR DCD
Tier 2, Ch. 6 rev I

Steam 108 30.0 1.10 - sat. 2.0

outlet * 20.0

steam outlet is an arbitrarily large volume representing turbine bypass

Table 5. isolation condenser system (ICS) control volumes.

Control Control Elevation vs. volume Volume Initial Initial Data source
vol. name vol. table of pool temperature pressure

number (m) (MPa)

Elev. Vol. (m3) Tatm(K) Tp.o0 (K)
(in)

IC steam 111 29.95 4.01 4.01 sat. sat. 7.088 MFN 05-122 &

box 29.185 0.0 MFN 06-003
IC tubes 110 29.185 2.173 2.0 sat. sat. 7.088 MFN 05-122 &

27.385 0.0 MFN 06-003

IC water 109 27.385 4.077 4.075 sat. sat. 7.088 MFN 05-122 &
box 26.755 0.0 MFN 06-003
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Table 6. Flow paths between RCS volumes

Flow From volume To volume from To Flow area length fraction Data
path elevation elevation (mi) (in) open source
no (m)1Lm)
RPV flow paths
113 core chimney 7.896 7.896 SO: 9.48 0.914 1.0 MELCOR

SI: 15.858 1.356 2001 input
and DCD,
Chapter 4

123 bypass chimney 7.896 7.896 8.503 1.649 1.0 MELCOR
2001 input
and DCD,
Chapter 4

136 chimney upper 16.51 16.51 SO: 32.94 8.008 1.0 MELCOR
plenum SI: 49.253 1.156 2001 input

S2: 7.761 3.381 and DCD,
S3: 11.533 0.779 Chapter 4
S4:38.114 5.141

165 upper plenurn downcomer 21.91 21.91 SO: 20.388 2.845 1.0 MELCOR
SI: 33.977 2.470 2001 input

and DCD,
Chapter 4

154 downcomer lower 2.365 2.365 SO: 6.647 5.118 1.0 MELCOR
plenum S1: 6.647 2.890 2001 input

S2: 8.191 1.815 and DCD,
I S3: 7.522 4.272 Chapter 4

141 lower plenum core 4.405 4.405 SO: 0.3 17 0.094 1.0 DCD, Ch. 4
SI: 11.835 1.142 & 6

142 lower plenum bypass 4.405 4.405 SO: 26.83 2.145 1.0 DCD, Ch. 4
SI: 0.166 1.327 &6
S2: 8.503 1.649

167 upper plenum main steam 22.83 22.83 SO: 0.3932 2.129 1.0 DCD, Ch. 4
line SI: 1.283 5.128 &6

178 main steam steam outlet 22.83 22.83 0.4276 7.543 valve DCD, Tier
line (CF178) 2, Ch. 6

ICS flow paths
195 IC water box downcomer 26.755 13.025 0.1004 32.5 valve MFN 05-

(CF195) 122
171 upper plenum IC steam 21.91 29.95 0.3936 31.5 1.0 MFN 05-

box 122
Ill IC steam box IC tubes 29.29 29.185 1.207 0.8 1.0 MFN 05-

1 122
119 IC tubes IC water box 27.385 27.385 1.207 0.8 1.0 MFN 05-

1 1 1 122

ECCS injection flow paths
065 GDCS pool downcomer 17.8 8.453 0.0912 10.57 valve DCD, Tier

(CF265) 2, Ch. 6
055 Suppression downcomer 8.453 8.453 0.0912 2.89 valve DCD, Tier

pool bottom (CF070) 2, Ch. 6
RPV pressure control flow paths
075 main steam suppression 22.83 6.494 0. 0673 14.795 valve DCD, Tier

line pool bottom (CF075) 2, Ch. 6
057 main steam suppression 22.83 6.494 0.0673 14.795 valve DCD, Tier

line pool bottom (CF057) 2, Ch. 6
073 upper plenum upper 21.91 22.83 0.1224 0.2 valve DCD, Tier

drywell (CF273) 2, Ch. 6
037 upper plenum upper 21.91 22.83 0.1224 0.2 valve DCD, Tier

drywell (CF237) 2, Ch. 6
095 IC water box Wetwell 27.355 9.533 0.00278 27.3 valve MFN 05-

(CF095) 122
014 lower plenum lower 0.0 -0.212 2.165. 10-3 0.3 valve model

drywell (CF142) assumption
041 lower plenum lower 0.0 -0.212 1.0 0.212 valve model

drywell (CF141) assumption
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Containment

The total gas space volume of the containment in the MELCOR 1.8.6 model is 13 580 m3 and
water pool volume 6288 in3 . The detailed description of the containment control volumes is
given in Tables 7 and 8.

Table 7. Containment control volumes.

Control Control Elevation vs. Volume Initial Initial Data source
vol. vol. volume table of pool temperature (K) pressure
name number elev. Vol. (mi3) (M

3
) atm. pool (MPa)

(m)
Lower 201 7.443 1190 - 330 - 0.1013 ESBWR DCD Tier
drywell -8.8 0.0 2, Ch. 6, rev I
Central 202 17.5 713.56 - 330 - 0.1013 ESBWR DCD Tier
drywell 7.443 0.0 2, Ch. 6, rev 1
Upper 203 24.6 5302.44 - 330 - 0.1013 ESBWR DCD Tier
drywell 17.5 0.0 2, Ch. 6, rev I
Vents 204 17.5 174.76 74.12 316 330. 0.1013 ESBWR DCD Tier

10.1 74.12 2, Ch. 6, rev 1
4.65 0.0

Wetwell 205 16.9 5991.3 559.3 300. 300. 0.1013 ESBWR DCD Tier
10.1 559.3 2, Ch. 6, rev 1
9.4 0.0

Suppressi 225 9.4 1038.7 1038.7 - 300 0.1130 ESBWR DCD Tier
on pool 8.1 0.0 2, Ch. 6, rev 1
upper
Suppressi 235 8.1 1118.0 1118.6 - 300. 0.1238 ESBWR DCD Tier
on pool 6.7 0.0 2, Ch. 6, rev 1
middle
Suppressi 245 6.7 1637.95 1637.95 - 300. 0.1374 ESBWR DCD Tier
on pool 4.65 0.0 2, Ch. 6, rev 1
bottom
GDCS 206 24.6 1999.4 1859.0 300. 300. 0.1013 ESBWR DCD Tier

24.1 1859.0 2, Ch. 6, rev 1
17.5 0.0

Annulus 207 21.85 349.46 - 340. - 0.1013 ESBWR DCD Tier
7.443 0.0 2, Ch. 6, rev I

Head 208 35.35 277.0 - 330. - 0.1013 ESBWR DCD Tier
29.35 68.254 2, Ch. 6, rev 1
21.85 0.0

Table 8. Passive Containment Cooling System (PCCS) control volumes.

Control Control Elevation vs. Volume Initial Initial Data source
vol. vol. volume table of pool temperature pressure
name number (m) (MPa)

Elev. Vol. (M3) T.,ý,(K) Tpool(K)

(m).

PCC 211 30.22 12.96 - 300 - 0.1013 MFN 05-122 &
steam 28.90 0.0 MFN 06-003
box
PCC 210 28.90 12.94 - 300. - 0.1013 MFN 05-122 &
tubes 27.563 0.0 MFN 06-003
PCC 209 27.563 12.96 300. - 0.1013 MFN 05-122 &
water box 26.243 0.0 MFN 06-003
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Table 9. Containment flow paths.

Flow From To volume from To Flow length fraction Data source
path volume elevation elevation area (m) open
no (m) (m) (- )
212 lower middrywell -8.256 7.443 0.01634 14.2 1.0 DCD Tier 2, Chapter 6,

drywell MELCOR 2001 input
221 lower mid drywell 6.4 7.443 7.98 1.0 1.0 DCD Tier 2, Chapter 6,

drywell MELCOR 2001 input
223 mid drywell upper 17.5 17.5 42.0 8.4 1.0 DCD Tier 2, Chapter 6,

drywell MELCOR 2001 input
227 mid drywell annulus 9.379 9.379 6.92 0.15 1.0 DCD Tier 2, Chapter 6,

MELCOR 2001 input
234 upper vent 17.5 17.5 9.05 9.56 1.0 DCD Tier 2, Chapter 6,

drywell MELCOR 2001 input
237 upper annulus 21.85 21.85 8.04 0.15 1.0 DCD Tier 2, Chapter 6,

drywell MELCOR 2001 input
465 upper Wetwell 21.05 15.0 0.0001 6.05 1.0 DCD Tier 2, Chapter 6

drywell
466 GDCS upper 24.45 24.45 17.63 1.0 1.0 MFN 05-122

drywell
245 vent suppression 8.493 8.493 SO: 11.31 1.21 1.0 DCD Tier 2, Chapter 6

pool-upper SI: 3.85
254 vent suppression 7.123 7.123 SO: 11.31 1.68 valve DCD Tier 2, Chapter 6

pool-middle S I: 3.85 (CF358)
452 vent suppression 5.753 5.753 SO: 11.31 2.14 valve DCD Tier 2, Chapter 6

pool-bottom S 1: 3.85 (CF458)
255 Wetwell suppression 9.91 9.4 600.0 1.6 1.0 model assumption

pool-upper
256 Wetwell suppression 9.71 9.2 600. 1.6 valve model assumption

pool-tipper (CF259)
355 suppression suppression 8.75 8.1 600. 1.6 1.0 model assumption

pool-upper pool-middle
356 suppression suppression 8.55 7.9 600. 1.6 valve model assumption

pool-upper pool-middle (CF365)
455 suppression suppression 7.4 6.7 600. 1.6 1.0 model assumption

pool-middle pool-bottom
456 suppression suppression 7.2 6.5 600. 1.6 valve model assumption

pool-middle pool-bottom (CF465)
251 suppression lower 8.45 -6.565 0.01634 13.56 valve model assumption

pool upper drywell (CF253)
253 Wetwell upper 16.9 17.5 1.13 1.61 valve DCD Tier 2, Ch. 6

drywell (CF255)
261 GDCS lower 17.8 -6.565 0.01634 23.68 valve DCD Tier 2, Ch. 6

drywell (CF263)

278 annulus upper head 21.85 21.85 I" 10-4 0.1 1.0

PCC flow paths
296 PCC water GDCS pool 27.01 21.538 0.10603 11.0 1.0 MFN 05-122 &

box MFN 06-003

295 PCC water Wetwell 27.67 9.350 0.3040 24.5 1.0 MFN 05-122 &
box MFN 06-003 & comm.

with GE

233 upper PCC steam 24.6 30.88 0.2945 S0:8.15 1.0 MFN 05-122 &
drywell box S I: 2.9 MFN 06-003

211 PCC steam PCC tubes 29.56 29.56 6.81 0.8 1.0 MFN 05-122 &
box MFN 06-003

219 PCC tubes PCC water 28.33 28.33 6.81 0.8 1.0 MFN 05-122 &
box I I I MFN 06-003
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Reactor building and environment volumes

The current MELCOR model has one control volume representing the whole reactor building.
It is defined to be an artificially large volume to provide constant down stream thermal
hydraulic conditions. Refueling pool volume is presented as a separate control volume. The
water pool housing ICS and PCCS condensers is modeled as single large pool. The
environment is modeled as a large control volume for purposes of being a heat sink to
containment outer walls and a receiving volume for possible source term.

Table 10. Reactor building and environment control volumes.

Control Control Elevation vs. volume Volume Initial Initial Data source
vol. vol. table of pool temperature pressure
name number (m3) (MPa)

Elev. Vol. (M
3
) Tatm Tpoo0

(m) (K) (K)
Refuel 301 45.695 15540. 725.3 300 300 0.1013 MELCOR 2001
floor 33.505 758.24 input

33.205 725.3
26.6 0.0

Reactor 302 50.0 1-10 - 300. - 0.1013 model
building -10.3 0.0 assumption
Environm 400 50.0 1.108 - 300. - 0.1013 model
ent -20.0 0.0 assumption
IC pool 401 33.7 6100. 4900. 300. 300. 0.1013 DCD, Tier 2, Ch.

28.65 3180. 6
26.0 0.0

Table 11. Reactor building and environment flow paths.

Flow From To volume from To Flow area length fraction Data source
path volume elevation elevation (m 2) (m) open
no (m) (m)
410 ICS environment 33.7 40.0 1.131 30.0 1.0 Estimated from

pool DCD, Tier 2, Ch. 6
data

420 Upper reactor 24.0 24.0 17949.10-6 1.0 1.0 area calculated
drywell building from Bernoulli's

equation
(0.5 % of
containment
volume per day at
310 kPa)



`ýLV77-
RESEARCH REPORT VTT-R-04413-06

21 (123)

4.5 Heat structures

The heat structures act as heat sinks according to their material characteristics and as
deposition surfaces for fission product aerosols according to their geometric alignment.

Table 12. Reactor coolant system and containment heat structures.

Heat name bottom top area thickness material type/
structure elevation elevation (M

2) (i) orientation
number (m) (m)
10002 shroud 4.0105 4.405 7.86 0.05 SS vertical DCD Tier 2,

level 2 cylinder Ch. 4,5,6
and model
assumptions

10003 shroud 4.405 4.7437 6.74825 0.05 SS vertical same as
level 3 cylinder above

10004 shroud 4.7437 5.0824 6.74825 0.05 SS vertical same as
level 4 cylinder above

10005 shroud 5.0824 5.4211 6.74825 0.05 SS vertical same as
level 5 cylinder above

10005 shroud 5.4211 5.7598 6.74825 0.05 SS vertical same as
level 6 cylinder above

10007 shroud 5.7598 6.0985 6.74825 0.05 SS vertical same as
level 7 cylinder above

10008 shroud 6.0985 6.4372 6.74825 0.05 SS vertical same as
level 8 cylinder above

10009 shroud 6.4372 6.7759 6.74825 0.05 SS vertical same as
level 9 cylinder above

10010 shroud 6.7759 7.1146 6.74825 0.05 SS vertical same as
level 10 cylinder above

10011 shroud 7.1146 7.4533 6.74825 0.05 SS vertical same as
level 11 cylinder above

10012 shroud 7.4533 7.896 8.8203 0.05 SS vertical same as
level 12 cylinder above

10305 chimney 7.896 16.51 171.625 0.05 SS vertical same as
shroud cylinder above

11003 top guide 7.896 8.076 6.285 0.18 SS horizontal same as
ring I slab above

12003 top guide 7.896 8.076 6.285 0.18 SS horizontal same as
ring 2 slab above

13003 top guide 7.896 8.076 6.285 0.18 SS horizontal same as
ring 3 slab above

14003 top guide 7.896 8.076 6.285 0.18 SS horizontal same as
ring 4 slab above

15003 top guide 7.896 8.076 6.285 0.18 SS horizontal same as
ring 5 1 1 , slab above

RCS to containment heat structures

10001o shroud 2.365 4.0105 32.785 0.05 SS vertical same as
level I cylinder above

15207 vessel 7.443 20.259 285.865 0.154 SS vertical same as
cylinder above

16208 vessel 22.84 23.84 79.452 0.154 SS upper same as
head hemisphere above

ICS heat structures
11041 IC tubes 27.385 29.185 0.28727 0.0023 SS vertical MFN 06-003

x 810 cylinder
manifold
(810 tubes)
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Containment heat structures
25160 GDCS 16.9 18.5 234.2 1.6 concrete horizontal MELCOR

floor slab 2001 input
and
estimation
from DCD,
Tier 2,

Chapter 6

25130 Upper 16.9 18.5 484.25 1.6 concrete horizontal same as
drywell slab above
floor

26130 GDCS 17.5 23.55 338.32 0.2 concrete vertical same as
wall cylinder above

22170 Lower 7.443 17.5 302.68 0.016 SS vertical same as
biological cylinder above
shield

23170 central 17.5 21.85 130.92 0.016 SS vertical same as
biological cylinder above
shield

25220 vent wall 10.443 16.9 267.77 1.6 concrete vertical same as
I cylinder above

25221 vent wall 9.4 10.4 41.47 1.6 concrete vertical same as
2 cylinder above

26210 GDCS 24.6 26.6 50.64 2.0 concrete horizontal same as
ceiling slab above

23210 Upper 24.6 26.6 781.4 2.0 concrete horizontal same as
drywell slab above
ceiling

28220 Drywell 26.6 32.76 226.195 0.16 SS upper same as
head hemisphere above

25310 SP-RB 9.4 20.4 103.67 2.0 concrete vertical same as
wall cylinder above

25311 WW-RB 10.44 16.9 669.72 2.0 concrete vertical same as

wall cylinder above
25313 WW 2.65 10.75 633.63 2.35 concrete horizontal same as

floor slab above

33401 LDW- -8.8 2.6 637.49 2.0 concrete vertical same as
HCU cylinder above
wall

25320 LDW -8.8 -6.8 116.9 2.0 concrete horizontal added

floor slab (ESBWR
DCD Tier 2)

25321 MID-DW 7.443 9.443 70.9 1.0 concrete horizontal added
floor slab (ESBWR

DCD Tier 2)

25323 Shield 7.443 8.043 24.2 0.6 concrete horizontal added
ann. floor slab (ESBWR

I_ DCD Tier 2)
PCCS heat structures
21041 PCC 28.2315 28.90 0.10669 0.00165 SS vertical MFN 06-003

tubes top (x3360) cylinder &
manifold MFN05-122
(3360
tubes)

21042 PCC 27.563 28.2315 0.10669 0.00165 SS vertical MFN 06-003
tubes (x3360) cylinder &
bottom manifold MFN05-122

(3360
tubes)
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4.6 Engineered Safety Features

4.6.1 Isolation condenser system (ICS)

ICS drain line is modeled with valve operation. ICS drain line opens fully when Main Steam
Line Valve has closed (in 4.2 s following a scram signal). ICS vent line is modeled to remain
closed until a user-specified time is reached.

4.6.2 Passive Containment Cooling System (PCCS)

PCCS Drain Line has a loop seal at the pipe end in the GDCS pool. The Drain Line is
modeled with a normal vertical flow junction.

The PCCS Vent line is modeled as vertical flow junction between the PCCS water box and
the Suppression Pool. [

4.6.3 GDCS injection to RPV Downcomer

Coolant injection from the GDCS pool is modeled to start at a user-specified time. In the
calculation of scenario 1 the start of reflooding was set initially set to 7400 s and in a second
run variation to 6083 s. The GDCS line opening fraction can be varied, in the Scenario I
calculation it was defined to be 100 % of full area.

4.6.4 Equalization line injection from Suppression pool to RPV downcomer

The opening of Equalization Line is modeled to occur after a user-specified time delay has the
beginning of the core oxidation and the boiled-up water level in the downcomer of the
Reactor Pressure Vessel (RPV) has fallen below level LI (11.0 m from the bottom of RPV).
In the Bottom Drain Line Break scenario, the opening of Equalization Line was set to occur
simultaneously with the start of GDCS injection.

4.6.5 Safety Relief Valves (SRV#1 and SRV #2)

Two separate Safety Relief Valve Lines (SRV) are modeled. The SRV #1 and SRV #2 open
when the pressure in the Upper Plenum of the RPV exceeds 8.723 MPa and closes when
Upper Plenum Pressure decreases below 8.045 MPa. If the water level in the downcomer is
below level LI, SRV#1 opens fully and stays open in 10 s and SRV#2 in 55 s, respectively.
The flow areas of both SRV junctions are equal. [[

4.6.6 Depressurization Valves (DPV#1 and DPV#2)

Two separate RPV Depressurization Lines are modeled. The DPV#I opens fully with a 100-s
delay from the level LI signal. DPV#2 opens respectively with 145-s delay from the level LI
signal. The flow areas of the two valves are equal.
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Lower Drywell Flooding from Wetwell and GDCS Pool

The Lower Drywell flooding from the Wetwell and GDCS Pool start, when the gas
temperature in the Lower Drywell exceeds 533 K.

4.6.8 Vacuum Breakers

The Vacuum Breakers open fully when the Wetwell pressure exceeds the Drywell pressure by
3445 Pa. In addition to Vacuum Breakers the Wetwell airspace is connected to the Drywell
airspace via a small leakage flow path (A=I 1.0-4 M2

).

