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The steam generator blowdown system is designed to remove the impurities to prevent the steam 

generator from degradation by the accumulation and buildup of corrosion products. Two-dimensional 

transient analysis has been pe,formed to simulate the accumulation process of the impurities on the steam 

generator tubesheet and to investigate the effectiveness of the blowdown on removing the solid particles of 

various sizes. The solid-water two phase flow has been analyzed with the computational fluid dynamic 

code, FLUENT The results show the development of the accumulation and the amount of the sludge 

on the tubesheet with respect to particle size and blowdown flowrate. The high capacity blowdown is 

estimated as an effective method for removing the bigger particles. The data from this study will 

provide useful information for the design and operation of the high capacity blowdown system. 

1. INTRODUCTION 

The steam generator(SG) of the Korea Standard 

Nuclear Plant (KSNP) is an inverted U-tubc type 

recirculating unit with an integral economizer and 

two blowdown lines whose flow capacity is as high 

as 10% maximum steaming rate (MSR)[l]. i\s 

shown in Figure 1, the economizer is a semi

cylindrical section of the tube bundle above the 

tubcshcct on the cold leg side. i\ vertical divider 

plate separates the economizer from the adjacent 

hot side evaporator region. Fecdwatcr is introduced 

into the economizer region and heated to near 

saturation conditions before joining the cold side 

downcomcr water and fluid from the hot side 

evaporator. 

One of the pnmary causes of SG degradation, 

which may eventually lead to tube plugging, is the 

accumulation and buildup of corrosion products 

transported to the SG[2]. Impurities and corrosion 

products enter the SG through the fccdwatcr 

system and these contaminants produce sludge, 

which can deposit in crevices, on tube surfaces and 

on the tubcshcct. Aggressive impurities from the 

condenser cooling water leakage may cause 

serious damage to the SG. Soluble impurities can 

also concentrate as a result of the boiling process 

with a potential for tube degradation. 

The SG bottom blowdown system provides a 

capability to adequately blow down the SG under 

hot operating conditions to minimize the buildup of 

sludge on the tubcshcct, to control the chemistry 

condition and to reduce the concentration of 

impurities m the recirculating flow. On-line 

corrosion product removal is accomplished by 

blowdown of the bulk secondary fluid through the 

blowdown ducts located at the center of the 

tubcshcct (sec Figure ll. Continuous normal blow

down rate is maintained between 0.2 and 1% MSR 

The operating cxpcriences[3] show that, with the 

normal blowdown rate less than 1% MSTT, the 

particles whose sizes vary between 0.6 and 8 µm 

can be removed. Fluid removed from the hot side 

of the tube bundle by the continuous normal 

blowdown contains recirculated liquid that has been 

concentrated m soluble corros10n products by 

boiling and insoluble corrosion products. Studics[3] 

have shown that incoming particle sizes from 

fccdwater arc 1 to 3 µm. i\s parts of these 

particles reside in the recirculating fl ow without 
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being removed by the normal bottom blowdown 

system, they agglomerate and reach the sizes of 8 

to 24 µm or larger. Therefore, a higher blowdown 

flow rate may be required to remove agglomerated 

particles in order to prevent sticking them to the 

tubesheet surface. 

It is difficult for the designer to determine a 

blowdown flowrate that is to effectively remove 

sludge piled on the tubesheet because of the 

unknown kinds and sJZes of the particles. 

Conventionally, the high capacity blowdown flow 

rate has been determined based on the maximum 

capability that the system could provide without 

causing significant operating transient, i.e., SG level 

transient. In KSNP, the high capacity blowdown 

system is designed to provide a blowdown flowrate 

of about 10% MSR. The objective of the high 

capacity blowdown is to periodically increase the 

blowdown flowrate to increase the flow velocity 

and to enhance the sweeping of deposited sludge 

from the tubesheet. However, the operation of high 

capacity blowdown system is so complicated and 

requires so many precautionary actions to be taken 

by the plant operators. 

Since the high capacity blowdown capability of 

removing sludge piled on the tubesheet in terms of 

sludge size is not well understood, the unknown 

capability of the system makes it difficult to 

determine the effectiveness of the system. 