4.7 Decay heat

The operating power of the reactor is defined in the input to be 4.59' l09 W, which is 102 % of
the rated power. The decay heat is defined as a Tabular Function of power vs. time through
input (Table 13). MELCOR interpolates the values of power between the given time points.
The reactor shutdown time is currently determined to be at time 0.

Table 13. Decay heat vs. time used in MELCOR input for ESBWR.

Time from scram (s) Decay heat (W)

0.0 4.5900.109
0.1 4.5097.10"
0.6 2.6806.109
1.0 1.5298.109

6.0 2.6314.108
10.0 2.2592.108

60.0 1.5946.10'
100.0 2.4367.10'
600.0 1.0148.10'

1000.0 8.9872.10'
2000.0 7.3624.10'
4000.0 5.8981-107

6000.0 5.2051.10'

8000.0 4.7920" 10'
10000.0 4.5083-10'
20000.0 3.9635" 10'
40000.0 3.3530 " 107

60000.0 3.0252" 10'
86400.0 2.7416" 107

100000.0 2.6314" 10'
150000.0 2.3340 .107

172800.0 2.2326' 10'

All default fission product classes in the MELCOR 1.8.6 are used in the ESBWR model. The
total masses of fission products in each class are defined to be the default values of
MELCOR. The initial masses of the fission product classes were updated according to
ORIGEN calculations for ESBWR specific core.
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Iodine and Cesium are assumed to form Csl following the release from the fuel. The excess
Cs is assumed to be as CsOH. Table 14 shows the distribution different radionuclide elements
into default radionuclide classes used for fission product transport and deposition models.

Table 14. Applied default classification offission product elements and Initial fission product
class masses.

Fission Representative Initial mass (kg) Elements in the class
product class element
class
I Xe 827.4 He, Ne, Ar, Kr, Xe, Rn, H, N
2 Cs 496.4 Li, Na, K, Rb, Cs, Fr, Cu
3 Ba 363.0 Be, Mg, Ca, Sr, Ba, Ra, Es, Fm
4 1 37.27 F, Cl, Br, 1, At
5 Te 77.6 0, S, Se, Te, Po
6 Ru 555.4 Ru, Rh, Pd, Re, Os, Ir, Pt, Au, Ni
7 Mo 662.8 V, Cr, Fe, Co, Mn, Nb, Mo, Tc, Ta, W
8 Ce 1227.6 Ti, Zr, Hf, Ce, Th, Pa, Np, Pu, C
9 La 1019.7 Al, Sc, Y, La, Ac, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho,

Er, Tm, Yb, Lu, Am, Cm, Bk, Cf
10 U 136000 U
11 Cd 5.07 Cd, Hg, Zn, As, Sb, Pb, TI, Bi
12 Sn 24.7 Ga, Ge, In, Sn, Ag
13 B 0 B, Si, P
14 H2 0 0 H2 0
15 concrete 0 --

16- Csl 0 Csl

* when all
76.3 kg.

4.8

iodine is assumed to combine with Cs to form Csl, the equivalent whole core inventory of CsI is

Fission product release and transport

The release of fission products from the fuel is calculated with CORSOR-M model with
multiplication with surface-to-volume ratio. The default number (10) of aerosol size sections
are used in the calculation. The hygroscopicity model is activated.

Fission products were assumed to be initially evenly distributed in the fuel in the core rings.
The fission product release in the gap in the beginning of the calculation was 5% for noble
gases (class 1), Cs (class 2) and I (class 4). For the other classes the initial gap release was 0.
The initial gap inventory is according to the specification for BWR core inventory gap release
in [2]. The fission product release to the reactor coolant system begins, when the specified
failure temperature (1173 K) is reached in the cladding. Once the failure temperature is
reached at any axial level of a core radial ring, the whole airborne inventory in that radial ring
is released.

All heat structures act as deposition surfaces according to their defined orientation. The PCCS
tube walls were modeled as cylindrical heat structures and a floor heat structure was defined
for PCC water box. PCC steam box and the tube volume have no horizontal heat slabs. An
aerosol settling area equal to the total cross section area of the tube bundle is defined for
aerosol settling by gravitation from steam box volume to tube volume and from tube volume
to water box, respectively.
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The fission product pool scrubbing model (SPARC) is activated in the SRV Lines, in the IC
Drain Line in the IC Vent Line in the Horizontal Vent Lines in the Lower Drywell flooding
lines and in the PCC Drain Line and in the PCC Vent Line flow junctions.

5 Model for fission Product Removal in
Passive Containment Cooling System
Modules

A detailed, specific model for fission product removal in PCCS was developed. The model
was validated against 1-tube heat exchanger experiments performed at VTT. The model was
then applied to full scale PCCS geometry to evaluate the effect of key modeling parameters to
fission product retention. A decontamination factor for PCCS was estimated. Further, easily
usable correlation models were developed.

Also the 1-tube experiments were calculated with MELCOR using the same type of input as
applied in the ESBWR model, i.e. describing the operation of a PCCS with control volume,
flow path and heat structure input (not the CND model). The results were compared to the
measured values.

The theoretical basis of the separate, detailed fission product modeling is given in the next.

5.1 The description of the modeling principles

5.1.1 Heat and mass transfer

The heat and mass fluxes of the system were estimated using a simple plug flow balance
model with appropriate Nusselt (Nu) and Sherwood (Sh) numbers, [3]. The energy balance for
the gas and the water film are expressed as:

d(rh H + ih, H,,) =-p(q",H,, +q) (q)

dx

and

d(rh,Hj) 7_ pT"H,
dx ) P(q.... + q - ) (2)

where

= ,,, r ,,,,, -dT+LW,,,, + f, cdT - ,

(),~h, ) H fý, cpndT +J 111'IC,,(c,~TT - cP,T,'fThf) (4)
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(,h1H,) = th, C f' cdTJ rn, h(c,,7- C,,I'TfTf) (5)

L W,, is the latent heat of condensation at Tb =373.15 K [J/kg].

The heat fluxes from gas to the film of condensed water qT and through the water film q TS

[W/m 2] are calculated from:

TN T - T,q =N u "k 9 I, (6)

and

q7S=k1 T1
(5

(7)

The assumption of the linear temperature profile across the liquid film satisfies:

T 2=T + T.
2 (8)

The liquid film thickness 5 [m] can be approximated by [6]:

'5=( 3utrhl )1/3

,Pl 2 gdh
(9)

Besides the energy balance equations, the mass balances are also formulated for solving a
solution of the system simultaneously. For the nitrogen ri, water vapor rhu,, and liquid water

rh, mass flow rates [kg/s] we obtain:

dth,,-0A =0,
dx

drhi

dx * Pq

dx

(10)

(11)

(12)

The water vapor condensation mass flux q," [kg/s M2
] is calculated from:

q il = Stef Sh . D . -A ......
dh

The diffusion coefficient of the steam in the mixture can be approximated by:

(13)
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D =,, -, , (14)
XPI Xw

___+
D•,,,,, Dw,,

where the binary diffusion coefficients for water vapor - nitrogen pair and for water vapor -

water vapor pair are estimated by [9], respectively:

T 1.7 + I jO

D 0,, O.Ol10 1 lSMtW +M11• (15)

and

T1.75K +_ ý05

D = 0.0101 ,M., M (16)
px10 5 [,'Y3 + 8"'

fi is the structural diffusion volume, fl=l2.7 and fl,, =17.9 [cm 3/mol].

The mass concentration and mass flux are related to the following:

ih,,, = p,,UA (17)

For the laminar flow regime (Re<2300) the expression of Nusselt and Sherwood numbers are:

Nu =3.66, (18)
Sh= 3.66. (19)

For the turbulent flow regime (3000<Re<5x 106) the corresponding equations are [8],

Nu = (f /8XRe-lOOO)Pr 0.5<Pr<2000, (20)
1 +12.7(f /8)1/2 (pr 213 -1)

Sh - (f /8)(Re- l000)Sc 0.5<Sc<2000. (21)
1 + 12.7(f/8)/2 (Sc21 3 -)

In the intermittent regime (2300!Re<3000), Nusselt and Sherwood number increase linearly
between the two correlations.

The friction factorfdepends on Re in the following way [3]:
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64

Re'
(22)

f = 0.316Re-021

f = 0. 184Re-0 2

2300<Re<20000, (23)

(24)Re>20000.

The pressure drop associated with the flow was calculated using

dp _ _f u

dx 2dh
(25)

In addition to previously presented equations, heat transfer from the tube wall to the coolant
was modeled in the PCC calculations. Heat flux to the coolant was assumed to be equal to the
heat flux through the liquid film (Eq. 7):

7qS TC (26)

Pool was assumed to be boiling around the PCC tubes. For free convection boiling mode,

mean Nusselt number Nu was approximated from the correlation for an isothermal cylinder
[10]:

N•ud = {0.60
0[1+ 7R I/6

[1+ (0.559/pr)9/,,6t/27 Ra._<1012, (27)

where

lp g PicP l g, s T h )d3RaVik= (28)

The heat flux to the coolant was then calculated by:

qTC -NU (Td
d

(29)

On the other hand, for the nucleate boiling mode, the heat flux to the coolant was expressed
by the following correlation [11]:

q uTC _ _LW -g(P'__ J]2_ W-rn

q ~ ~ C If '~Li~CLW~
(30)
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where the coefficient C,,f and the exponent n depend on the surface-liquid combination. For

the case of water-stainless steel, Cs, =0.0130 and n=1.0, respectively.

5.1.2 Particle deposition

In addition to steam condensation, the model includes the particle deposition onto the heat
exchanger tube wall. The deposition mechanisms considered in the validation work were:
diffusiophoresis, thermophoresis, and the turbulent eddy impaction. As the model for
turbulent impaction seemed to contain relatively high uncertainties, only diffusiophoresis and
thermophoresis were taken into account in PCC calculations.

The diffusiophoretic deposition velocity of particles onto the walls U pt [m/s] is directly

proportional to the water vapor condensation rate q,11 [kg/mn2s] [4]:

UP - q ' (31)

The thermophoretic deposition velocity is calculated using a generally accepted formula over
a wide range of particle diameters [5]:

U TP, -K Vg ̀VT, (32)
PT

where

K = 2C, (a + C,Kn)Cn (33)
(1 + 3C,,,Kn)(1 + 2a + 2C, Kn)

Kn is the Knudsen number, Kn =,g /rp, which is the ratio of the gas mean free path to the

particle radius. The gas mean free path is calculated by:

2= g (34)g O.499p. 8 Mg lO-3/zr*RgT

Because thermophoresis is proportional to the temperature gradient, it is closely related to
heat transfer. The actual value for the temperature gradient at the surface, which is required
for calculating the thermophoretic deposition velocityup7 , can be obtained using the heat

transfer correlations for the Nusselt number Nu, which is the dimensionless temperature
gradient at the surface. Consequently, we obtain the following simple equation:

UTPII =-KvgNu T (35)I' Td,,
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Turbulent impaction is an important deposition mechanism for large particles, when the
boundary layer between the surface and the host flow is turbulent. Inside the turbulent
boundary layer turbulent eddies have a velocity component, which is normal to the main flow.
Eddies may give enough momentum for particles to cross the laminar sub layer and finally to
deposit on the wall.

At present there is no generally accepted mechanistic model available for turbulent
deposition. Rough predictions can be made by using experimental correlations. The
experimental deposition rate is usually given in such a way that the dimensionless deposition

velocity u÷ is plotted as a function of the dimensionless relaxation timer'. The

dimensionless relaxation time r+ characterizes the ability of the particles to react to sudden
changes of the fluid. In constant conditions it depends on particle size and other flow
variables in the following way:

+ Re' fc(Re), (36)
36 dg ,d

where fc is the Fanning friction factor.

The non-dimensional deposition velocity u+ is the actual velocity, with which the particles
deposit, normalized with "wall variables" [7]:

TUR

U+ f (37)

C2f

Submicron range particles (r' < 0.2) tend to follow the streamlines of fluid motion. This
means that in the absence of thermophoresis Brownian motion is the mechanism mainly

responsible for deposition. Therefore it is assumed that u+ is independent of r+ and is a
function of Schmidt number only:

u+ = 0.0653c-2/3. (38)

However, when ri is greater than 0.2, the deposition velocity becomes independent of Sc.
Particles in this range diffuse towards the wall due to radial velocity fluctuations (turbulent
diffusion) and then deposit onto the wall by a free-flight mechanism through the viscous sub
layer. This is caused by the inability of the particles to follow the turbulent eddies in the
vicinity of the wall. This inability can be conveniently described by the concept of a stopping
distance. In this range, the experimental deposition data can be roughly correlated using the
following equation:

u' = 3.5.10-4 r 2 . (39)

Neither of the correlations above work properly, however, as the particle relaxation time

increases beyond -r' > 30. After this point the particles are too large to respond to the fluid

fluctuations, and the u÷ (r+) curve levels off to an approximately constant value 0.18 (see
[12] for details). This is also approximately the point, where gravitation starts to play an
increasingly important role in particle depositions dynamics.
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Finally, by combining the different deposition velocities the reduction in the particle mass
flux rh, [kg/s], due to deposition can be obtained from:

dthP _ji ( PI TPII +UTUR

dA +u P, ± u1  )}, (40)

5.1.2.1 Diffusiophoresis

Diffusiophoresis is flow of aerosol particles down the concentration gradient of gas or vapor
due to bombardment of particles by the gas or vapor molecules as they diffuse down the
gradient. To maintain a constant total pressure near a condensing surface, the concentration
gradient of vapor is balanced by an equal and opposite concentration gradient of non-
condensable gas. The effect of gas molecules diffusing away from the surface on the transport
of aerosol particles is however cancelled out by an aerodynamic flow of gas towards the
surface (Stefan flow). Therefore the diffusiophoretic deposition velocity of particles onto the
walls UPn [m/s] is directly proportional to the water vapor condensation rate q"' [kg/m2s]:

UP x - M- W, - (41)
" - I " - + x, + pt,, '

where x,, and x,, are the mole fractions and Mw and M. the molecular weights of water and

nitrogen [g/mol], respectively and p,,, is the mass concentrations of water [kg/mi3] in the gas

flow. Diffusiophoresis is approximately independent on particle size.

5.1.2.2 Thermophoresis

Thermophoresis is the result of the temperature gradients. On the hotter side, gas molecules
colliding with particles carry on average a higher momentum than on the colder side, thus,
causing a net transport in the direction of colder temperature. The thermophoretic deposition
velocity is calculated using a generally accepted formula over a wide range of particle
diameters [5]:

UP =-K±vVT (42)
T

where

K2C, (a + C, Kn)Cn (43)
(1 + 3C,,Kn)(1 + 2a + 2C,Kn)"

Here C,=1.147, C,=2.20, C,,=1.146, Cn is the Cunningham slip correction factor, v the

kinematic viscosity [m2/s], T temperature [K], a = 1,ý/2L p is the ratio of gas to particle

thermal conductivities, and Kn the Knudsen number. The Knudsen number Kn = 'g/, r is the
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ratio of the gas mean free path to the particle radius. In above equations, the thermophoretic
velocity in the free molecular regime is interpolated with the corresponding expression in the
continuum regime. Because thermophoresis is proportional to the temperature gradient, it is
closely related to heat transfer. The actual value for the temperature gradient at the surface,

which is required for calculating the thermophoretic deposition velocityujs", can be obtained

using the heat transfer correlations for the Nusselt number Nu, which is the dimensionless
temperature gradient at the surface. Consequently, we obtain the following simple equation:

i1= -KvNu T - Ti, (44)Tdh

5.1.2.3 Gravitational settling

Gravitational settling is caused by the effects of gravity on the particles. Settling affects
particle transport in PCC only, if the tubes are not vertical. For spherical particles of density
ps,,,,P [kg/mr3] and diameter dp [m] in the range of 1-100 ýtm, the gravitational deposition

velocity can be calculated from [6]:

d2
U G 1_ d • n, (45)

where g is the gravitational acceleration [m/s 2] and n the unit vector normal to the tube wall.
For submicron particles gravitational deposition can be considered as negligible.

5.1.2.4 Turbulent impaction

Turbulent impaction is an important deposition mechanism for large particles, when the
boundary layer between the surface and the host flow is turbulent. Inside the turbulent
boundary layer turbulent eddies have a velocity component, which is normal to the main flow.
Eddies may give enough momentum for particles to cross the laminar sub layer and finally to
deposit on the wall.

At present there is no generally accepted mechanistic model available for turbulent
deposition. Rough predictions can be made by using experimental correlations. The
experimental deposition rate is usually given in such a way that the dimensionless deposition

velocity u+ is plotted as a function of the dimensionless stopping distancer+. The

dimensionless stopping distance r- characterizes the ability of the particles to react to sudden
changes of the fluid. In constant conditions it depends on particle size and other flow
variables in the following way:

r+ Pe"-"P Kd p Re'f(Re), (46)
36 Psi_ ,, dh,)

wheref is the Fanning friction factor. The deposition velocity u+ is the actual velocity, with
which the particles deposit, normalized with "wall variables" [7]:
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TUR

U+ UP (47)

Uf
2

Submicron range particles (r' < 0.2) tend to follow the streamlines of fluid motion. This
means that in the absence of thermophoresis Brownian motion is the mechanism mainly

responsible for deposition. Therefore it is assumed that u+ is independent of r+ and is a
function of Schmidt number only:

+ = 0.086Sc-7. (48)

(Sc = v/D, where v is the kinematic viscosity of the fluid [m2/s] and D the Brownian

diffusivity [m2/s])

However, when r' is greater than 0.2, the deposition velocity becomes independent of Sc.
Particles in this range diffuse towards the wall due to radial velocity fluctuations (turbulent
diffusion) and then deposit onto the wall by a free-flight mechanism through the viscous sub
layer. This is caused by the inability of the particles to follow the turbulent eddies in the
vicinity of the wall. This inability can be conveniently described by the concept of a stopping
distance. In this range, the experimental deposition data can be roughly correlated using the
following equation:

u+ = 3.5 .10-41_2. (49)

Neither of the correlations above work properly, however, as the particle stopping distance

increases beyond r' > 30. After this point the particles are too large to respond to the fluid

fluctuations, and the u+ (r') curve levels off to an approximately constant value 0.17 (see [7]
for details). This is also approximately the point, where gravitation starts to play an
increasingly important role in particle depositions dynamics.

The reduction in the particle mass flux thp [kg/s], due to deposition can be obtained from:

d hP, {= p (U + U ,TP ±,+ U (50)
dx - P \ p p p -•lp ]

where pp is the particle mass concentration [kg/mr3] in the gas flow.

5.2 Experimental studies with 1-tube heat exchangers

5.2.1 Experimental facility

Aerosol deposition within a heat exchanger tube has been experimentally studied in two
previous projects. In both projects mass concentration of aerosol was measured before and
after a 1-tube heat exchanger using tapered element oscillating microbalance (TEOM). The
size distribution of aerosol in the system was characterized as well using Berner type Low
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Pressure Impactor (BLPI). Essentially the same facility was applied in both projects. A
schematic figure of the facility used in the latter project is presented in figure 3.

_1AW1
/

Drypowear generator

Figure 3. Experimentaljacility for the study of aerosol deposition in a 1-tube heat exchanger.
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5.2.2 Aerosol generation and main flow channel

In the first experimental series Ag and Ag-CsOH aerosol mixtures were produced from liquid
precursors using an ultrasonic nebulizer. Aerosol flow was conducted trough a high
temperature furnace, in which the produced droplets formed aerosol particles by spray drying
method. As shown in the figure, Cu aerosol was produced in the second set of experiments
using a dry powder generator. In those experiments NaCl-particles were produced in the
furnace by vaporization-condensation method.