Therefore, the relationship between the blowdown 

flowrate and the removable par ticle size will be 

useful information for the mam steam and 

feedwater systems designers as well as the plant 

operators. The objective of this study 1s to predict 

the effectiveness of the SG blowdown to the 

removal of the sludge by analyzing the behavior of 

the iron-oxide (Fe:i01, specific gravity 5.2) particles 

of various sizes with the aid of the computational 

method. 

2. ANALYSIS 
2.1 Analysis Model and Governing Equations 
Figure 1 shows the SG lower part and the blowdown 

system near the tubeshcct. The blowdown system 

consists of a separate collection duct and nozzle for 

both hot and cold sides separated by the 

economizer divider plate. Each leg of the system 

is made up of a 3x6 inch hook shaped duct located 

on the secondary side of the tubesheet below the 

divider plate. On each side, suction is taken 

through holes in a section of duct which extends 

180 degrees around the support cylinder at the 

center of the tube bundle and exits through a 3 

inch drilled passageway in the tubesheet and 6 inch 

blowdown nozzle. 

The analysis model using the axisymmetric condition 

is shown in Figure 2, which represents the lower part 

of the SG near the tubcshcct. The grid of 85x73 

(radial x axial) is employed after the adequacy of the 

grid has been reviewed (Figure 3). The analysis model 

includes two side walls, the bottom of the tube sheet, 

one inlet and two outlets: one inlet from the 

downcomer, one outlet to the upper evaporating region 

and the other outlet at the bottom to the blowdown 

system. 

The velocity of 7.17 rn/s with a uniform velocity 

profile is given at the inlet. The inlet velocity is 

adjusted to compensate for the tube volume which is 

modeled by porous media assumption. The inlet 

width is 0.03 m. 

The outlet 1 is a main exit where the Neumann 

boundary condition is specified for the dependent 

variables. The blowdown flow rate is given as a 

boundary condition at the outlet 2, and varies from 

0% to 20% MSR (9.0m/ s). The blowdown holes of 

0.035 rn diameter arc modeled as 0.01 m wide slit. 

./\!so, the saturated water at 289 °C is assumed even 

though the water is heated up and begin to evaporate 

near the outlet 1. 

The governmg equations for the 2-dimensional 

axisymmetric unsteady state include the conservation 

of mass and momentum of the water and the 

particles. Time increment is set at 0.01 seconds. In the 

momentum equation, the tube bundle is modeled as a 

porous medium. The k- E turbulence model has been 

used in the analysis. T he analysis has been 

performed with the computational fluid dynamics code, 

FLUENT with SIMPLE a1gorithm[4l. 
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2.2 Porous medium model 
The flow region which has the bundle of tubes of 3/4 

inch diameter and 1 inch pitch is modeled by the 

porous media. The porous media model is nothing 

more than an added momentum sink in the governing 

momentum equation. 

Momentum equations arc solved m the porous 

medium, augmented by a general momentum sink: 

j-v+c2<1 pVIVl) 

where /3 and C2 arc empirical parameters of the 

permeability in each component direction and the 

inertial resistance factor, respectively. In laminar flows 

through porous media, the pressure drop is typically 

proportional to velocity and C2 is zero. i\t high flow 

velocities, the constant C2 provides a c01Tcction for 

inertial losses in the porous medium. 

In this analysis eliminating the permeability term and 

using the inertial loss term alone yield a simplified 

form of the porous media equation with C,; of 20 and 

C2j of 8.6 which arc obtained to get a similar pressure 

and velocity distribution to the i\ THOS calculation[3]. 

i\THOS (~nalysis of the Ihcrmal-B_ydraulics Qf 

Steam Generators) is a three-dimensional, two-phase, 

steady state and transient code for thermal-hydraulic 

analysis of recirculating C-tubc SG. 

2.3 Fluid- solid multiphase model 
i\ftcr a steady state solution of a single phase of 

water is obtained, the water-solid multiphase model is 

introduced with additional sets of conservation 

equations. The multiphase flow is described with the 

concept of phasic volume fractions which represent the 

space occupied by each phase. The law of 

conservation of mass and momentum is satisfied by 

each phase individually. The volume fraction of each 

phase is calculated from a continuity equation. In this 

analysis the flow behavior of a water-solid mixture is 

described. 