In all experiments the aerosol flow was mixed after the furnace with the main gas flow so that
the total flow rate was 100 1/min (NTP). The main flow was either nitrogen or a mixture of
steam and nitrogen. Both steam and nitrogen flows were controlled with proper critical
orifices. Steam for the experiment was produced with VEIT 2365 steam generator. A 50 cm
long straight tube was placed between the mixer and the heat exchanger in order to allow the
particles to mix uniformly in the turbulent gas flow. The temperature of the flow was
measured at the inlet of the heat exchanger with K-type thermocouple to be close to 200'C.
Temperature of the flow at the outlet of the heat exchanger was measured with K-type
thermocouple as well.

The vertical heat exchanger models one tube of the PCC. The heat exchanger was built in
such a way that the inner tube was removable. The total length of the removable tube was 100
cm and the length of the cooled area was 80 cm. The inner diameter of the tube was 22 mm
and wall thickness was 1.5 mm. The inner tube was changed after every experiment for
possible later examination.

The deposition tube was cooled by water flowing upward between the deposition tube and an
outer tube. The thickness of flow channel between the tubes was 5 mm. In the first set of
experiments the flow rate of cooling water varied between 2.8 and 3.0 1/min. The temperature
of the coolant was measured at the heat exchanger inlet and outlet, but the temperature was
not controlled. In the second experimental series the flow rate of the cooling water was 1.0
1/min. The flow rate was controlled with an Aquarius 600 submersible pump. Cooling water
was preheated to 30'C in a 60 liter tub with HAAKE DL30 circulator heater. At the inlet
water temperature was measured with Ptl100 resistance type detector (RTD). The temperature
gradient of the cooling water was measured as well with three Pt100 RTDs attached on the
outer wall of the deposition tube. Temperature of outlet water was measured from one outlet
with one PtlO0 RTD and with a T-type thermocouple. In both experimental series a bucket
was placed below the heat exchanger in order to collect the condensed water.

As reported in [12], a third set of experiments were conducted in order to determine the effect
of particle deposition on the heat transfer characteristics of the heat exchanger. In those
experiments the length of the vertical inner tube of the heat exchanger was increased to 152
cm, of which 45 cm was placed before the heat exchanger inlet. The cooled length of the tube
was increased to 85 cm. A condensation pool was placed at the outlet of the heat exchanger as
well. Otherwise the experimental facility was similar to the one used in the second set of
deposition studies. Because the heat loss from the condensation pool had previously been
measured as a function of time and temperature, the heat loss in the heat exchanger could
accurately be determined just by measuring the temperature of the pool.
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5.2.3 Aerosol sampling and dilution

In order to determine the deposition of the particles, the flow was sampled from the beginning
and from the end of the heat exchanger. The sampling nozzles were stainless steel tubes with
an inner diameter of 4.0 mm. Both sample lines were made out of a 1/2 inch tube and they
were approximately of the same length, which made the diffusion losses similar. Due to their
placing in the laboratory the difference in the length of the lines was 6 cm. The sample lines
were heated up to 200'C in order to avoid condensation and thermophoretic deposition before
the sample diluter.

The sample flow had to be quenched for the aerosol measurements, because the instruments
could not withstand high temperatures. For this reason, the sample flow was diluted with
ambient nitrogen in a porous tube diluter, which prevented deposition during the quenching
process. The dilution ratio was selected so that water would not condense into the tubes, even
if they were not heated. As the pressure in the system was constant, the sample flow rate and
the dilution ratio could be controlled by adjusting the dilution flow. This was done with a
mass flow controller.

5.2.4 Aerosol measuring instruments

The particle size distribution was measured with a Berner Low Pressure Impactor (BLPI). It is
an 11 stage cascade impactor, which is capable of classifying small particles down to 0.0324
pm of diameter, because of the low pressure applied in the last stages. An impactor stage is
composed of circular nozzles and a flat plate placed perpendicular to the flow path. Each
impactor stage has a characteristic cut-off diameter D50. Particles, which have an aerodynamic
diameter larger than the cut-off diameter, can not follow the gas stream lines and collected to
the stage. In a cascade impactor smaller particles are passed on to the successive stages. When
the impactor stages are weighted after the collection, an aerosol mass size distribution based
on the aerodynamic diameter of the particles is obtained.

Tapered Element Oscillating Microbalance (TEOM) is an aerosol mass monitoring device by
Rupprecht and Patashnick Co. In TEOM gas flows through an oscillating tapered element,
which have a particle collection filter placed on the top. TEOM monitors the changes of the
element frequency and thus the mass collected to the filter on-line. TEOM 1400a has a built-
in mass flow meter, which allows the flow to be set between 0.5 and 5 1/min (NTP). In these
experiments a flow rate of 3 /mmin was selected. The gas flow was heated to 50'C in order to
avoid condensation to the particles and to the filter. With this method the mass concentration
of dry particles could be measured.

5.3 Aerosol deposition experiments and model validation

In total, 16 aerosol deposition experiments were carried out using 1-tube heat exchanger
facilities. The experimental matrix is presented in table 1. The deposition of particles was
studied in three different environments: dry, low steam volume fraction and high steam
volume fraction conditions. Aerosol materials used were Ag together with CsOH in the first
and NaCl together with Cu in the second set of experiments. Aerosol mass concentrations
varied between 0.25 - 0.9 g/m 3 (NTP) in NaCI experiments, between 0.3 - 0.4 g/m 3 (NTP) in
copper experiments and between 0.06 - 0.17 g/m 3 (NTP) in silver experiments. Concentration
was rather low, because aerosol measurement instrumentation requires fairly dilute sample
flow. Excess dilution of the sample would have increased the uncertainty related to dilution
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ration. Moreover, aerosol concentration does not have an influence on deposition velocity or
decontamination factor. The first and second experimental series were applied in the
validation of particle deposition modeling.

In the third set of experiments the retention of radioactive copper particles into the heat
exchanger tube was measured instead of the deposition rate. Because aerosol instrumentation
was not applied in that study, the mass concentration could be increased to 6 g/m 3 (NTP).
With 10 kg/s steam mass flow rate through PCCs such concentration would correspond to 75
g/s mass flow rate of particles or more than 130 kg of aerosol in 30 minutes. After the
radiotracer experiment about 6% of the injected aerosol mass remained in the heat-exchanger
tube although approximately 50-60% of the particles deposited during the experiment. The
rate of aerosol accumulation also decreased all through the experiments. More than half of the
deposit could be found within 10 cm from the tube inlet. Aerosol accumulation did not seem
to be significant in a section, where the whole surface was covered by water film. It is thus
very likely that in a longer tube the removal of deposited material by condensed water would
be even more efficient. Since aerosol mass concentration was not measured in the third set of
experiments, these tests could not be applied in the validation of the deposition models.
However, the experiments enabled validation of heat transfer modeling.

5.3.1 Particle mass size distribution measurements

The effect of deposition on particle size distribution was studied in experiments 1 - 4 of the
first test series. In each of these experiments two impactor samples were taken both from the
inlet and outlet of the heat exchanger. Results from impactor measurements 1-3 are
graphically presented in figures A. 1 - A. 12 in appendix A.

It was assumed that the particle mass size distribution can be represented as log-normal size
distribution. Parameters of the distribution, aerodynamic mass median diameter (AMMD) and
geometric standard deviation (cy.), estimated in different samplings are presented in table 2.
The estimated log-normal distributions agree fairly well with the measured distributions as
can be seen in Figures A.1 - A.12 in Appendix A. As can be seen in Table 16, aerosol
deposition did not influence the particle size distribution. Any variation in AMMD is well
within the experimental uncertainty. Such result was expected, because the main deposition
mechanism, diffusiophoresis, does not depend on particle size. Deposition in dry conditions
due to thermophoresis was so limited that it did not have an effect on the distribution either.
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Table 15. Experimental matrix of aerosol deposition studies with 1-tube heat exchangers.

Series Test No Aerosol H20 flow N2 flow H20 / N2  Measuring
material lmol/min] Il/mini Volume ratio Instruments

(NTP)
I Ag - 100 0/100 BLP1
2 Ag 1.02 75 23/75 BLPI
3 Ag 3.36 33 75/33 BLPI
4 Ag + CsOH 3.36 25 75/25 BLPI

1 5 Ag - 100 0/100 TEOM
1 6 Ag 1.02 75 23/75 TEOM
1 7 Ag 3.36 25 75/25 TEOM
1 8 Ag + CsOH 3.36 25 75/25 TEOM
2 1 NaCI - 100 0/100 BLPI
2 2 Cu 100 0/100 BLPI
2' 3 NaC1 - 100 0/100 TEOM
2 4 NaCI 1.02 75 23/75 TEOM
2 5 NaC1 3.36 25 75 / 25 TEOM
2 6 Cu 3.36 25 75/25 TEOM
3 1 3.97 32.7 89/33 TH - exp.
3 2 Cu 3.97 32.7 89 / 33 y-tracer exp.

Mass size distribution in the fourth experiment of the first test series was bi-modal, with Ag
particles forming the larger mode and CsOH particles the smaller. For this reason the
distribution could not be approximated with log-normal distribution and was not applied in
the validation work either.

In the second test series particle mass size distribution was measured for NaC1 in the first and
for Cu in the second experiment. Two impactor samplings were conducted in both
experiments from the inlet of the heat exchanger. Results from the samplings are graphically
presented in Figures A.13 - A.16 in Appendix A. As before NaC1 particle mass size
distributions were approximated with log-normal size distributions using parameters given in
table 16. The mass size distribution of Cu particles was bi-modal. It was approximated both
one log-normal distribution and a sum of two log-normal distributions. As can be seen in
Figures A.15 and A.16 the sum distribution fits the measured data very well. Nevertheless,
parameters for both unimodal distribution and a sum distribution are given in Table 16. The
value presented in parentheses after the AMMD denotes the mass fraction of particles
belonging to each log-normal distribution.

As evident in Table 16, different particle generation methods produced fairly constant particle
size distribution. The distribution depended only on the aerosol material. In the validation
work particle mass size distributions were assumed to be log-normal. Parameters for different
aerosol materials were taken directly from Table 16.
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Table 16. Aerosol characteristics assuming log-normal particle mass size distribution.

Series Test Aerosol Sampling duration Sampling AMMD as
No material [mini location l[pml

I I Ag 30 inlet 1.02 2.54
27 outlet 1.28 2.26
13 inlet .05 2.42
14 outlet 1.00 2.47

1 2 Ag 25 inlet 1.07 2.49
25 outlet 1.05 2.31

25 inlet 1.07 2.29
25 outlet 1.20 2.32

1 3 Ag 30 inlet 1.05 2.43

30 outlet 0.97 2.68
25 inlet 1.14 2.29
25 outlet 0.95 2.61

2 1 NaC1 1.5 inlet 0.66 2.73
2.5 inlet 0.76 2.40

2 2 Cu 1.5 inlet 7.23 (85%) 2.04
0.65 (15%) 1.64
or
5.01 (100%) 3.40

5 inlet 6.17(76%) 2.04
0.71 (24%) 1.64
or
3.69 (100%) 3.40

5.3.2 Particle deposition measurements and modeling results

Particle deposition was measured in experiments 5 - 8 of the first test series for Ag and CsOH
aerosols and in experiments 3 - 6 of the second test series for NaCl and Cu aerosols. In
addition to particle size and material, the main parameter modified in the experiments was
volume fraction of steam in the gas flow. As condensation of steam induces particle
deposition by diffusiophoresis, it was expected have a major influence on particle retention.

In each particle deposition experiment 8-10 samples were taken with the online mass monitor
(TEOM) alternatively from the inlet and outlet of the heat exchanger. The duration of each
sampling was approximately 10 minutes resulting about 300 measurement points. Mass
concentration of particles in the sample was calculated averaging the measurements. Particle
mass flow rate in the heat exchanger inlet and outlet were calculated by multiplying the
measured result by dilution ratio and by volumetric flow rate of the gas in NTP conditions.
Since volumetric flow rate of steam can not be defined in NTP conditions, the value was
approximated by dividing the measured mass flow rate by the molar mass of water and
multiplying the result with 22.4 1/mol (molar volume of ideal gas).

Results from experiments 5 - 7 of the first test series with Ag particles can be compared with
the model calculations in table 3. The deposition of particles is also graphically presented in
figure 2. In the modeling work the measured gas flow rate and temperature at the inlet were
applied. The wall temperature at the inlet and outlet were assumed to be the same as the
measured coolant temperature at those locations. Wall temperature between inlet and outlet
was assumed to change linearly. The AMMD and geometric standard deviation of the

distribution were assumed to be 1.05 [im and 2.42 correspondingly.
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As is evident in Table 17 and in Figure 4, results calculated with the 1-D model agree fairly
well with those of the experiments. Calculated flow outlet temperatures underestimate slightly
the measured values. Such difference may be due to the fact that actual wall temperature
inside the tube is higher than the measured coolant temperature. However, since the calculated
temperature refers to average temperature of the flow, whereas the measured temperature is
the centerline temperature, the difference may also be due to radial temperature gradient. In
the experiments radial temperature gradient should have increased with steam volume
fraction. In the case with highest steam mass flow rate, flow at the outlet was no longer
turbulent due to significant condensation.

The calculated condensation rate of steam also seems to agree well with the measured values.
This agreement is very important, because diffusiophoresis is considered to be the main
deposition mechanism.

Finally, calculated deposition matches well with the measured values. This is especially true
in experiments with steam flow. In those experiments deposition due to diffusiophoresis
dominates and thermophoresis is a secondary mechanism. However, it should be kept in mind
that uncertainty in the steam condensation rate directly influences the uncertainty in the
experimental deposition rate. In dry conditions thermophoresis is the dominant deposition
mechanism. Modeled thermophoresis seems to slightly over-estimate the experimental value,
which is also true in all other experiments. In the dry case the deposition rate is however so
low that the difference is not very significant. Turbulent impaction did not affect the
deposition rate, because Ag particles were rather small. Deposition due to Brownian diffusion
was not considered in the modeling work. Deposition due to diffusion only affects the
smallest particles, which by definition should carry only negligible fraction of the mass
released into the containment.

Results from the second test series are compared with the calculations in Table 18. The
deposition of particles is presented in Figure 4. The results seem to be very similar to the first
test series.

Table 17. Comparison between experiments (exp) and simulations (sim) Jbr the temperature
decrease, steam condensation and deposition of silver particles.

Flow at inlet Flow temp. Wall temp. Condensation Aerosol Deposition

[ 0C] [°C] [g/min] [%]
N2  Steam inlet outlet inlet outlet mat. AMMD
[1/min] [g/min] [pm]
(NTP)

exp 100 - 205 116 13.0 11.6 - Ag 1.09 4.3
sim 100 - 205 115 13.0 11.6 - Ag 1.05 7.4

DiP= -
ThP- 7.4
TI= 0.0

exp 75 18.4 207 129 14.0 11.6 9.5 Ag 1.10 17.3
sim 75 18.4 207 121 14.0 11.6 9.1 Ag 1.05 16.7

DiP= 9.4
ThP= 7.3
Tl= 0.0

exp 25 60.5 203 150 20.3 11.6 43.3 Ag 1.03 52.5
sim 25 60.5 203 135 20.3 11.6 37.4 Ag 1.05 48.0

DiP= 42.3
ThP= 5.7
T1= 0.0

DiP - Diffusiophoresis; ThP - Thermophoresis; TI - Turbulent impaction. Calculated outputs of the simulations
are bolded in the Table 17.
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Figure 4. Measured and calculated deposition 1%j of silver particles in the heat exchanger
at different nitrogen flow rates.

Table 18. Comparison between experiments (exp) and simulations (sim) for the temperature
decrease, steam condensation and aerosol deposition for copper and sodium chloride
particles.

Flow at inlet Flow temp. Wall temp. Condensation Aerosol Deposition
[°C] [°C] [g/min] [%]

N 2  Steam inlet outlet inlet outlet mat. AMMD
[1/min] [g/min] [uim]
(NTP)

ex 100 - 199 125 32.3 29.6 - Cu 7.2 85% 1.5
0.7 15%

sim 100 - 199 121 32.3 29.6 - Cu 7.2 10.7
(4.4)
DiP= -

ThP= 4.4
TI= 6.3

exp 100 199 125 31.9 29.5 NaCI 0.71 3.8

sim 100 199 121 31.9 29.5 NaCl 0.66 6.2
DiP= -

ThP= 6.2
TI= 0.0

exp 75 18.4 190 127 36.5 29.5 7.2 NaCI 0.71 11.7
sim 75 18.4 190 121 36.5 29.5 7.3 NaCI 0.66 13.4

DiP= 7.5
ThP= 5.9
T1= 0.0

exp 25 60.5 187 149 55.1 29.8 39.4 NaCI 0.71 56.4
sim 25 60.5 187 132 55.1 29.8 34.9 NaC1 0.66 44.3

DiP- 39.7
ThP= 4.6
T1= 0.0

DiP- Diffuisiophoresis, ThP Thermophoresis; TI - Turbulent impaction. The value in parenthesis shows the
deposited mass in % without turbulent impaction. Calculated outputs of the simulations are bolded in the Table
18.
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As in the first test series flow outlet temperature was slightly under-estimated. The difference
also increased with the steam volume fraction. Again the calculated steam condensation rates
agreed well with the experimental values. Due to higher cooling water temperatures,
estimated deposition rates both by diffusion- and thermophoresis were slightly lower than in
the first test series. This seemed to agree reasonably well with the measured values. With the
high steam mass flow rate the difference between the model prediction and the measurement
seems to be rather large. However, this is related to the fairly high uncertainty in the
measurement of the condensation rate. Lastly, deposition of large Cu particles was
significantly over-estimated. The over-estimation was mainly due to the fact that model
predicted rather high deposition by turbulent impaction, whereas experiments showed no
evidence of such. In the literature the estimates for turbulent impaction velocity in this flow
regime differ approximately by three orders of magnitude. We concluded that the model for
turbulent impaction is too unpredictable to be applied in this work. If only deposition by
thermophoresis is considered, even Cu particle deposition could fairly accurately be
estimated.

Particle mass concentration was not measured in the third test series. Thus those experiments
could not be used in the validation of the deposition models. However, because the heat loss
in the l-tube heat exchanger could accurately be measured in these experiments, the results
could be applied in the validation of our heat transfer modeling. Results from the experiment
can be compared with the calculated values in Table 19.

Table 19. Flow properties and the measured and the calculated heat balance due to the heat
exchanger.

experiment simulation

[g/min] 71.5 71.5

Mnn [g/min] 41.5 41.5

Tgin [0 C] 187 187

T
gO. [0C] 142 126

T[
0

in [1C] 38.3 38.3

T ',high [0 C] 32.8 36.1

Tw,middlc [0C] 31.2 33.9

Tw,bo, [0C] 30.1 31.7

T[,out [0C] 29.3 29.3

Qin [W] 3510 3510

Q1oSS [W] 2277 2073

T 7,,, is the cooling water temperature for the experiment and the wall temperature for the simulation,

respectively. In the simulation, the wall temperature is assumed to decrease linearly, and is determined from the
measured cooling water temperatures at inlet, I,,,, , and outlet, Tw,,out .

(**) T,,i.1 and Tw,'ou are referred to the temperatures taken at the inlet and outlet of the heat exchanger,
respectively. 7,'high I T7,middlc, and 7Tw,bott' are the temperatures at 21 cm, 42.5 cm and 64 cm from the inlet,

respectively.
Calculated outputs of the simulations are bolded in the Table 19.
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As in previous experiments the mass flow rate and temperature of the gas were taken from the
experiments. Wall temperature at the inlet and outlet of the heat exchanger were assumed to
be in the measured cooling water temperature. Wall temperature between these points was
assumed to decrease linearly. As a result the wall temperature is slightly higher than the
measure cooling water temperature. Similarly as before, the calculated flow temperature at the
outlet is lower than the measured temperature. We believe that the difference is due to radial
temperature gradient in the flow. Lastly, the calculated heat loss in the heat exchanger agrees
remarkably well with the measured value. As a conclusion, the model should be able to
accurately calculate steam condensation rate and particle deposition processes in the heat
exchanger tube.