The FLUENT code uses the fluid- solid exchange 

coefficient derived by Syamlal and O'brian [ 4,5] with 

correlations between the terminal velocities of 

particles, volume fraction and relative Rcylonds 

number. Drag coefficient derived by Dalla Valle [6] 1s 

used. The fluid-solid exchange coefficient K,r in the 

momentum equations for the fluid and solid has the 

form 

3as a1 PJ C ( Res )I--- I 
K s1= ? D U s Uj 

4ifrs ds Vrs 

where a is the volume fraction, v,s is the terminal 

velocity, d is the solid diameter, Cd is the drag 

coefficient, Res is the relative Reynolds number based 

on the relative velocity, u is velocity, and the 

subscript f and s arc for the fluid and solid phase, 

respectively. 

The analyses have been performed for the particle 

sizes of lµm, lOµm, 30µm and 50µm. Once the steady 

state flow field of water is obtained, the particles of 

each size arc injected with water through the inlet 1. 

To accelerate the accumulation process the volume 

fraction of the particle at inlet is assumed 10%. 

3. RESULTS AND DISCUSSIONS 
3.1 Results 
Figure 4 shows the stream line with 10% MSR 

blowdown at t= 10 s. i\ small recirculating flow near 

the inlet is found and the stream line to the 

blowdown exit is also depicted. In the upper region 

beyond z=0.Sm, the radial velocity is nearly zero and 

the water flows in parallel with the z-axis. With 0 % 

MSR blowdown, a small recirculating zone near the 

blowdown exit exists and the sludge can be 

accumulated in thi s region. 

Figure 5 shows the concentration distribution of the 

various particle sizes at t=lOs with the normal 

blowdown flowratc of 1% MSR. The particles of lµm 

flow with water and do not accumulate much at the 

bottom. The bigger the particles become, the more 

the particles accumulate on the bottom of the tube 

sheet. Since the particles larger than 50 ttm arc hardly 

able to flow with water near the tubcshcct, the 

blowdown may not be very effective for the removal 

of such particles. 

Figure 6 represents the accumulation development of 

the particles of 50 µm with the blowdown flowratc of 

10 % MSR. The particles get to the blowdown exit at 

about 2.3 seconds, and the accumulated sludge 
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increases with time. 

Figure 7 shows the accumulation of the particles of 10 

µm with vanous blowdown flowratcs. i\s the 

blowdown flowratc increases, the amount of the 

accumulated sludge decreases. The normal blowdown 

flowratc of 1% MSR (Figure 5 b) is shown to be 

insufficient for the removal of 10 µm particles. 

Therefore, the high capacily blowdown is necessary 

for the sludge removal of greater than lOµm particles 

which arc not likely to be removed by the normal 

blowdown. 

Figure 8 shows the radial velocity distributions at z= 

0.01 m near the tubcshcct with various blowdown 

flowratcs. The radial velocity decreases gradually and 

increases again as it approaches the blowdown c.ltit. 

The location of the minimum velocity moves outward 

as the blowdown flowratc increases. Since the sludge 

is likely to accumulate at the area where the velocity 

is small, the inner portion of the tube bundle, 

0.3-0.4 m away from the blowdown exit, 1s 

expected to be the place where sludge 

accumulations arc the heaviest. The velocity near 

the blowdown exit increases with the increase of the 

blowdown flowratc, but the blowdown flowratc has an 

effect on the radial velocity distribution within about 

0.5 m from the blowdown exit. The velocity 

distribution beyond this region is not affected by the 

blowdown flowratc. The i\ THOS data[3] on the 

figure is the radial velocity at the higher elevation of 

z=0.lm which is the firs t node from the bottom of the 

SG, and due to the limited grid size the local velocity 

near the bottom can not be well described with 

i\ THOS code. The difference may come from the 

evaporation which accelerates the fluid. 

Figure 9 represents the sludge mass of vanous s12cs 

of particles accumulated on the tubcshcct with respect 

to the blowdown flowra tc. The maximum volume 

fraction for the solid phase is limited to a value of 0.6 

for mono dispersed spheres in the calculation. The 

control volume whose particle volume fraction is 

larger than 0.5 is assumed to have the accumulated 

sludge with its concentration. Since the small particles 

up to lOµm easily flow with water, only small amount 

of sludge accumulates on the tubeshcct regardless of 

the blowdown flowratc. The accumulation of the 

bigger particles of 3011m and 50µm is large and reduces 

with the increase of the blowdown flowrate resulting 

in, for example, 1,245kg with 1% MSR, and 685kg 

with 10% MSR for 50µm paiticles, which demonstrates 

that the high capacity blowdown is an effective 

method of removing the bigger size particles on the 

tubeshcct. 