6 Validation of MELCOR Model Against VTT
Experiments

The aerosol retention in 1-tube heat exchanger experiments, conducted at VTT, was
calculated with MELCOR 1.8.6 and compared to the measured values [13]. The target of this
effort is to estimate the suitability of the MELCOR aerosol retention models for use in the
ESBWR PCCS simulations.

Figure 5 presents the geometry and nodalization of the heat exchanger tube. The cooled length
of the tube was 80 cm, and it was divided into three control volumes. The uncooled parts at
the ends were modeled as additional 10 cm long control volumes. The diameter of the tube
was 22 mm. The tube was surrounded by a cooling tube that was also divided into three
volumes. The thickness of the flow channel between the tubes was 5 mm. The outlet volumes
of the both tubes were connected to a time-independent environment volume at pressure
0.1 MPa. The tubes were separated with three 1.5 mm thick heat structures, made of stainless
steel. The walls of the uncooled inlet and outlet parts of the tube were modeled as heat
structures that were insulated from the outside. The heat structures were defined to form a
film-tracking network so that the condensed water film drains from the upper to the lower
heat structures. An additional heat structure was defined to receive drainage from the lowest
part of the aerosol tube and place it into the environment volume. This removed numerical
instabilities that occurred when the lowest heat structure was first defined to drain to the
lowest control volume of the tube, which caused a tiny amount of liquid water to appear and
disappear from the volume. This additional heat structure was not defined as an aerosol
deposition surface.
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Nitrogen, steam and aerosols in

ilL

L2
-Cooling water in

t
Figure 5. Nodalization of the heat exchanger tube. The dashed lines mark control volume
boundaries. The drawing is not in the right scale.

The inflow of nitrogen, steam, aerosols and cooling water were modeled as mass, enthalpy
and aerosol sources in the inlet volumes. The flow rates, inlet temperatures, aerosol
aerodynamic mass median diameters and geometric standard deviations are presented in Table
20. The aerosol mass size distribution was assumed to be log-normal.

Table 20. Flow rates, inlet temperatures and aerosol data of the simulated
experiments. A MMD means aerodynamic mass median diameter.

Flow rates
Inlet

temperatures (°C) Aerosol data

Test Test
series number

N2 (I/min,
NTP)

Geometric
Steam Cooling water N2 and Cooling AMMD Gemeri

(g/min) (I/min) steam water (pm) deviation

+ + -

2
2
2
2

5
6
7
2
3
4
5

100
75
25
100
100
75
25

0
18.4
60.5

0
0

18.4
60.5

2.9
2.9
2.9

1

205
207
203
199
199
190
187

11.6
11.6
11.6
29.6
29.5
29.5
29.8

1.05
1.05
1.05
7.2
0.66
0.66
0.66

2.42
2.42
2.42
2.04
2.73
2.73
2.73

The simulations were conducted with MELCOR 1.8.6 revision YK. The simulation was run
for 10 minutes in order to let the temperatures reach their equilibrium values. The results are
presented in I together with the measured values and those calculated with I -D model. The
boundary condition used in the calculations is a little different. In the I-D model calculation it
is assumed that the pipe inner surface is at the same temperature as the measured cooling
water temperature. Conversely, in the MELCOR results only the cooling water inlet
temperature was taken as a boundary condition, and the heat transfer from the water to the
pipe and conduction in the pipe was calculated.
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Table 21. Results of the MELCOR simulations compared with the measured
values and the data calculated with the ]-D Enqvist model.

Outlet temperature (oC) Condensation (g/min) Aerosol retention (0/
Ts Test-.- I

Iesriesnumbere Measured-Enqvist MELCOR Measured Enqvist! MELCOR Measured Enqvist MELCOR

1 5 116 115 141 0 0 1 0 4.3 7.2! 3.5 J
145ýý 9.5 1 6.6__ 17.3 16.5 -8.2ý-

1 27 150 ýO 135 14 .. .. 154 ---4.3 37.4 33.5 52.5 47.8 36.1

2 4 12 3 5
15 , 1321 , 1483 17 1.2 .:..

5, .... j9 V 3  27.9 56.4 44.1 1 30.2

It can be seen from the results that MELCOR overestimates the outlet temperature in all but
one case. This means that MELCOR underestimates the heat transfer rate from the nitrogen
and steam. Also the steam condensation rates are underestimated by about 20-30 %.
MELCOR calculates too small aerosol retention in all cases except the one with larger 7.2 gIm
particles. The retention ratios are illustrated in Figure 14. The main reason for this
underestimation is probably the underestimation of the steam condensation rate, which affects
the aerosol deposition by diffusiophoresis. MELCOR output does not include the
contributions of the different deposition mechanisms. The Enqvist model is better in
predicting the aerosol retention in all the cases that involve steam condensation. On the other
hand, the MELCOR results are better for the dry experiments.

60

50

40.2

1
2 30

.2 20

10

0
0 10 20 30 40 50 60

Measured retention (%)

Figure 6. Comparison of the measured aerosol retention and the estimate calculated with
MELCOR 1.8.6 YK.
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7 Model to estimate pH in the containment

sumps

7.1 Estimation of released HCI from the cables

The calculation of HCL production from cable insulators was performed in the way
introduced in the NUREG/CR-5950 report [16]. According to this report, the amount of HC1
produced from Hypalon used as the isolation material in electrical cables in the containment is
estimated as 4.6 x 10-4 mol per lb of insulation per Mrad. This estimate is based on the model
description of electrical cable and a radiation G value of 2.1. The extent of HCI production
would depend on the total dose.

R=KxMx AD/AT (70)

R = production rate of the HCL due to the irradiation of the cable insulation inside the
containment
K = 4.6. x 10-4 (mO1HCI Mrad h-1 lb-') [16]
M = mass of insulation material (lb)
AD/AT = radiation dose rate (Mrad/h)

The cable insulation material in EBWR is Hypalon and mass of the cable insulation material
in the containment of ESBWR is 7480 lbs according to the information received from GE.
This is the same value used in the previous calculations for ABWR [18]. For ABWR the
production of HC1 was calculated to be 131 mol in 24 hours, 0.0015 mol/s.

In pH-case A the HCl release from estimated dose rates are calculated as shown in Table 22.
The dose rates were calculated with RADTRAD by GE and were obtained using natural
deposition coefficients for containment derived from MELCOR results. The decrease of the
activities between time steps in Table 23 was approximated to be linear. The total dose is
taken as a sum of P3- and y-doses. The HCI production was calculated using the Eq. (70).
MELCOR results indicate that the fission product release starts at t - 2000s and HCl
production from cables is assumed to start immediately after that. The pH calculation with
ChemSheet was extended to 53000 s. When using the HCI production rate as in Table 22 and
extending the release over the period of 2000 s - 53000 s one obtains for total HCI release of
430 mol.

Table 22. Assumed radiation doses and respective total HCl release rates in pH case A.

ti, h t2, h (t1-02, S (y+pS) Mrad TID, Mrad HCI, mol HCI, mol/s (ti-
TID (ti-t2) (tl-t2) t2)

0.44 0.83 988 0.932 0.932 3.2 0.0032
0.83 1.23 1440 3.11 2.178 7.5 0.0052
1.23 1.83 2160 10.07 6.96 23.9 0.0111
1.83 2.33 1800 18.32 8.25 28.4 0.0158
2.33 3 2412 28.46 10.14 34.9 0.0145
3 6 10800 65.6 37.14 127.8 0.0118
6 8.33 8388 85.3 19.7 67.8 0.0081
8.33 12 13212 110.5 25.2 86.7 0.0066
12 24.33 44388 176.1 65.6 225.7 0.0051
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For sensitivity calculations two cases with radiation dose rates taken from the DCD Appendix
3H [19] were performed. The given value for radiation dose rate in the upper and lower dry
well is 2.64E+7 R/h at t=0 [19]. At the time when fission product release to the containment
commences the dose rate has decreased to 25 % of that of t=0 and further decreases to 20% at
t=3600 and 10 % at t= 24 h of that of t=0 according to the decay heat curves [20]. The
estimations of HCI production are made using these values (6.6 MR/h for t = 2000 s,
5.94 MR/h for t= 3600 s and 2.64 MR/h for t = 24 h) for the radiation dose rate.

In the pH-case B the HC1 release was assumed to be 0.0015 mol/s, which is the same release
rate for as in the reference calculated for ABWR [ 18].

In pH-cases C and E the radiation dose rate at t= 2000 s was estimated to be 25% of the dose
at t = 0, 6.6 Mrad/h, 25 % of that of t=0. If this dose rate is used to evaluate the HC1 release
from the cables until t = 24h, total dose is 155 Mrad and the total amount of HCL released
during the first 24 hours is,

4.6 x10-4 mol lb-1 Mrad-1 x 7480 lb x 155 = 532 mol of HCI, that gives the release rate of
0.006 mol/s.

The HCI release rate for pH-case D is obtained in the following way: The value 0.006 mol
HCl/s is too high, because the activity decreases after t = 2000s. The decay heat curves after
the reactor shut down show, that after 2000s the decay heat is about 25 % of the t=0 value and
10 % of the t =0 value after 24 hours [17]. If we make a rough estimation and evaluate the
radiation dose to be 6.6 Mrad/h at the beginning of HC1 release, 5.28 Mrad at t = 1 h, and 2.64
Mrad/h at t = 24 h, and activity decrease to be linear between these points, we get

4.6 x10-4 mol lb-1 Mrad-1 x 7480 lb x (5.94 Mrad h-1 x 0.44h + 3.96 Mrad h-1 x 23h) = 322 mol
of HC1 the release rate is 0.0038 mol/s.

Because the HCI production is dependent of the total radiation dose that the insulation
material is exposed to, the uncertainty in these calculations comes through the rough
estimation of radiation dose. The linear decrease of radiation dose between 1-24 h gives 5-
7 % increase in the release rate.

The overall amount of HCI produced by irradiation of insulation material is 9 - 25 % of the
cable Cl inventory during the first 24 hours [18]. The total amounts of HC1 used for
ChemSheet calculations of this report (131, 322, 430, 532 and 606 mol of HCI during the
first 24 hours) corresponds to 7.8 - 37 % of the total chlorine, 593 kg in the insulation
material, if the Cl concentration in Hypalon is 17.5 % as assumed in reference [16].

7.2 Estimation of HNO3 production in Upper Drywell

Irradiation of water and air produces nitric acid into the water. According to the NUREG/CR-
5950 report the radiation G value for nitric acid production is 0.007 molecules/100 eV and
this value corresponds to 7.3 x 10-6mol HNO 3/lb/ Mrad.
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R=KxMx TID/t (71)

R = production rate of the HNO 3 due to the irradiation of water
K = 7.3. x 10-6 (mOl,1NO3 Mrad h-I' lb') [16]
M = mass of insulation material (lb)
TID = total integrated dose (Mrad)
t = irradiation time

The dose rates of pH-case A were applied to evaluate the HN0 3 production [23]. The
decrease of the activities was estimated to be linear between given times. The total dose is
taken as a sum of 03- and y-doses. The applied radiation doses and HNO 3 production rates are
presented in Table 23.

Table 23. Assumed dose rates and respective release rates of HN03 in
pH cases A and E.

the Upper Drywell.

ti, h t 2, h (t1-t 2), s (Y+13 ) TID, Mrad Water, kg HNO 3, HNO 3,
Mrad (t1-t 2 ) average mol molts
TID (t1-t 2) (tl-t 2) t1-t 2)

0.44 0.83 988 0.932 0.932 3007 0.020 2.07E-05
0.83 1.23 1440 3.11 2.178 3078.5 0.049 3.40E-05
1.23 1.83 2160 10.07 6.96 2363 0.120 5.56E-05
1.83 2.33 1800 18.32 8.25 3486.5 0.210 1.17E-04
2.33 3 2412 28.46 10.14 4450.5 0.329 1.37E-04
3 6 10800 65.6 37.14 3681.5 0.998 9.24E-05
6 8.33 8388 85.3 19.7 5764.5 0.829 9.88E-05
8.33 12 13212 110.5 25.2 8776 1.614 1.22E-04
12 15.8 13700 176.1 65.6 9863.5 1.483 1.08E-04

The total production of HNO 3 is according to this calculation only < 6 moles during 16 hours.
The effect is not significant compared to the > 600 moles of HCl.

7.3 Sodium pentaborate

These reference values are from Eagle-Picher
(http://www.eaglepicher.com/EaglePicherIntemet) report on enriched sodium pentaborate
products for BWR operators: http://www.eaglepicher.com/NR/rdonlyres/1183A34B-F387-
4D85-A79A-C4C5F1FB806C/0/w c 03.pdf

Table 24. Physical properties qf sodium pentaborate

Form White Crystals
Enrichment To 99% at 1% "boron
Formula Na 20.5B20 3.10H 20
Specific gravity 1.71 g/cm3
Boron Content 17.21% at "'boron
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Table 25. Solubility in water (natural isotopic composition)

Temperature/C % anhydrous salt by composition
0 6.28
10 8.10
20 10.55
30 12.20
40 17.40
50 21.80
60 26.90
70 32.25
80 37.84
90 43.80
100 50.30

7.4 Sodium diborate (common name Borax)

Borax (Na20"2B 20 3 '1 0H20) is the most common of sodium borate based buffer solutions. In
this project it is used as a reference solution to validate the thermodynamic model as
measured titration curves for it were found in the literature'.

Table 26. 100 mL of 0. 025 M Borax buffer solution titrated with 0. 1 MHCI2

HCI
mL
4.0
9.2
14.2
19.2
23.2
27.0
30.4
33.2
35.4
37.6

39.4
41.0

pH

9.1
9.0
8.9
8.8
8.7
8.6
8.5
8.4
8.3
8.2
8.1
8.0

Table 27. 100 mL of 0. 025 MBorax buffer solution titrated with 0. 1 MNaOH2

NaOH
mL
1.8
7.2
12.4
17.6
22.2
26.2
30.0

pH

9.2
9.3
9.4
9.5
9.6
9.7
9.8

Robinson, R. A., and Stokes, R. H., Electrolyte solutions, the measurement and interpretation of conductance,
chemical potential, and diffusion in solutions of simple electrolytes, 2nd ed., rev. London, Butterworths, 1968
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33.4 9.9
36.6 10.0
39.0 10.1
41.0 10.2
42.6 10.3 ]

7.5 Thermodynamic System

The thermodynamic system used in pH calculation is shown below.

Table 28. Thermodynamic system.

Components
Phase Constituent B Na H 0 C! e
Gas H20 2 1

HC1 I
Water H20 2 1

H+ 1 -
OH- 1 1 1
B(OH) 3  1 3 3
B(OH) 4- 1 2 1
CI- 1 1
Na+ 1 -1

NaCI NaCI I I
NaOH NaOH 1 1 1
Na 20"2B20 3 10H 20 Na 20'2B20 3"10H 20 4 2 20 17
Na20"5B20 3"10H 20 Na 20"5B 20 3"10H 20 10 2 20 26

Thermodynamic system consists of ideal gas phase (Gas), aqueous phase (Water) and
condensed salts, NaCI, NaOH, sodium diborate (Borax) and sodium pentaborate. Aqueous
phase is modeled using Pitzer formalism.

7.6 Calculation Results

Initial calculations were made with ChemSheet software using the thermodynamic system in
Table 29. At this stage no calculation is made with any real or estimated process values.
These calculations are used to verify the thermodynamic system and its applicability to pH
calculations with sodium pentaborate and HC1 systems in general.

First two reference calculations were made where results were compared against measured pH
values with 0.025 M Borax buffer solution.

With low acid and base concentrations calculated and measured values are almost equal but
especially with higher acid (HC1) concentration there is a clear difference but the result is still
adequate.

Next calculation was made with sodium pentaborate solution where natural boron
concentration is 1600 ppm (according to standby liquid control system specifications).
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100 mL of 0.025 M Borax buffer solution titrated with 0.1 M HCI
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i'Meas, pH -CaIc pH

100 mL of 0.025 M Borax buffer solution titrated with 0.1 M NaOH
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1-l--Meas pH Calc pH

Figure 7. Titration curves of 0. 025 M Borax buffer solution with 0. 1 M HCI (upper picture)
and 0. 1 M NaOH (lower picture).
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kheniSheet

I-D:\User\VO\G\Borate.dat A ?7t

Numb of clcuto steps 40

Stearms I consaents Condtons I Targets I Resl Stus I

Opton PIase I C .. I I C Va Unit
Temperature =Sheet1!$D$2 C
Pressure =Sheetl!$D$3 bar
Incoming amount Water H20 =Sheetl!$D$6 kg
Incoming amount Na20... Na20... =Sheetl!$D$... mol
Incoming amount Water H(+a) =Sheetl!$D$8 mol
Incong amount Water CQ(-a) =Sheetl!$D$8 mol Move Up

clos. I

Expo..

Figure 8. ChemSheet dialog showing the initial conditions of pH calculation. Actual values
were given in Excel worksheet cells.

0.0148 M sodium pentaborate solution (1600 ppm natural boron concentration) titrated with HCI
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0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035

HCI/M

Figure 9. Titration curve of 0.0148 Msodium pentaborate with HCI.

It can be seen that pH changes to acidic when HCI concentration is
mol/kgH2o. This result is not verified yet (it is only based on calculation).

greater than 0.029
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Similar titration curve was found
http://www.borax.com/detergents/pheffect.html.

for sodium diborate (Borax) at

2:

0 0.5 1.0 S 2.0 2.5 3.0
IlHhepqut entsIHIC

g M2 butffering of S socha carbonate and borax

Figure 10. Titration curve for 0.025 M Borax
http://. ww.borax.com/detergents/Pheffect. html.

The same titration curve was also calculated with ChemSheet.

0.025 Borax buffer solution titrated with HCI

buffer solution found at

10
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6
X.
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0 0.5 1 1.5 2 2.5 3

milliequivalent HCI

Figure 11.
ChemSheet.

Titration curve at 40 C .for 0.025 M Borax buffer solution calculated with
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It can be seen that the calculated titration curve is quite similar.

It can be concluded that the used thermodynamic data is applicable to pH calculations at
temperature range between 25-50 degrees Celsius and at moderate pressure (1-5 atm).
Probably it can be used at temperatures even close to boiling point of water (depending on the
absolute pressure).

7.7 Updated Thermodynamic system

For ESBWR calculations a new thermodynamic system was prepared so that also cesium,
iodine and necessary species for nitric acid are included.

Table 29. Updated thermodynamic system.

Element
Phase Constituent B JCI jCs IH i1 IN 1Na 0 Is.-
Vapour H12O(g . 21 _ _ 1/ .

. .. . . c l tg) 2.. . .. . . . ! _ ._ _ _I ... -. _ _ _.. . ..
__ --_ C) .... i I I I

. .. . .• #.(., )+I I ! i I

CsH(9 L I -T ii I I I

__- ..... ... .---- I i----I I I 1
_____ H1(1) I 1!

1C2(g) 1___ _ I H21

WaterI I i2i i i I I.. . . =lgj ... . . . . .. .- . _ . _J _ 2L _ _ _ _ _ . ..
. .. . c(.g) ____1 I ! 1! I I_____

. . . . . • ......... ...... ... I .. - I--- -- 2L I_- - ___3 1 ------

.. . . . .~~~~ ------ -. P ... . . . .. ... _. . . . . ._.. ..L _ _ . I- L --- - { - . .---- - .....-- --

... ..... ----- ..o .. ......- . ............. 1 -------- _--.- -_ .....

.. . ...... . ......1- 2 (a )... .... . .. ... ....... .. .... I J - 12

NO2(g) . ... . ..... ...... .....

1 ' 21 1, 1

I 3 1 1 I1

N.M +aI I 21 I 11
_w _a_._e__ _.. IH _ .... . ... . .. ... . . I . .. .... L._2 ... -I _... 2!.. .[-. -t . .

S A .. . ...... . 3 .. _ 3... .

.. . .. 4(-a) I! . . . _ . 4 1.. .... .. __ ..+.I) . ... . . . . .j . . . .. ... I._ L _ . .__L . . .... . ;I . . ...

C!jJI 21 ý 1 I 21 17

2 (a ) ........ 10 . 1 201 1 1 21 2 . .

02a - - 2----- I

. . .. . + . . . . . . . . . . .. ........ . ... I . . . . _ _ .I ._._ I !_ . .I J ... 1

.. .. .. [J 1. .. . . .. . . . . .l. .. . ... L III I --I+--- .... .I -- • I" "-

NO 2(._aJ I I i ! I i I 2l
.O3 - - I I I I 2} I 3

! Solds Cs I I 1 i I 1 ii I 31
. .. .cN H ..... .. ... ..... . .... I_.L 31_ I_ ._ _.. I _._._. _ ......

NaOH I I 1' 1i 1 I II II

In ESBWR calculations cesium is given as CsOH which is highly soluble to water. CsOH(s)
act as a strong base like NaOH(s) (it dissociates completely in aqueous solution)

Iodine is given as CsI, which is also soluble to water in basic pH range. As pH is lowered to
acidic range iodine becomes volatile.

Formed HNO 3 is given as HfNO 3 (a) which dissociates to H+ and N03- ions (small fraction
stays HNO 3 (a)). As an acid HNO 3 is comparable HCL.
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It must mentioned that pH of neutral water is function of temperature. If temperature is
increased from 25 'C then pH is lowered from 7.00 so that at 100 °C it is 6.14. This is the
reason why there are small pH variations even with pure water if temperature is changed.
Although pH of neutral water at elevated temperature is less than 7 it does not mean that it is
acidic as there are as many hydrogen and hydroxide ions. So at 100 'C pH 6.14 marks neutral
level on pH scale and pH 7 is already slightly alkaline.

7.8 ESBWR ChemSheet Model

An Excel model using ChemSheet and Excel macros and formulas was made for calculating
pH in ESBWR system. Model is based on process flow diagram that was also used as basis in
MELCOR simulation. The system is divided into six separate containers:

* SLCS Standby Liquid Control system buffer solution.
* RPV Reactor Pressure Vessel.
* LDW Lower drywell.
* UDW Upper drywell.
* GDSC GDCS pool.
* WW Wetwell.

Model contains a separate ChemSheet sub-model for each container. Each sub-model is stored
in a separate worksheet. ChemSheet sub-models are used to calculate the thermodynamic
equilibrium in containers. As a result of calculation the phase composition (vapor, liquid and
solid phases) is determined (in this text liquid phase is same as aqueous phase). The pH is
then calculated from H+-ion activity in aqueous phase using simple formula (-logjo(ACH+)).

Vapor and liquid temperatures and vapor pressure in each container at different time steps are
taken from MELCOR result file and used as input in each container's ChemSheet model. The
phase equilibrium in a container is calculated using liquid temperature and vapor pressure.

Also the initial amounts of water, steam nitrogen and oxygen masses were taken from
MELCOR.

MELCOR results contain amounts of steam and water flows between containers at each time
step. These flow values are used to update the composition in containers. For example if water
flow from RPV to LDW is 100 kg/s and length of time step is 1 s then 100 kg of liquid phase
is removed from RPV and added to liquid phase in LDW. Or if steam flow from RPV to
UDW is 10 kg/s and time step is I s then 10 kg of whole vapor phase is removed from RPV
and added to vapor phase in UDW. This way every species in liquid or vapor phase is also
transported from one container to other.

The whole calculation contains several thousands of time steps (from MELCOR). Each time
step involves equilibrium calculation for phases in each container and then updating the
amounts and the composition of phases based on inlet and outlet flow rates (from MELCOR).

A separate VBA macro was made that takes care of calling each container's ChemSheet
model at each time step. Each ChemSheet model takes input values from certain worksheet
range (containing values for temperature, pressure and phase composition). Also each model
writes results from equilibrium calculation to certain worksheet range (containing equilibrium
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phase composition). The values in input and output ranges are updated using Excel formulas
between time steps according to inlet and outlet flow rates.

7.9 MELCOR Scenario 1

The ESBWR process flow diagram is shown in Figure 12. Grey arrows indicate connections
that were not in use (but are included in the model in case they are used in other simulation).

i Total SLCS RPV LDW UDW GDCS WW
TV/K 3300 5607 3300 3300 3000 3000
TI/K 3300 5509 3300 5509 3000 3000
Pres/Pa 101325 7170035 101130) 101300 101300 101300
Gas/m3 17140.84 5 1529 1190 8853 140 5432
Gas/kg 55975.66 5 43111 1202 5354 159 6145
Liq/kg 6350477 15599 142191 1 0 1852744 4339941
pH 0.29 5.30 6.55 5.30 5.30

N2(9)/kg 11654.36 4549916 0 1069983 4767.663 146.4409 5665.719
02(9)/kg 70049 1 27E-24 1 86E-10 64 336BB 2966743 880533 340.6735
Cl(g)/mol 9 78E-06 9 78E-06 0 0 8,52E-14 3.3E-12
Cl(a)/mol 31 66603 0593054 0 0 9299054 21.70312

Figure 12. ESB WR process flow diagram used in simulation.

Containers are connected to each other according to respective MELCOR model.

" SLCS
" RPV
* UDW
* GDCS
" WW

Connected to RPV (liquid flow).
Connected to LDW (liquid flow), UDW (vapor flow).
Connected to GDCS (liquid flow) and WW (vapor flow).
Connected to RPV (liquid flow).
Connected to RPV (liquid flow).

Flow amounts are negative if the flow direction is opposite (to directions given above). Each
flow is divided into separate vapor and liquid flows so that vapor and liquid flow directions
can be different.

PCCS was not included as data for it was not available when ChemSheet simulations were
done. This means that flows to GDCS and WW were taken directly from UDW as vapor
flows. This could underestimate HCI amount in the flow to GDCS. So even more HCI could
be transported to GDCS than is now calculated. On the other hand the model is based purely
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on equilibrium calculation - no transport mechanism like mass transfer from vapor to liquid
phase is considered.

Input parameters used to initialize containers are shown in Table 30.

Table 30. Initial values for ESB WR pH calculation of scenario 1.

Parameter RPV LDW UDW GDCS WW
Tv/K 560.69 330.00 330.00 300.00 300.00

TL/K 550.90 330.00 550.90 300.00 300.00

Pres/Pa 7170035 101300 101300 101299.9 101299.9

H20(g)/kg 21546.566* 67.255 299.676 3.584 138.648

N2(g)/kg 0.000 1069.983 4767.663 146.441 5665.719

02(g)/kg 0.000 64.337 286.674 8.805 340.674

H20(I)/kg 163755.7 0.0 0.0 1852744.0 4339939.9

*Amount of steam in RPV was not among MELCOR results and it was calculated from ideal

gas law (pV=nRT), where volume of vapor in RPVwas 942 m3 
- volume of water. Due to high

pressure this value is not quite accurate.

Mass fraction of sodium pentaborate was 12.5 % [8]. Volume of solution in SLCS was given
as 15600 in 3 . Density of soluble sodium pentaborate was estimated to be 1 kg/dm3 and so
amount of water in SLCS was set as 13650 kg and mass of sodium pentaborate as 1950 kg.

Amounts CsOH and CsI were calculated with MELCOR and given in results as masses in
GDCS and WW. As the masses were only given at few time steps they were converted to
linear formation rates so that it was easier to use them as source terms in ChemSheet model.
The given rates are shown in Table 31 and Table 32.

Table 31. Formation rates of CsOH and CsI in GDCS.

GDCS (Data from MELCOR
Time CsOH Csl

s Rate/kg/s Rate/kg/s
0 0 0

2000 0.0005 0.000075
3492 0.0075 0.001125

5388.7 0.075 0.01125
5881.3 0.004 0.0006

6080 0 0
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Table 32. Formation rates of CsOH and Csl in WW.

WW (Data from MELCOR
Time CsOH CsI

s Rate/kg/s Rate/kg/s
0 0 0

2000 0.0023 0.000345
5371.7 0.1 0.015
5831.3 0.022 0.0033

7200 0.0028 0.00042
10801 0.0002 0.00003
18001 0.00002 0.000003
25200 0 0

At each time step the given formation rate as [kg/s] was multiplied with time change
(difference from previous time) to get formed CsOH and CsI amounts as [kg] and these values
value were added to CsOH and CsI amounts from previous time step.

Different cases were calculated for HCI production from cable insulators. In ChemSheet
model the HCI formation was given as source term in UDW (as gaseous HCI). At each time
step the given formation rate as [mol/s] was multiplied with time change (difference from
previous time) to get formed HCI amount as [mol] and this value was added to HC1 amount
from previous time step.

In cases where start pH is 5.3 appropriate amount of HC1 was added to RPV (0.584 mol),
GDCS (9.229 mol) and WW (21.783 mol).

Also for the Cases A and E the formation of HN0 3 in UDW was included. The total amount
of formed HNO 3 is small if compared to the total amount of HC1 and thus its effect on pH in
GDCS is negligible in case E. Also in Case A HCI is still the main acid source.

HNO 3 formation was given as a source term in GDCS as it is added directly to the water
phase and in UDW there is no liquid water present. Also the pH calculation has problems in
absence of water.

Figure 13 shows temperature profiles that were calculated with MELCOR and used with
ChemSheet models.
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Figure 13. Water temperature profiles from MELCOR.

Figure 14 shows pressure profiles that were calculated with MELCOR and used with
ChemSheet models.

Vapour Pressure Profiles (from MELCOR)
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Figure 14. Vapor pressure profiles.from MELCOR.

Figure 15 shows elementary Cs profiles that were calculated with MELCOR (in GDCS and
WW) and used with ChemSheet model. Almost all Cs flows from GDCS through RPV to
LDW.
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Elementary Cs: Start pH neutral, HCl generation 0.0060 mol's from 2000 s
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Figure 15. Elementary Cs. same profiles in each pH case.

Figure 16 shows flow rates to and from GDCS and mass of water in GDCS. It can be seen
that mass of water in GDCS is decreased and at the same time flow from UDW (PCCS)
containing HC1 is slightly increasing. After formation of CsOH is stopped the acidic feed
from PCCS decreases the pH in GDCS making it acidic. When this takes place depends on
rate of HCI generation in UDW.

GDCS Flow Rate and Mass Profiles (from MELCOR)
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Figure 16. GDCS flow rate and mass proQfiles from MELCOR.
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There are four figures from each pH case.

1. pH profiles. pH is calculated from H(+a) activity in water.
2. Elementary chlorine in water. If present then almost all chlorine in water is as Cl(-a).
3. Elementary iodine in vapor. If present then almost all iodine in vapor is as 12(g).

4. Elementary iodine in water. If present then almost all iodine in alkaline water is as
I(-a) and more and more iodine is as 12(a) when water becomes more acidic.

Calculated iodine amounts in vapor phase (mainly in GDCS) at acidic conditions are result
from equilibrium calculation using ideal data (no Pitzer interaction parameters were available
for aqueous iodine species).

7.9.1 pH Case A

The case A can be considered as a base case for pH. In case A both HCI and 1fN0 3 production
rates were accounted for. The HCI addition is distributed between Lower and Upper Drywell
according to actual presence of cable material. About 92 % of all cables reside in the Lower
Drywell and the rest is assumed to be in the Upper Drywell. HNO 3 was included though the
total production of nitric acid is negligible in comparison to that of HCI.

Figures 17-20 show results from pH calculation with ChemSheet where start pH was set as
5.3 and total HCI generation was 430 mol (8 v-% in UDW and 92 v-% in LDW) and total
HN0 3 generation was 5.2 mol (100 v-% in GDCS). These amounts correspond to the total
formations of HCI and HN0 3 between 2000 s to 53 000 s. The pH in GDCS becomes acidic
around 45 100 s. The pH in other containers stays alkaline. The rapid change from alkaline to
acidic is typical for titration of strong bases (CsOH) with strong acids (HC1).

pH profiles: Start pH 5.3, total HCI 430 mol and total HNO3 5.2 mol
8 v-% of HCl in UDW, 92 v-% of HCl in LDW, 100 v-% of HNO3 in GDCS

14

13-

9 .
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12 - -

61 -------

5

0 5000 10000 15000 20000 25000

Time/s

30000 35000 40000 45000 50000

Figure 17. pH profiles: start pH 5.3 and total HC1 430 mol and total HN03 5.2 mol. 8 v-% of
HCI formation in UDW and 92 v- % in LDW, HNO3 formation in GDCS.
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Elementary Cl in Water: Start pH 5.3, total HCI 430 mol and total HNO3 5.2 mol
8 v-% of HCl in UDW, 92 v-% of HCl in LDW, 100 v-% of HNO3 in GDCS
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Figure 18. Elementary Cl in water: start pH 5.3 and total HC1 430 mol and total HN0 3 5.2
mol. 8 v- % of HCl formation in UD Wand 92 v-% in LD W, HNO3.formation in GDCS.

Elementary I in Vapour: Start pH 5.3, total HCI 430 mol and total HNO3 5.2 mol
8 v-% of HCI in UDW, 92 v-% of HCI in LDW, 100 v-% of HNO3 in GDCS
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Figure 19. Elementary I in vapor., start pH 5.3 and total HCl 430 mol and total HN0 3 5.2
mol. 8 v-% of HCI formation in UDW and 92 v-% in LDW, HNO3formation in GDCS.
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Elementary I in Water: Start pH 5.3, total HCI 430 mol and total HNO3 5.2 mol
8 v-% of HCI in UDW, 92 v-% of HCI in LDW, 100 v-% of HNO3 in GDCS
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Figure 20. Elementary I in water. start pH 5.3 and total IICl 430 mol and total HNO3 5.2
mol. 8 v- % of HCl formation in UDW and 92 v-% in LDW, HNO3 formation in GDCS.

7.9.2 pH Case B Results

In the pH case B all HC1 was assumed to be released in the UDW, no HN0 3 release was
included. The release rate of HCI corresponded to that used for ABWR. Figures 21-24 show
results from pH calculation with ChemSheet where start pH was set as 5.3 and HCI generation
was set as 0.00 15 mol/s from 2000 s. The pH in GDCS becomes acidic around 41 000 s. The
pH in other containers stays alkaline.

pH profiles: Start pH 5.3, HCl generation 0.0015 molls from 2000 s
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Figure 21. pH profiles: start pH 5.3 and HCI generation 0.0015 mo//s.
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Elementary CI in Water: Start pH 5.3, HCI generation 0.0015 molls from 2000 s
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Figure 22. Elementary C/ in water: start pH 5.3 and HCI generation 0. 0015 mol/s.

Elementary I in Vapour: Start pH 5.3, HCI generation 0.0015 molls from 2000 s
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Figure 23. Elementary I in vapor.- start pH 5.3 and HC1 generation 0.0015 mol/s.



-v*4-7 RESEARCH REPORT VTT-R-04413-06

66(123)

Elementary I In Water: Start pH 5.3, HCI generation 0.0015 molls from 2000 s
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Figure 24. Elementary I in waters. Start pH 5.3 and HC1 generation 0.0015 mol/s.

7.9.3 pH Case C Results

In the pH case C only HCI was considered and added to UDW. The HCl release rate was
estimated with the dose rates of DCD Tier 2, Ch. 3 scaled to correspond time t=2000 s.
Figures 25-28 show results from pH calculation with ChemSheet where start pH was set as
5.3 and HCI generation was set as 0.0060 mol/s from 2000 s. The pH in GDCS becomes
acidic around 29000 s. The pH in RPV becomes acidic around 40 000 s. The pH in other
containers stays alkaline.

pH profiles: Start pH 5.3, HCI generation 0.0050 molls from 2000 s
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Elementary Cl In Water: Start pH 5.3, HCI generation 0.0060 molls from 2000 s
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Figure 26. Elementary C/ in water: start pH 5.3 and HC1 generation 0. 0060 mol/s.

Elementary I in Vapour: Start pH 5.3, HCI generation 0.0060 molls from 2000 s
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Figure 27. Elementary C/ in vapor: start pH 5.3 and HCl generation 0.0060 mol/s.
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Elementary I in Water: Start pH 5.3, HCI generation 0.0060 molls from 2000 s
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Figure 28. Elementary I in water., start pH 5.3 and HCG generation 0. 0060 mol/s.

7.9.4 pH Case D Results

In the pH case D the HCI release was calculated by scaling the DCD Tier 2, Ch. 3 dose rate
by a rough accounting for the decay of activity along time. Figures 29-32 show results from
pH calculation with ChemSheet where start pH was set as 5.3 and HCI generation was set as
0.0038 mol/s from 2000 s. The pH in GDCS becomes acidic around 34 000 s. The pH in RPV
becomes acidic around 46 500 s. The pH in other containers stays alkaline.

pH profiles: Start pH 5.3, HCl generation 0.0038 molls from 2000 s
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Elementary Cl in Water: Start pH 5.3, HCI generation 0.0038 molls from 2000 s
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Figure 30. Elementary C/ in water: start pH 5.3 and HCI generation 0. 0038 molls.

Elementary I in Vapour: Start pH 5.3, HCI generation 0.0038 molls from 2000 s
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Figure 31. Elementaty I in vapor: start pH 5.3 and HCI generation 0. 0038 mol/s.
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Elementary I in Water: Start pH 5.3, HCI generation 0.0038 molls from 2000 s
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Figure 32. Elementary I in water: start pH 5.3 and HCJ generation 0. 0038 mol/s.

7.9.5 pH Case E

The pH-case E is a sensitivity run of the pH case C, showing the effect of the start pH of the
pools being neutral instead of being at pH 5.3.

Figures 33-36 show results from pH calculation with ChemSheet where start pH was neutral
and HCI generation was set as 0.0060 mol/s from 2000 s. The pH in GDCS becomes acidic
around 29 000 s. The pH in RPV becomes acidic around 40 000 s. The pH in other containers
stays alkaline. These results are practically same than the results where the start pH was set as
5.3.
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pH profiles: Start pH neutral, HCI generation 0.0050 molls from 2000 s
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Figure 33. pH profiles: start pH neutral and HCI generation 0. 0060 mol/s.

Elementary Cl in Water: Start pH neutral, HCI generation 0.0080 molls from 2000 s
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Figure 34. Elementary C/ in water: start pH neutral and HCI generation 0. 0060 molls.
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Elementary I In Vapour: Start pH neutral, HCI generation 0.0060 molls from 2000 s
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Figure 35. Elementary I in vapor: start pH neutral and HCl generation 0. 0060 mol/s.

Elementary I In Water: Start pH neutral, HCI generation 0.0060 molls from 2000 s
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Figure 36. Elementany I in water.: start pH neutral and HCl generation 0. 0060 molls.

7.9.6 pH Case F

The pH-case F is a sensitivity run of the pH-case A showing the effect of all HCl added to the
Upper Drywell.



-vrr- RESEARCH REPORT VTT-R-04413-06

73 (123)

Figures 37-40 show results from pH calculation with ChemSheet where start pH was set as
5.3 and total HCI generation was 430 mol (100 v-% in UDW) and total HNO 3 generation was
5.2 mol (100 v-% in GDCS). These amounts correspond to the total formations of HCI and
HNO 3 between 2000 s to 53 000 s. The pH in GDCS becomes acidic around 23000 s. The pH
in RPV becomes acidic around 37 000 s. The pH in other containers stays alkaline. The effect
of HNO 3 on pH is negligible (if compared to HCI).

pH profiles: Start pH 5.3, total HCI 430 mol and total HNO3 5.2 mol
(2000 s - 53000 s)
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Figure 37. pH profiles: start pH 5.3 and total HCI 430 mol and total HN0 3 5.2 mol. HCI
formation in UDW and HNO3 formation in GDCS.

Elementary Cl in Water: Start pH 5.3, total HCI 430 mol and total HNO3 5.2 mol
(2000 s - 53000 s)
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Figure 38. Elementary Cl in water: start pH 5.3 and total HCI 430 mol and total HN0 3 5.2
mol. HCl formation in UDWand HNO3 formation in GDCS.
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Elementary I in Vapour: Start pH 5.3, total HCI 430 mol and total HNO3 5.2 mol
(2000 s - 53000 s)
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Figure 39. Elementary I in vapor: start pH 5.3 and total HCI 430
mol. HCI formation in UDWand HNO3formation in GDCS.

mol and total HNO? 5.2

Elementary I in Water:Start pH 5.3, total HCI 430 mol and total HNO3 5.2 mol
(2000 s - 53000 s)
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Figure 40. Elementary I in water: start pH 5.3 and total HCI 430 mol and total HNO3 5.2
mol. HC Ifbrmation in UDWand HNO3 formation in GDCS.
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8 Analysis of a source term from the
containment in Scenario 1 (Bottom Drain
Line Break with ADS)

The hypothetical accident scenario begins with a failure of reactor pressure vessel (RPV)
bottom drain line (A=2.165 10-3 m2). The reactor is scrammed at time 0 s. All Isolation
Condenser Drain Lines are assumed to be blocked thus failing to provide any coolant
injection to the RPV. GDCS pool injection is assumed to be unavailable until 7400 s
(variation 1) or till 6083 s (variation 2) from the accident beginning. This timing specification
of reflooding was used in this run to allow high oxidation in the core but to prevent Pressure
vessel failure. During the reflooding the GDCS injection lines are fully open. Equalization
line is opened simultaneously with the GDCS injection. All 6 PCCS units are operating
through out the accident progression.

The following key event summary is for information of the overall time events in the
scenario.

Table 33. Key event summary of the BDL Break scenario.

Event Timing (s)

Reactor scram 0
Level L2 signal 2
Level LI signal 8
SRV #1 open 19
SRV #2 open 64
DPV valve # I open 108
DPV valve # 2 open 154
Level TAF (core uncovered) 327
Oxidation starts 1486
FP gap release, core rings 1,2 and 3 1983
FP gap release, core ring 4 1985
FP gap release, core ring 5 2003
Core fully uncovered 2125
Core support plate failure by yielding, ring 1 5372
Core support plate failure by yielding, ring 2 5389
Core support plate failure by yielding, ring 4 5585
GDCS injection line open 7400 6083
Equalization line opened 7400 6083

Core fully recovered 8220 6900
GDCS pool empty _ _

In-vessel H2 production (kg) 369 376
End of calculation 23867 56943

8.1 Reactor coolant system behavior

The reactor core is uncovered at 327 s (=5.5 min) from the beginning of accident due to of
coolant through BDL break (Fig. 41). No core makeup is available till 7400 s (=2 hr). The
core is fully uncovered at 2125 s (=35 min). The core in uncovered for 1.7 hr before start of
reflooding. Core is fully recovered at about 8220 s (=2.3 hr).
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Collapsed water level in the RPV
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Figure 41. Collapsed water level in the core and the downcomer. Bottom Drain Line Break
(A=2.165 10-3 M2

) case with ADS and reflooding by GDCS injection at 7400 s.

The temperature of cladding in core ring 1 (Fig. 42) begins to increase after full uncovery of
the core. The temperatures in the upper parts of the core reach Zr melting temperatures.
Molten Zr, however, is set to be held up by ZrO2 layer till the ZrO 2 temperature reaches 2400
K. Following the start of GDCS injection oxidation increases in the core and causes a rapid
temperature escalation in the upper half of the core and causes relocation of molten Zr
downwards. Material relocation is seen in Fig. 42 as rapid decrease of temperature to zero. As
the surrounding Zr disappears in the uppermost node also the fuel pellets relocate downwards

as particle debris.

The total mass of ZrO2 in the core is depicted in Figure 43. [[
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Cladding temperature in core ring I
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Figure 42. Cladding temperature in core ring 1. Bottom Drain Line Break (A =2.165J10-s M2
)

case with ADS and reflooding by GDCS injection at 7400 s.
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Figure 43. Total mass of ZrO2 in the core. Bottom Drain Line Break (A=2.1651 0-3 M2
) case

with ADS and reflooding by GDCS injection at 7400 s.
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The total hydrogen mass generated in the core is 369 kg (Fig 44).

In-Vessel Hydrogen Production
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Figure 44. Cumulative hydrogen release from the core materials. Bottom Drain Line Break
(A =2.165- 0- i

2) case with ADS and reflooding by GDCS injection at 7400 s.

The cumulative coolant injection to the RCS and break flow out of the RCS are presented in
the Figs. 45 and 46, respectively. Reflooding is able to cool the core and prevent the pressure
vessel failure.
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Coolant Injection to RPV Downcomer
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Figure 45. Cumulative coolant injection to the RPV from different water sources. Bottom
Drain Line Break (A=2.165.10-3 M2

) case with ADS and reflooding by GDCS injection at
7400 s.
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Figure 46. Cumulative coolant break flow. Bottom Drain Line Break (A =2.165.10-3 m2) case
with ADS and reflooding by GDCS injection at 7400 s.

The pressure in the RCS is presented in Fig 47. The initial pressure in the RPV is 7.2 MPa.
Following the opening of Depressurization Valves the pressure decreases to about 0.2 MPa.
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Core melt relocations to the lower head at about 5800 s increases steam production and RCS
pressure to about 0.4 MPa.

Pressure in the RPV Upper Plenum
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Figure 47. Pressure in the RPV. Bottom Drain Line Break (A =2.165103 iM2
) case with ADS

and reflooding by GDCS injection at 4100 s.

8.2 Containment behavior

The pressure in the containment increases due to blowdown through the DPV valves and the
Bottom Drain Line Break to about 0.23 MPa (Figs. 48a and b). The start of reflooding from
GDCS pool at 6083 s or at 7400 s increase the pressure in the containment rapidly peaking at
0.34 MPa. The drywell pressure decreases after start of reflooding due to decrease in steaming
rate from the lower head melt pool when cold water is injected to the RPV. At about 15 000 s
the pressure starts to increase again by continuous steam release from the RPV through
Depressurization Valves. The partial pressure of steam in the Upper Drywell increases
reaching 0.4 MPa at the end of the calculation in case of reflooding at 6083 s (Fig. 49). After
20 000 s the Upper Drywell is practically all steam. Hydrogen is released from the RPV to the
upper drywell and further vented via PCCS Vent Line to the Wetwell pool. The partial
pressure of non-condensables and steam increases in the Wetwell being about 0.34 MPa at the
end of calculation (Fig. 50).
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The gas temperature in the drywell peak at about 1700 K due to hot hydrogen and steam
discharge from the RPV during reflooding (Fig. 51).

The water mass in GDCS is shown in Fig. 52. The inventory is nearly depleted at 40 000 s
(=11 hrs).

Pressure in the containment
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Figure 48a. Pressure in the containment. Bottom Drain Line Break
with ADS and reflooding by GDCS injection at 7400 s.
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Figure 48b. Pressure in the containment. Bottom Drain Line Break (A=2.1651 0-3 M2
) case

with ADS and reflooding by GDCS injection at 6083 s.
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Partial pressures in Upper Drywell
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Figure 49. Partial pressures of steam, nitrogen and hydrogen in the upper drywell. Bottom
Drain Line Break (A=2.165-10-3 m2) case with ADS and reflooding by GDCS injection at
6083 s.
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Figure 50. Partial pressures of steam, nitrogen and hydrogen in the Wetwell. Bottom Drain
Line Break (A =2.165"10-3 m2) case with ADS and reflooding by GDCS injection at 6083 s.
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Gas temperature in containment
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Figure 51. Atmosphere temperature in the containment. Bottom Drain Line Break
(A=2.165 10-3 m) case with ADS and reflooding by GDCS injection at 6083 s.
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Figure 52. Water mass in the GDCS pool. Bottom Drain Line Break (A =2.1650-3 -n 2
) case

with ADS and reflooding by GDCS injection at 6083 s.

Figure 53 illustrates the water pool temperatures in the GDCS pool. The temperature of
GDCS pool increases due to condensate flow from the GDCS wall structure.
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Temperature in GDCS pool
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Figure 53. GDCS pool temperatures. Bottom Drain Line Break (A =2.165 10-3 m2) case with
ADS and reflooding by GDCS injection at 4100 s.

The Suppression Pool temperature increases at the top of the pool but remains below
saturation (Fig. 54). The temperature stratification in the suppression pool is modeled by
dividing the pool volume into four vertically adjacent control volumes. The temperature
difference between the top and the bottom of the pool is about 60 K at the end of calculation.
However, this result should be considered as a rough estimate, since MELCOR code does not
properly model fluid dynamics for mixing.
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Figure 54. Suppression pool temperature. Bottom Drain Line Break (A =2.165"10-3 m2) case
with ADS and reflooding by GDCS injection at 6083 s.
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The nominal containment leakage is modeled as a single flow path from the upper drywell
with the assumption the leakage rate is 0.5 % of the containment gas volume (=13 580 m3)
per day at 310 kPa (g). The respective average velocity is obtained from Bernoulli's equation

A. v = A- P 0.005.13580/86400 m3 /s, (71)

where Ap = 310 kPa, Pstcan,=6 .12 kg/mr3. This yields A= 2.469' 10-6 m2.

The cumulative atmosphere flow rate through the containment leakage is presented in Fig. 55.

Nominal gas leakage from containment
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Figure 55. Water level in the Lower Drywell. Bottom Drain Line Break (A=2.165.10-3 r2)
case with ADS and reflooding by GDCS injection at 6083 s.

The cumulative water and non-condensable gas flow rates through the PCCS condensers are
shown in Figs. 56, 57 and 58. A total of 400 metric tons of steam enters the PCCS with most
of it condensed in the PCCS, only 45 metric tons of steam is vented to the Suppression Pool.
About 60 metric tons of water flows from the Suppression Pool into the PCCS Vent Line and
back through the Drain Line after reflooding. The horizontal vents a cleared for a short time
period after initiation of reflooding (Fig. 59) increasing the pressure in the Wetwell above that
of the PCCS water box. This causes the reverse water flow in the Vent Line. A sparger at the
end of Vent Line may cause a higher flow friction for reverse flow, thus reducing it, but the
loss coefficients in the applied MELCOR model were equal for both forward and reverse
flows.



OViT7 RESEARCH REPORT VTT-R-04413-06

86(123)

In-flow to PCCS
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Figure 56. Cumulative mass inflow to PCCS units). Bottom Drain Line Break
(A4=2.165.10 m i

2 ) case with ADS and reflooding by GDCS injection at 6083 s.

PCCS Drain Line Flow
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Figure 57. Cumulative mass.flow through the PCCS Drain Lines. Bottom Drain Line Break
(A=2.165 10-3 M2

) case with ADS and reflooding by GDCS injection at 6083 s.
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PCCS Vent Line Flow
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Figure 58. Cumulative mass flow through PCCS Vent Line. Bottom Drain Line Break
(A =2.165.10-3 M2

) case with ADS and reflooding by GDCS injection at 6083 s.
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Figure 59. Cumulative steam flow through Horizontal Vents. Bottom Drain Line Break
(A=2.165"10-3 m2) case with ADS and reflooding by GDCS injection at 6083 s.
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The release fractions of fission products from the fuel were calculated using the CORSOR-M
option in MELCOR. In general the release fractions remained lower than presented in [8]
because of relatively early reflooding. Table 34 gathers the calculated release fractions at time
steps at 1 h, 6083 s and 2 h. These are compared to the release fractions presented in NUREG-
1465 [8].

Table 34. Release fractions offission products from the fuel.

Calculated release fractions from the
fuel

The calculated release fractions from the core are lower for noble gases but higher for cesium,
iodine and tellurium and than presented in NUREG- 1465.

Fig. 60 shows the history of the fission product release fractions of the classes with highest
releases.
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Figure 60. Release fractions of noble gases, Cs, CsI and Te from the fuel. Bottom Drain Line
Break (A =2.165" 10-3 M2

) case with ADS and reflooding by GDCS injection at 6083 s.

The fission product release from the containment is low (Fig. 61). For noble gases, CsOH and
Cs! the release fractions of the initial whole core inventory to reactor building are 4.67 10-5,
1. 18.10- and 1-29.10-5, respectively.
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Figure 61. Fraction of initial core inventory of noble gases, CsI and Cs that is released from
the containment through nominal leakage path. Bottom Drain Line Break (A =2.165" 10-3 M2)
case with ADS and reflooding by GDCS injection at 6083 s.
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The total airborne CsI aerosol mass in the containment has a maximum value first in the upper
drywell due to discharge of the DPV valves (Fig. 62). The airborne mass degrades rapidly
after start of reflooding and scrubbing to suppression pool via horizontal vents. After
recooling of the core the CsI aerosols are removed from the Drywell atmosphere by
gravitational settling and condensation in the PCCS. The airborne mass in the Wetwell
reduces slowly after about 12 500 s. This due to a fact that the Wetwell atmosphere is dry and
the particles are not able to grow by steam condensation on the particles. Also the mass
concentration is rather low limiting the growth by agglomeration.

The total CsI aerosol concentration in the containment water pools is presented in Fig. 63.
Suppression pool retains most of the CsI aerosols. The aerosol mass in the GDCS pool
increases after start of the core heat up due to fission product removal with the condensate
flow from the PCCS. After start of GDCS injection the CsI concentration decreases along
with the coolant injection to the RPV downcomer. The total CsI mass in the RPV is shown in
Fig. 64. A maximum of 2.9 kg of CsI is in the RPV water during the simulation.

The deposition of CsI aerosols on Upper Drywell structures is presented in Fig. 65.
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Figure 62. Total airborne CsI aerosol mass in the containment. Bottom Drain Line Break
(A=2.165.10-J M2

) case with ADS and reflooding by GDCS injection at 6083 s.
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Csl mass in the containment pools
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Figure 63. Total CsI aerosol mass in the Suppression Pool and the GDCS Pool. Bottom
Drain Line Break (A=2.165"10-3 Mi2 ) case with ADS and reflooding by GDCS injection at
6083 s.
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Figure 64. Total CsI mass in the RPV Upper Plenum and the rest of the RPV. Bottom Drain
Line Break (A =2.165.10-3 m2) case with ADS and reflooding by GDCS injection at 6083 s.
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Csl deposited on UDW structures
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Figure 65. Total deposited CsI aerosol mass on Upper Drywell structures. Bottom Drain Line
Break (A =2.165"10-3 M2

) case with ADS and reflooding by GDCS injection at 6083 s.

The total airborne Cs! mass released from the RPV through the SRVs, DPVs and the BDL
Break to the containment is illustrated in Fig. 66.
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Figure 66. Release of airborne Csl from the RPV to the containment. . Bottom Drain Line
Break (A =2.165" 10-3 M2

) case with ADS and reflooding by GDCS injection at 6083 s.

The decontamination factor for PCCS obtained by dividing the airborne CsI aerosol entering
the PCCS by the airborne mass of Cs! exiting the PCCS through the PCCS Drain Line and
Vent Line flow junctions is shown in Fig. 67. The decontamination factor is about 17 prior to
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reflooding and about 4.4 after the start of reflooding. These numbers correspond to 94 % and
75 % deposition, respectively.

Decontamination factor of PCCS
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Figure 67. Estimate of time-averaged decontamination factor in the PCCS calculated as
airborne CsI mass that has entered the PCCS divided by airborne mass that has exited the
PCCS (through Drain Line and Vent Line). Bottom Drain Line Break (A=2.165"10-3 m2

) case
with ADS and reflooding by GDCS injection at 6083 s.

Figure 68 shows another way to estimate decontamination factor through the PCCS. The DF
is calculated as in flowing mass over a plot file time step divided by outgoing mass over a plot
file time step. During time interval 9700 - 13000 s the DF is 2.0 - 3.1, which is close to the
estimate with the detailed retention model.
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Figure 68. Decontamination .factor of PCCS calculated as in-flowing mass over a plot .file
time step divided by outgoing mass over a plot file time step. Bottom Drain Line Break
(A =2.1651 0-3 m2) case with ADS and reflooding by GDCS injection at 6083 s.
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The Csl decontamination factor for the whole containment can be defined as the ratio of total
CsI released from the RPV divided by the total airborne mass of CsI in the containment. The
value for containment decontamination factor ranges from 1.4 to 3467 (Fig. 69).
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Figure 69. The decontamination factor of CsI aerosols for the containment calculated as total
CsI mass released from the RP V to containment divided by total airborne aerosol mass in the
containment atmosphere. Bottom Drain Line Break (A=2.165"10-3 M2) case with ADS and
reflooding by GDCS injection at 6083 s.

The mass balance of Csl in the reactor coolant system and in the containment is reported in
Table 35. The numbers in Table 35 are hand-calculated from the original CsI mass data in
obtained from the Tabular Output for different printout intervals of the MELCOR run.

Table 35. Fractional distribution of CsI mass at different time steps (1, 2, 3, 4, 5, 6, 7, 8, 12
and 15.8 h). Fractions are determined as: Mass in a specified location/total mass released
from the core.

Time= I Total Airborne In the pool Deposited on structures

RPV 2,63E-01 1,81 E-01 4,78E-04 8,10E-02

RPV Upper Plenum 1,14E-01 1,07E-01 O,OOE+00 7,46E-03
ICS 1,09E-03 8,94E-04 6,04E-05 4,15E-05

Drywell (upper+middle+lower) 3,97E-01 2,92E-01 1,54E-03 1,04E-01
Wetwell 1,18E-01 4,34E-03 1,14E-01 3,74E-06
GDCS 9,83E-02 1,12E-04 9,82E-02 8,29E-08
Annulus 6,87E-03 6,43E-03 1,05E-04 3,38E-04

PCCS 1,28E-03 1,01E-03 3,22E-06 2,67E-04
Reactor Building 3,88E-06 3,88E-06 O,OOE+00 9,24E-14

Total 9,99E-01 I 5,92E-01 J 2,14E-01 1,93E-01



v~r RESEARCH REPORT VTT-R-04413-06

95(123)

Time= 2 h Total Airborne In the pool Deposited on structures
RPV 2,24E-01 4,57E-05 4,13E-02 1,82E-01

RPV Upper Plenum 3,57E-02 4,33E-04 8,05E-03 2,72E-02

ICS 1,52E-04 1,16E-05 1,25E-04 5,54E-01
Drywell (upper+middle+lower) 3,3 1 E-0 1 2,13E-02 2,05 E-02 2,89E-01
Wetwell 2,48E-01 2,71E-02 2,21E-01 4,52E-04

GDCS 8,96E-02 5,58E-03 8,40E-02 1,20E-05
Annulus 1,56E-02 1,95E-03 1,12E-04 1,35E-02
PCCS 1,73E-04 1,37E-04 2,53E-07 3,65E-05

Reactor Building 1,44E-05 1,44E-05 0,OOE+00 3,77E-13

Total 9,44E-01 5,65E-02 3,75E-01 J 5,12E-01

Time= 3 h Total Airborne In the pool Deposited on structures
RPV 2,23E-01 2,36E-05 4,09E-02 1,82E-01

RPV Upper Plenum 3,53E-02 2,40E-05 8,12E-03 2,72E-02

ICS 3,62E-04 1,28E-06 3,44E-04 1,60E-05

Drywell (upper+middle+lower) 3,38E-01 1,00E-02 3,66E-02 2,92E-01
Wetwell 2,47E-01 2,09E-03 2,45E-01 2,13E-05

GDCS 8,33E-02 2,13E-04 8,30E-02 1,15E-05
Annulus 1,55E-02 1,05E-03 1,94E-04 1,42E-02

PCCS 2,33E-04 1,87E-04 1,14E-07 4,49E-05
Reactor Building 1,53E-05 1,53E-05 8,61E-07 9,79E-13

Total 9,44E-01 1,37E-02 J4,15E-0 ] 5,16E-01

Time= 4 h Total Airborne In the pool Deposited on structures
RPV 2,24E-01 8,26E-06 4,14E-02 1,82E-01
RPV Upper Plenum 3,33E-02 5,53E-08 6,07E-03 2,72E-02
ICS 3,62E-04 2,05E-07 3,45E-04 1,60E-05

Drywell (upper+middle+lower) 3,47E-01 3,85E-03 5,01 E-02 2,93E-01
Wetwell 2,49E-01 1,29E-03 2,48E-01 7,81E-06

GDCS 7,49E-02 5,35E-05 7,48E-02 1,15E-05
Annulus 1,54E-02 5,39E-04 2,30E-04 1,46E-02
PCCS 8,95E-05 6,65E-05 1,57E-07 2,28E-05
Reactor Building 1,57E-05 1,57E-05 0,OOE+00 1,60E-12

Total ]9,44E-01 [ 5,83E-03 ]4,21E-01 I 5,17E-01

Time= 5 h Total Airborne In the pool Deposited on structures
RPV 2,26E-0I 3,49E-06 4,34E-02 1,82E-01

RPV Upper Plenum 3,40E-02 1,39E-08 6,82E-03 2,72E-02

ICS 3,62E-04 1,36E-08 3,45E-04 1,60E-05
Drywell (upper+middle+lower) 3,56E-01 8,24E-04 6,2 1E-02 2,93E-01
Wetwell 2,50E-01 9,86E-04 2,50E-01 6,50E-06

GDCS 6,18E-02 8,67E-06 6,28E-02 1,05E-05

Annulus 1,52E-02 2,13E-04 2,53E-04 1,48E-02
PCCS 1,18E-05 8,58E-06 2,09E-08 3,14E-06

Reactor Building 1;58E-05 1,58E-05 0,OOE+00 2,24E-12

Total 9,43E-01 2,06E-03 [4,25E-01 [ 5,17E-01

Time= 6 h Total Airborne In the pool Deposited on structures
RPV 2,28E-01 1,84E-06 4,56E-02 1,82E-01

RPV Upper Plenum 3,24E-02 5,55E-09 5,26E-03 2,72E-02
ICS 3,62E-04 1,68E-10 3,46E-04 1,60E-05

Drywell (upper+middle+lower) 3,66E-01 2,35E-04 7,27E-02 2,93E-01
Wetwell 2,51E-01 7,13E-04 2,50E-01 4,17E-06

GDCS 5,1OE-02 1,66E-06 5,1OE-02 5,08E-08
Annulus 1,52E-02 2,79E-05 2,70E-04 1,49E-02
PCCS 2,32E-06 1,80E-06 1,07E-08 5,11 E-07
Reactor Building 1,58E-05 1,58E-05 0,OOE+00 2,87E-12

Total [ 9,43E-01 9,97E-04 4,25E-01 [ 5,17E-01
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Time= 7 h Total Airborne In the pool Deposited on structures

RPV 2,29E-0 1 1,32E-06 0,0464 0,182

RPV Upper Plenum 3,25E-02 3,25E-09 0,005319 0,027179

ICS 3,62E-04 4,83E- 11 0,000346 1,6E-05
Drywell (upper+middle+lower) 3,76E-01 8,25E-05 0,082641 0,292949
Wetwell 2,51E-01 0,000574 0,250019 3,65E-06

GDCS 4,03E-02 7,83E-07 0,040274 9,86E-10
Annulus 1,52E-02 6,41E-06 0,000272 0,014952
PCCS 8,30E-07 6,5E-07 1,65E-09 1,79E-07
Reactor Building 1,58E-05 1,58E-05 0 3,51E-12

Total [ 9,44E-0I ]6,82E-04 I 4,25E-01 ]0,517

Time= 8 h Total Airborne In the pool Deposited on structures
RPV 2,29E-0I 1,08E-06 0,0467 0,182

RPV Upper Plenum 3,28E-02 2,92E-09 0,00561 2,72E-02

ICS 3,62E-04 4,57E- 11 0,000346 1,60E-05
Drywell (upper+middle+lower) 3,85E-01 2,19E-05 0,0921 2,93E-01

Wetwell 2,51E-01 0,000492 0,250 3,18E-06

GDCS 3,03E-02 4,04E-07 0,03033 9,84E-10
Annulus 1,52E-02 2,63E-06 0,000272 1,50E-02
PCCS 3,7 1E-07 2,94E-07 1,11 E-09 7,56E-08
Reactor Building 1,58E-05 1,58E-05 0 4,14E-12

Total [9,43E-01 10,000535 10,426 15,17E-01

Time= 12 h Total Airborne In the pool Deposited on structures

RPV 2,25E-01 2,30E-07 0,0445 1,81E-01

RPV Upper Plenum 3,28E-02 3,19E-09 0,005621 2,72E-02

ICS 3,59E-04 3,08E- 11 0,000343 1,60E-05
Drywell (upper+middle+lower) 4,08E-01 1,18E-06 0,115449 2,93E-01
Wetwell 2,51E-01 0,000286 0,250903 2,35E-06

GDCS 2,79E-03 1,35E-06 0,002785 1,37E-08
Annulus 2,29E-02 4,02E-07 0,007992 1,49E-02

PCCS 1,33E-08 IE-08 9,59E- II 3,14E-09
Reactor Building 1,58E-05 1,58E-05 0 6,69E-12

Total J9,43E-01 10,000305 ]0,428 J 5,16E-01

Time= 15.8 h Total Airborne In the pool Deposited on structures

RPV 2,21E-01 2,36E-09 4,06E-02 1,81E-01

RPV Upper Plenum 2,72E-02 8,54E-09 0,OOE+00 2,72E-02
ICS 3,52E-04 2,03E-10 3,36E-04 1,60E-05
Drywell (upper+middle+lower) 4,17E-0 1 4,38E-07 1,26E-01 2,91 E-0 1
Wetwell 2,51E-0I 2,27E-04 2,51E-0I 1,80E-06

GDCS 5,26E-04 5,97E-07 5,26E-04 5,20E-09
Annulus 2,59E-02 5,40E-07 1,1 OE-02 1,49E-02

PCCS 6,13E-09 4,71E-09 5,34E- l I 1,36E-09
Reactor Building 1,58E-05 1,58E-05 0,OOE+00 9,11 E-1 2

Total ] 9,44E-0 I 2,44E-04 [ 4,29E-01 ] 5,14E-01
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9 Summary

For assessment of Fission product retention in a PCCS a separate I-D model to calculate
particle deposition in tube flow was developed. The model was validated against 1-tube heat
exchanger experiments conducted previously at VTT. The model can calculate heat transfer as
well as particle deposition by diffusiophoresis and thermophoresis reasonably accurately.
Diffusiophoresis and thermophoresis were expected to be the main deposition mechanisms
also in the case of PCCS.

Based both on experimental and modeling results, it can be said that deposition by
diffusiophoresis could remove as much as 50% of particles from the gas flow. However,
aerosol did not accumulate to the heat exchanger. In all experiments condensed water rinsed
deposited particles from the tube walls even though particle mass concentration was increased
up to 6 g/m 3 (NTP). If steam mass flow rate through the PCCS is 10 kg/s, such concentration
would correspond approximately to 75 g/s mass flow rate of particles. Based on experiments
conducted at VTT the assumption that deposited particles are entirely rinsed from PCCS by
the condensed water is well justified.

Particle deposition in a PCC tube was calculated with the developed 1-D model using a wide
range of values for steam mass flow rate, gas temperature, pressure, and steam volume
fraction and particle size. In the modeling work it was assumed that pool would be boiling
around the tubes and steam would be saturated in PCC. The results showed that more than
90% of particles could be deposited in PCC, if the steam mass flow rate would be low. In
turbulent flow the maximum deposition could be observed to be about 40%.

The aerosol retention models of MELCOR 1.8.6 have been tested by comparing them to heat
exchanger experiments conducted at VTT. The result was that MELCOR generally
underestimates heat transfer and steam condensation rates in the heat exchanger tubes. This is
probably the reason why also the aerosol retention is underestimated. In addition, the
MELCOR results were compared to the 1-D aerosol deposition model. The 1-D model gives
better results for the experiments that involve steam condensation, but MELCOR is better at
predicting the aerosol retention in the dry experiments.

The fission product release from the core was for noble gases about 82 %, for Cs 75 % and
CsI 82 % of the whole core inventory. The modeled single-hole leakage for containment
nominal leakage resulted in release fractions of noble gases, CsOH and CsI to the reactor
building to be 5.71"10-', 1.6510-5 and 1.68'10-5 of the core release, respectively. At 15.8 h
into the accident 13 % of the CsI released from the core was in the Lower Drywell pool, 25 %
in the Suppression Pool and 4 % in the water inside the Reactor Pressure Vessel (RPV). A
total of 51 % of released CsI was deposited on structures.

When approximating the decontamination factor of CsI aerosol in the PCCS from MELCOR
results by dividing the airborne mass entering the PCCS by the airborne mass exiting the
PCCS one obtains a decontamination factor varying between 4.4 and 17 during the bulk of the
accident time.

The CsI decontamination factor for the whole containment can be defined as the ratio of total
Cs! released from the RPV divided by the total airborne mass of CsI in the containment. The
value for containment decontamination factor ranges from 1.4 to 3467 on the basis of
MELCOR calculation.
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The pH of the containment pools was calculated with ChemSheet code with the history of
mass flow rates and pool masses obtained from MELCOR results and given as boundary
conditions to ChemSheet. The formation of HCI due to radiolytical release of Cl from the
cable insulations and the formation of HN0 3 was estimated as a function of dose rate with the
method presented in NUREG/CR-5950. The sensitivity of pH to HCl release rate was
examined by varying the HCI release rate. The drainage of CsOH with the PCCS condensate
flow through the PCCS Drain Line keeps the water in GDCS alkaline in the beginning of the
accident as CsOH is highly soluble to water and a strong base. But as the amount of airborne
CsOH in the Upper Drywell reduces and GDCS water mass decreases due to injection to the
RPV the pH in GDCS is also decreases due to acidic flow from Upper Drywell/PCCS
containing soluble HCI. The time range when pH in the GDCS turns to acidic depends on the
formation rate of HC1. In the Base Case the GDCS shifts from basic to acidic at 12.5 h. In the
base case all other pools are alkaline.

In performed sensitivity runs with the HCI formation rate of 0.0015 mol/s the shift from
alkaline to acidic in GDCS takes place around 11 h and the pH after 15 h is already 3.95. With
the HCl release rate of 0.0060 mol/s the shift from basic to acidic takes place at about 8 h with
the pH being 3.31 at 15 h. With the highest estimated HCI formation rate the initial pH (being
neutral or 5.3) had little effect. Also with the HC1 formation rate of 0.0060 mol/s the water in
reactor vessel becomes acidic at around 11 h and with 0.0038 mol/s around 13 h. This is due
to high flow rate of acidic water from GDCS.

In all cases the pH in LDW stays alkaline after buffer solution injection is started (at 6080 s)
and the pH in WW becomes alkaline due to sufficient amount of CsOH.
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11 Appendix A Measured and estimated mass
size distributions in 1-tube heat exchanger
experiments.
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Fig. A.1. Ag particles AMMD = 1.02 pam,
ag = 2.54, Exp. 1.1 (inlet).
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Fig. A.2. Ag particles AMMD = 1.28 pm,
ag = 2.26, Exp. 1.1. (outlet).
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Fig. A.3. Ag particles AMMD = 1.05 pm,
=g = 2.42, Exp. 1.1 (inlet).
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Fig. A.4. Ag particles AMMD = 1.00 pm,
r = 2.47, Exp. 1.1. (outlet).
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Fig. A.5. Ag particles AMMD = 1.07 pm,
c = 2.49, Exp. 1.2 (inlet).
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Fig. A.6.. Ag particles AMMD = 1.05 ptm,
y = 2.31, Exp. 1.2 (outlet).
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Appendix A
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Fig. A.7. Ag particles AMMD = 1.07 pim,
yg = 2.29, Exp. 1.2 (inlet).
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Fig. A.8.. Ag particles AMMD = 1.20 jim,
ag = 2.32, Exp. 1.2 (outlet).
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Fig. A.9. Ag particles AMMD = 1.05 jim,
Cg = 2.43, Exp. 1.3 (inlet).
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Fig. A.1M.. Ag particles AMMD = 0.97 jim,
Gg = 2.68, Exp. 1.3 (outlet).
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Fig. A.11. Ag particles AMMD = 1.14 pm,
Gg = 2.29, Exp. 1.3 (inlet).
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Fig. A.12.. Ag particles AMMD = 0.95 jim,
yg = 2.61, Exp. 1.3 (outlet).
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Appendix B: ChemApp

ntroduction

ChemApp is derived from the renowned ChemSage family of thermochemical calculation
programs, which are widely used in universities, corporate and government laboratories.
It offers new possibilities and perspectives for the use of thermochemical calculations across a
wide spectrum of applications by providing an easily programmable interface to complex
equilibrium calculation techniques.
ChemApp consists of a library of subroutines for data handling and phase equilibrium
calculation purposes. It is available as an object code library for a variety of platforms and can
be added as a module to virtually any existing or new software, major application areas are
CFD (computational fluid dynamics) and process simulation programs.

Process parameters 0 Results

4

Figure 12-1. Schematic representation showing the integration of ChemApp into a process
modeling or simulation program.

ChemApp provides the powerful calculation capabilities of ChemSage in the form of a
programmer's library. It consists of a rich set of subroutines which provides all the necessary
tools for the calculation of complex multicomponent, multiphase chemical equilibria and the
determination of the associated energy balances.
ChemApp uses the 'engine' and data handling capabilities of the renowned ChemSage
thermochemical application program. You find the same speed and reliability of convergence
of calculations. You can use the same thermochemical data combined with the same
comprehensive library of models for non ideal solution phases. ChemApp is modular, which
makes it easy to integrate into third party applications and also facilitates the incorporation of
future improvements and extensions.

12.2 Thermochemical data

The same comprehensive library of models for non-ideal solution phases available in
ChemSage is also built into ChemApp. Thus, the wide range of existing thermochemical data
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for ChemSage is available for ChemApp too. CheniApp also uses the same thermochemical
data-file format as ChemSage.

Table 13-1. Solution models available in ChemApp

[Model I Application area

Redlich-Kister-Muggianu for general use with substitutional
Kaufman-Kohler or associated solution phases
Four-suffix Margules
Kohier-Toop
Hoch-Arpshofen____________________

Compound energy formalism s
Species chemical potential/bond energy formalism solid alloys
Ionic two sublattice model jlionic liquids

Equivalent fraction sublattice model i!molten salts

IGaye-Kapoor-Frohberg cell model Ilionic oxidic mixtures

Blander-Pelton modified quasichemical model Ilionic oxidic mixtures with non-oxidic solutes]
Wagner Imetallic dilute solutions
lPitzer Irconcentrated aqueous solutions

Vi rial equation lnon-ideal gas phases

12.3 Programming steps

Only three stages of simple programming are necessary to proceed from initialization of
ChemApp to collection of results

1. Initialize the interface, read a thermodynamic data-file, and adjust the chemical
system.

2. Set initial conditions for the equilibrium calculation.

3. Perform the calculation and collect results.

In the simplest cases, each programming step requires calling only one or two of the
ChemApp interface routines. For more complicated applications, the number of routines
called in each step increases; however, the demands on programming capabilities are never
particularly difficult.

12.3.1 Initializing the interface and reading a thermodynamic data-file

This first step of each program entails initializing the interface, reading a thermodynamic
data-file into the program, and changing default units, if necessary.
A further series of programming subroutines enable the chemical system to be adjusted to
match the requirements of the calculation

* identification of phases, phase constituents, and system components

" delete or activate phases and/or constituents from a calculation

The latter group of routines provides a very useful set of tools, since they allow the
suppression of otherwise stable phases in order to calculate metastable conditions. Also, by
elimination of phases and/or constituents which are known not to be stable under the chosen
conditions, considerable increase in computation speed can be gained.
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12.3.2 Setting the initial conditions for the equilibrium calculations

ChemApp offers considerable flexibility for defining initial conditions for a chemical
equilibrium calculation. Two different methods are available that will cover most cases
experienced in practice.

* By defining the global conditions of the system.

Using this method, it is merely needed to set single conditions for pressure and
temperature, and enter incoming species to define the composition of the system. For
example, if the thermodynamic equilibrium for the system SiO2-CaO is to be calculated,
using a ChemSage - compatible data-file that contains the elements Ca, Si, and 0, it is
only required to define the temperature and pressure of the system, and the total amounts
of SiO2 and CaO present. Instead of temperature and pressure, other variables of state can
be chosen too.
* By defining streams.

A stream is considered as a medium for transferring non-reacted matter to a reaction zone.
It has constant temperature and pressure, and contains one or more phases of given
composition. Hence, when using this method, the conditions for the three variables -
composition, temperature and pressure - need to be defined for one or more input streams.
For instance, one stream entering a reaction zone can consist of 02 (g), preheated to a
temperature of 1500K, while the other consists of CO (g) at room temperature.
This method must be used for calculation of the extensive properties of reactions; for
example, those involving the heat balance or the adiabatic temperature of a combustion
process. It is also convenient to use it for reactor calculations, where it is known what is
entering the system and it is desired to calculate results at various stages during and at the
end of the process.

12.3.3 Performing the calculation and collecting results

Only one subroutine needs to be called to execute phase equilibrium calculations defined by
pressure, temperature, and input composition.
Like ChemSage, ChemApp is also able to perform extensive property target calculations
(defined by an extensive property change) and phase target calculations (defined be the search
for a particular phase). If, in the previous step, such a target calculation has been defined, the
necessary additional information is supplied upon calling the equilibrium calculation routine.
Results from a phase equilibrium calculation are retrieved by using only a single subroutine.
For the following variables results can be obtained

* Total pressure, total volume, temperature

" Equilibrium amount of phases, phase constituents, and system components

" Chemical potential and activity

" Heat capacity, enthalpy, entropy, and Gibbs energy of the equilibrium state

" Mass or mole fraction of a system component or phase constituent

ChemApp can also calculate the thermodynamic properties, Cp, H, S, and G, of a phase and
its constituents.
For full online documentation of ChemApp-interface see:
http://gttserv.lth.rwth-aachen.de/-cg/Software/ChemApp/IndexFrame.htm
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13 Appendix C: ChemSheet

13.1 Introduction

ChemSheet combines the flexibility and practicality of spreadsheet applications with the
thermodynamic and simulation capabilities of Gibbs Energy minimization. Its applications are
appropriate for metallurgical, chemical and process industries as well as for geochemists and
environmentalists. Also there is a special appeal to those in universities and chemical
education.
ChemSheet allows rigorous chemical and thermodynamic calculations to be computed within
the familiar environment of Microsoft Excel spreadsheet. Even though ChemSheet uses
complex numerical procedures with extensive thermodynamic data linked with appropriate
reaction kinetics, it produces the results on a simple Excel spreadsheet and thus makes the
simulation accessible to the general user.
ChemSheet applies the ChemApp thermodynamic programming library, which handles
repetitive complex equilibrium calculations for a diverse range of chemical and
thermodynamic applications. ChemApp can be used to calculate both the composition and the
thermodynamic properties of a multi-phase, multi-component system at given conditions.
With ChemApp, versatile one-dimensional phase-mapping and target calculations can also be
done.
The applications range from analysis of laboratory and environmental data to practical
process simulation and design. In ChemSheet each process chemistry model can be formatted
to practical worksheet from which calculations are made.

13.2 Definition of Terms

A thermodynamic system consists of a number of phases, where some may have a
composition expressed as amounts of a number of phase constituents, and others can have an
invariant composition. Phases are divided into three groups:

1. The gaseous phase.

2. Condensed mixtures (liquid and solid state).

3. Condensed stoichiometric phases (liquid and solid state).

Phases and phase constituents always have thermochemical properties (activities, chemical
potentials, enthalpies, volumes, etc.). Phase constituents have compositions expressed as
amounts (i.e. stoichiometric coefficients) of a number of components. A component is a
system-wide entity, which is stressed by calling it a system component. Usually components
are elements, but it is also possible for them to be stoichiometric combinations of elements.
For example, in an oxide system based on calcia and silica, CaO and SiO2 may be used, as
well as Ca, Si, and 0

13.3 Nomenclature Used in ChemSheet

Names of components, constituents of a phase, phases and streams are case sensitive and can
consist of a string of letters up to 24 characters in length. For example, 'CO' and 'Co' are two
different phase constituents. Some names are reserved because they have some special
meaning in ChemSheet:
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13.4 Using ChemSheet

Several concepts are introduced which are important to know about when beginning to use
ChemSheet. They include the description of the two ways initial conditions can be defined
(global conditions and streams

10.00

9.001 . . . . . .
0.00 +------------------------
7.00 +-- -- -- -- -- -- -- -- -- -- --
6.00 ------------- ----------------
5.00 --- -- -- -- -- -- -- -- -- -- -- -- -- --4.001...............
7.00

I... .......
1,. .

Figure 13-2. Example ChemSheet Application.

Here is a picture with some comments added of a more advanced ChemSheet application
using Streams. It contains many features of Excel that can be used with ChemSheet.
In this application all the necessary input values are entered to worksheet cells, so they can be
quickly changed without opening the ChemSheet dialog box.
The cells are linked to the ChemSheet model using cell references and the values of cells are
evaluated for each calculation step. After changing one or more values in the linked cells the
model needs only to be recalculated by clicking the Calculate ChemSheet Model command in
ChemSheet toolbar and the result values and charts linked with them are automatically
updated.
ChemSheet dialog can be opened by clicking New ChemSheet Model or Edit ChemSheet
Model commands in ChemSheet toolbar. In ChemSheet dialog you can define all the
necessary input values for one or more equilibrium calculations and also the results you wish
to retrieve and store to Excel worksheets.
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Figure 13-3. ChemSheet dialog.

13.5 Using Initial Conditions

ChemSheet offers you considerable flexibility for defining initial conditions for a chemical
equilibrium calculation. Two different methods are available that will cover most cases
experienced in practice:

1. Using Global Conditions of the System

2. Using Streams

Below is a schematic picture of an equilibrium calculation when using Global Conditions.

• Temperature ,Temperature

-Pressure -Pressure
-Initial -Equilibrium
composition composition

a) Initial condition b) Equilibrium

Figure 13-4. Global conditions.

You merely need to set single values for temperature and pressure, and enter amounts of
incoming species to define the composition of the system at its initial stage.
This input method is used if the amounts of the incoming species are merely given to define
the overall composition of the system.

Below is a schematic picture of equilibrium calculation when using Streams.
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-Temperature -Temperature
Stream ,Pressure -Pressure
STemperature -Equilibrium

-ePressure composition

-Stream
composition

a) Initial condition b) Equilibrium

Figure 13-5. Streams.

You set three variables - temperature, pressure and composition - for one or more input
streams and set single values for temperature and pressure of the system.
This input method is used if the reaction between the input streams is to be calculated,
especially in the respect to the change of the extensive properties: heat capacity, enthalpy,
entropy, Gibbs energy, or volume.

You have also an option to make target calculations, if some of the variables used above are
unknown but some other variables are known, e.g. the heat balance (enthalpy of the
equilibrium condition minus enthalpy of the initial condition) or the presence of a phase at
equilibrium.

13.6 Using Global Conditions of the System

Using this method, you merely need to set single values for pressure and temperature, and
enter incoming species to define the initial composition of the system. For example, if you
wish to calculate the thermodynamic equilibrium for the system SiO2-CaO, using a
thermodynamic data-file that among others contains the elements Ca, Si, and 0, he would
only need to define the temperature and pressure of the system, and the total amounts of SiO2
and CaO present. You can also enter incoming amounts as components, i.e. total number of
elements Ca, Si, 0 present. As a result of the calculation you will be given the amounts of the
stable phases in the system, and if a phase is a mixture phase, also the equilibrium
composition of the phase.

13.6.1 Selecting Global Conditions

I. Choose the Edit command in the ChemSheet menu or press the Edit ChemSheet
model button in the ChemSheet toolbar. If you don't have the ChemSheet toolbar
visible, select it with the Toolbars command in View menu. The ChemSheet dialog
box appears.

2. Click the Options. The Options dialog box appears.

3. Click the Global conditions in Initial Conditions.

Note - Global Conditions is the default value when you start a new ChemSheet model. If you
change the Initial condition all the Calculation data will be reset. So you should change the
Initial condition first and only then start defining the Calculation data.

13.6.2 Adding a New Condition

The procedure to define conditions is the same regardless of the method you have chosen to
define the initial conditions in the Options dialog box - only incoming species are defined
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differently. When you are using Streams, the incoming species are defined as stream
constituents. To add a new Condition:

1. Choose the New command in the ChemSheet menu or press the New ChemSheet
Model button in the ChemSheet toolbar. If you don't have the ChemSheet toolbar
visible, select it with the Toolbars command in View menu. The ChemSheet dialog
box appears.

2. Click Conditions tab in the Calculation data.

3. Click Add to add a new Condition. The Condition dialog box appears.

4. Select the state variable and necessary options for it and give its value. If some
controls are outlined with grey color, then their values are not needed for the selected
set of options.

5. Click Ok.

If you add other conditions than temperature, pressure, or incoming amount, then you have to
add a target variable.

13.7 Using Streams

A stream is a means for transferring non-reacted matter to a reaction zone. It has constant
temperature and pressure, and contains one or more phases of fixed composition. When using
this method, user sets the three variables - temperature, pressure and composition for each
input stream and set single conditions for temperature and pressure of the system. For
example, one stream entering a reaction zone may comprise 02 (g) pre-heated to a
temperature of 1500 K, and the other may consist of CO (g) at room temperature.
The Streams method must be used for calculation of the changes of extensive properties of
reactions; for example, those involving the heat balance of a combustion process. It is also
convenient to use it for reactor calculations, where you know what is entering the system and
you wish to calculate results at various stages during and at the end of the process.
When setting the incoming amounts for a stream, only phases and phase constituents can be
used for this purpose. If one wants to enter the incoming amounts for a stream in terms of the
system components (i.e. usually the elements), but the phase constituents of that phase are not
elements, one has to perform an intermediate calculation using another ChemSheet model that
uses Global conditions.

Other conditions, especially temperature and pressure of the system, are defined just as when

using Global Conditions.

13.7.1 Selecting Streams

1. Choose the Edit command in the ChemSheet menu or press the Edit ChemSheet
model button in the ChemSheet toolbar. If you don't have the ChemSheet toolbar
visible, select it with the Toolbars command in the View menu. The ChemSheet
dialog box appears.

2. Click Options. The Options dialog box appears.

3. Click Streams in Initial Conditions.
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Note - Global conditions is the default value when you start a new ChemSheet model. If you
change the Initial Condition all the Calculation data will be reset. So you should change the
Initial Condition first and only then start adding the Calculation data.

13.7.2 Adding a New Stream

To add a new Stream:
1. Choose the New command in the ChemSheet menu or press the New ChemSheet

Model button in the ChemSheet toolbar. If you don't have the ChemSheet toolbar
visible, select it with the Toolbars command in View menu. The ChemSheet dialog
box appears.

2. Click Streams tab in Calculation data.

3. Click Add to add a new Stream. The Stream dialog box appears.

4. Give the stream name, the temperature and its unit and the pressure and its unit.

5. Click Ok.

13.7.3 Adding a New Stream Constituent

To add a new Constituent to a previously defined Stream:
1. Choose the New command in the ChemSheet menu or press the New ChemSheet

Model button in the ChemSheet toolbar. If you don't have the ChemSheet toolbar
visible, select it with the Toolbars command in View menu. The ChemSheet dialog
box appears.

2. Click Constituents tab in Calculation data.

3. Click Add to add a new constituent. The Constituent dialog box appears.

4. Select the stream, the phase and the phase constituent and give its value.

5. Click Ok.

13.8 Getting Results

In ChemSheet getting results comprises two things: selection of the state variable and the
range of worksheet cells used to store the values of that state variable for each calculation
steps. The range can be a reference to a cell or range of cells or can refer to multiple areas. An
area is a range of contiguous cells or a single cell. The values are stored to the areas from left
to right and top to bottom. So the value for the first calculation step is stored to the first cell in
the first area (upper left comer of the area) and the value for the last step is stored to last cell
in the last area (lower right comer of the area).
Note - If you have selected Headers for a Result, then the first two cells in the first area are
reserved to them.

Here is an example where three results have been defined:
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Figure 13-6. Results in ChemSheet dialog.

If the Headers and Comments options are selected then the results are stored as follows:

Figure 13-7. Results in worksheet.

The first cells in each range contain the ID of the Option (state variable) and the second cells
contain the Unit of the state variable.

13.8.1 Adding a New Result

To add a new Result:
1. Choose the New command in the ChemSheet menu or press the New ChemSheet

Model button in the ChemSheet toolbar. If you don't have the ChemSheet toolbar
visible, select it with the Toolbars command in View menu. The ChemSheet Dialog
box appears.

2. Click Results tab in Calculation data.

3. Click Add to add a new Result to the list. The Result dialog box appears.

4. Select the result variable and the necessary options for it and give the range where to
store the values for each calculation step. If some controls are outline with grey color,
then their values are not needed for the selected set of options.

5. Click Ok.

13.9 Using Formulas

You can use formulas in any value field in ChemSheet. When you normally do any
calculation you change some value between the successive calculation steps and see how that
affects the new equilibrium.

The names StepIndex, StepCount, MapIndex, and Maplndex2 are defined when you start a
new ChemSheet model or open a workbook that contains a ChemSheet model. The value of
StepCount is the same as the Number of Steps that is given in ChemSheet dialog box. The
value of StepIndex varies from one to the number of steps so that you can always use it in
your formulas to refer to the index number of the current calculation step. Their values are
updated at the start of each calculation step before the results for that step are written. After
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all the calculation has ended its value is restored as one. Here is an example where the
equilibrium temperature is changed using the Steplndex:

Figure 3-8. Using formulas.

So initially its value is 200 C and then it increases by 200 at each successive calculation step.
The value of the equilibrium pressure is defined as a cell reference. Its actual value is the
same as the value of the cell E9 in worksheet Sheetl. The value of cell is evaluated in each
calculation step so it too can contain a formula that uses StepIndex.
The previous formula is a very simple one. If you want to calculate at temperatures that are
not incremented by a constant value you can enter the temperature values to a range in a
worksheet and use the Index function. For example you can enter the following values to
rane Al:A5:

798.0198
879.231

Figure 13-9. Random temperatures.

and then set the formula for temperature as follows:

Figure 13-10. Using INDEX-worksheet function.

You can use any of the worksheet functions that are available. For the list of functions select
the Functions command in Insert menu in Excel.
You can also use you own functions if you know how to program with Visual Basic

13.9.1 Using Units of State Variables

ChemSheet supports several units for each quantity. The quantities are:
* Pressure

* Volume

* Temperature

" Energy

• Amount

* Time

Time is only available when you have chosen to use Streams as Initial Conditions. Time is
added to all the units when it is applicable: amount means amount of flow (e.g. mol/s),
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enthalpy means enthalpy of flow (e.g. J/s), and so on. This way you can use different time
scales when giving initial conditions (as it may be the case with the real world application that
you are simulating) and need not to do the unit conversion yourself.
For all variables there are lists of example units. If the unit combination you want to use is not
present in a list, just type it to the text box. The numerator and the denominator are divided
with the slash character and other quantity units with the dash character. Blanks are ignored.
For example these are both the same unit for entropy flow:
J/K-s
J/s-K

But this is not valid unit for entropy flow:

J/K/s

Note - If you use streams and are not interested in time scales, just give all the time units as
seconds (or with any time unit as long as you make sure that you use the same time unit
everywhere).

13.10 Available units for Quantities

Table]3-2. Available units.

Quantity ID Unit Comment

Pressure P bar P/bar

atm P/atm = P/bar/I.01325

Pa P/Pa = P/bar/0.0000 I

kPa P/kPa = P/bar/0.01

psi P/psi = P/bar/0.06894757

torr P/torr = P/bar/1.01325/760

Volume V dm3 V/dm3

cm3 V/cm3 = V/dm3/0.001

m3 V/m3 = V/dm3/1000

ft3 V/ft3 = V/dm3/28.316846592

in3 V/in3 = V/dm3/0.0 16387064

Temperature K K T/K

C T/C = (T/K - 273.15)

F T/F = 1.8 * (T/K - 273.15) + 32
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Energy E J E/J

cal E/cal E/J/4.184

Btu E/Btu E/J/1055.06

kWh E/kWh = E/J/3,600,000

Amount A mol M/mol

gram M/gram

kg M/kg = M/gram/1,000

tonne M/tonne M/gram/1,000,000

pound M/pound = M/gram/453.59237

Time t s t/S

min t/min = t/s/l/60

h t/h =t/s/1/3600

d /d = t/s/1/86400

13.11 Thermodynamic Data

There are three different kinds of data-files that can be used with ChemSheet:
1. Ascii files (*.DAT)

2. Binary files (*.BIN)

3. Transparent files (*.CST

Ascii files can be made with ChemSage and HSC programs and they can be freely edited by
hand. When making data-files with HSC program you must convert the generated ChemSage
3.0 data-file to 4.0 format with ChemFile program that is included in ChemSheet package.
Binary files are stored in a way that doesn't permit the end user to extract or change
thermochemical data from the data-file. This is mainly done in cases where the license
agreement with the supplier of the data doesn't permit the distribution in plain text format. In
these cases the distribution of the data-file in non-ASCII form is the only way to make it
available to the users of our software. Due to the nature of FORTRAN standard for writing
binary data to files, or rather, the lack thereof, binary data-files are usually not portable across
platforms

Transparent files are more portable than binary files. Transparent data-files, like binary data-
files, are stored in a way that doesn't permit the end user to extract or change thermochemical
data from the data-file. This is mainly done in cases where the license agreement with the
supplier of the data doesn't permit the distribution in plain text format. In these cases the
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distribution of the data-file in non-ASCII form is the only way to make it available to the
users of our software. Transparent files can be made with FactSage program.
A comprehensive list of readily available standard data-files that are adequate for many
applications can be obtained from GTT-Technologies. Customized data-files can also be
prepared to meet a user's specific requirements. ChemSage data-files are mostly in the form of
an ASCII text-file and can easily be updated and refined, if necessary.

A significant feature of the ChemApp thermodynamic programming library used with
ChemSheet is that it incorporates a comprehensive library of excess Gibbs energy models for
various types of non-ideal solution phases. Additional 'customer-specified' models can be
added upon request from GTT-Technologies.

13.12 Sodium pentaborate

These reference values are from Eagle-Picher
(http://www.eaglepicher.com/EaglePicherlnternet) report on enriched sodium pentaborate
products for BWR operators:
http://www.eaglepicher.com/NR/rdonlyres/ 1183A34B-F387-4D85-A79A-
C4C5F1FB806C/O/w c 03.pdf

Table 13-3. Physical properties of sodium pentaborate

Form White Crystals

Enrichment To 99% at 1% 'Oboron

Formula Na 20*5B 20 3 * I 0H20

Specific gravity 1.71 g/cm3

Boron Content 17.2 1% at 'Oboron

Table 13-4. Solubility in water (natural isotopic composition)

Temperature/C % anhydrous salt by composition

0 6.28

10 8.10

20 10.55

30 12.20

40 17.40

50 21.80

60 26.90

70 32.25

80 37.84

90 43.80

100 50.30
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13.13 Sodium diborate (common name Borax)

Borax (Na20"2B203"I 0H 20) is the most common of sodium borate based buffer solutions. In
this project it is used as a reference solution to validate the thermodynamic model as
measured titration curves for it were found in the literature2 .

Table 13-5. 100 mL of 0. 025 MBorax buffer solution titrated with 0.1 MHCI2

HCI

mL

4.0

9.2

14.2

19.2

23.2

27.0

30.4

33.2

35.4

37.6

39.4

41.0

pH

9.1

9.0

8.9

8.8

8.7

8.6

8.5

8.4

8.3

8.2

8.1

8.0

Table 13-6. 100 mL of 0. 025 MBorax buffer solution titrated with 0. 1 M NaOH2

NaOH pH

mL

1.8

7.2

12.4

17.6

22.2

26.2

30.0

33.4

36.6

39.0

41.0
42.6

9.2

9.3

9.4

9.5

9.6

9.7

9.8

9.9

10.0

10.1

10.2

10.3

13.14 Thermodynamic System

The thermodynamic system used in pH calculation is shown below.

2 Robinson, R. A., and Stokes, R. H., Electrolyte solutions, the measurement and interpretation of conductance,

chemical potential, and diffusion in solutions of simple electrolytes, 2nd ed., rev. London, Butterworths, 1968
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Table 13-7. Thermodynamic system.

Components

Phase Constituent B Na H 0 CI e

Gas H20 2 1

HCI I

Water H20 2 1

H+1 -

OH- I I

B(OH) 3  1 3 3

B(OH) 4- 1 2 I

CI- I 1

Na+ 1 -1

NaC1 NaC| 1

NaOH NaOH 1.1 I

Na 20-2B203"IOH 20 Na 20"2B 20 3"1 0H20 4 2 20 17

Na 20"5B 20 3'10H 20 Na 2O'5B 20 3-10HI-20 10 2 20 26

Thermodynamic system consists of ideal gas phase (Gas), aqueous phase (Water) and for
condensed salts, NaC1, NaOH, sodium diborate (Borax) and sodium pentaborate. Aqueous
phase is modeled using Pitzer formalism.

13.15 Calculation Results

Initial calculations were made with ChemSheet software using the thermodynamic system in
Table 13-7. At this stage no calculation is made with any real or estimated process values.
These calculations are used to verify the thermodynamic system and its applicability to pH
calculations with sodium pentaborate and HCI systems in general.

First two reference calculations were made where results were compared against measured pH
values with 0.025 M Borax buffer solution (Figs. 3 and 4).
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100 mL of 0.025 M Borax buffer solution titrated with 0,1 M HCI

10

95

9

8 5

8

7.5

0 5 10 15 20 25 30 35 40 45

0.1 M HCIImL

ý--*-Meas pH -CaIc pH

Figure 13-11. Comparison of calculated and measured pH in a case of Borax buffer solution
titrated with 0. 1 M HCl.

100 mL of 0.025 M Borax buffer solution titrated with 0.1 M NaOH

11

105

10

9

8.5 - - -

8

0 5 10 15 20 25 30 35 40 45

0.1 M NaOHIm/L

Meas. pH -Calc pH

Figure 13-12. Comparison of calculated and measured pH in a case of Borax buifer solution
titrated with 0. 1 M NaOH.

With low acid and base concentrations calculated and measured values are almost equal but
especially with higher acid (HCI) concentration there is a clear difference but the result is still
adequate.

Next calculation was made with sodium pentaborate solution where natural boron
concentration is 1600 ppm (according to standby liquid control system specifications).
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13-13. ChemSheet dialog showing the initial conditions of pH calculation. Actual
were given in Excel worksheet

0.0148 M sodium pentaborate solution (1600 ppm natural boron concentration) titrated with HCI

10

9

8

7

6

3

2

0 -

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035

HCI/M

Figure 13-14. Calculation of pH in case of 0. 0148 Msodium pentaborate titrated with HCl.

It can be seen that pH changes to acidic when HCI concentration is greater than 0.029
mol/kgH2o. This result is not verified yet (it is only based on calculation).

Similar titration curve was found for sodium diborate (Borax) at
httn://www.borax.com/detergents/nheffect.html.
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Figure 13-15. Titration curve fbr 0.025 M Borax buffer solution .found at
http://www.borax. com/detergents/p hetect. html.

The same titration curve was also calculated with ChemSheet.

0.025 Borax buffer solution titrated with HCI

10

6

CL

3

2

1

0 0.5 1 1.5 2 2,5 3
milliequivalent HCI

Figure 13-16. Titration curve at 40 C. br 0.025 M Borax buffer solution calculated with
ChemSheet.

It can be seen that the calculated titration curve is quite similar.
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It can be concluded that the used thermodynamic data is applicable to pH calculations at
temperature range between 25-50 degrees Celsius and at moderate pressure (1-5 atm).
Probably it can be used at temperatures even close to boiling point of water (depending on the
absolute pressure).

In the next stage a ChemSheet pH model will be made where process data is taken from
MELCOR simulation.
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