3.2 Discussions 

SG blowdown par ticle size vanes from plant to 

plant and with blowdown rates. The range of 

particle sizes to which more than 90% of the 

sludge weight was attributed, was observed at 

Millstone II plant to be about 0.6µm , and Maine 

Yankee plant to be about 6.3µm. Data from Fort 

Calhoun and Calvert Cliff plants for the specific 

blowdown rates indicated that 90% of the sludge 

weight was from particle sizes from 1.15 to 2. 15µm, 

and 8.4-8µm with the blowdown rates of 0.3-1.0% 

MSR and 0.08-0.75% MSR, rcspectivcly.[3] These 

data indicate that the particle sizes of 0.6-8µm 

range represent more than 90% of the sludge 

weight in the SG blowdown line during normal 

blowdown of less than 1% MSR. Hence, the high 

capacity blowdown is needed for removing the 

particles larger than 8 µm. 

The drag force exerted on the particle is mainly 

proportional to the velocity squared times the 

projection area, but the paiticlc mass increases with 

the cubic of the diameter. Once the particle is grown 

to the size which cannot be removed by the 

blowdown, it sticks to the tubeshcct surface. The 

sludge which is not removed by the blowdown 

system, can also be removed from the tubeshcct by 

lancing machine during the outage. The equipment 

is placed inside the SG and sprays high pressure 

072 bar) water into the tube bundle through the 

lanes between tubes. i\ suction device removes 

the sludge/water slmTy. 

Table 1 shows the sludge lancing cxpericnccs[8]. 

Even with normal blowdown of 1% MSR and a 

high capacity blowdown of 10 % MSR for several 

minutes every week, the sludge of 50-lO0kg in 

about 1.5 inch thickness on the tubcshcct has been 
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regularly removed by lancing during the outage 

period at Palo Verde plants. But, in other plants 

which did not perform high capacity blowdown, 

much more sludge was removed by lancing. It is 

evident that the periodic high capacity blowdown 

reduces the sludge accumulation on the tubesheet. 

In KSNP, the high capacity blowdown flowrate is 

8.3% MSR at the hot side and 16.7% MSR at cold 

side. Another analysis shows that the blowdown of 

8.3% MSR for 2 minutes causes the excursion of 

the SG water level about __l5% nanow range 

within the controllable range. 

As the blowdown rate increases, the removable 

particle size also increases preventing sludge 

buildup in the SG. Therefore, a proper fi lter 

should be used to remove particles with normal 

and high capacity blowdown flow rate. When the 

blowdown flowrate is to be changed, it should be 

determined based on the operating experience data 

of the sludge amount and the sizes of the particles 

removed by the blowdown system and the sludge 

lancing, respectively. Also, the sludge removal 

capability data from this analysis can be used for the 

evaluation and prediction of the effectiveness of the 

SG blowdown in conjunction with the operating data. 

4. CONCLUSION 
A computational analysis has been performed to 

simulate the accumulation process of the iron oxide 

particles in the SG and to investigate the effectiveness 

of the blowdown on removing the particles of various 

sizes. From the results of this study, it is concluded: 

1. The normal blowdown of 1% MSR is not sufficient 

for removing the particles bigger than 10 µm , 

2. The high capacity blowdown is an effective means 

to remove the particles bigger than 10 µm, 

3. The high capacity blowdown of 10% MSR reduces 

the sludge accumulation approximately by half, 

4. The high capacity blowdown flowrate can be 

determined from the operational data of the sludge 

removed, 

5. Proper filters should be used for the normal and 

high capacity blowdown depending the removed 

particle sizes. 

NOMENCLATURE 
C Particle Volume Fraction 

C2;, 

n 
f o 

r, z 

µ 

p 

C2i Inertial resistance factor in i and j direction 

Radius of the inner support wall, 0.45 m 

Radius of the outer wall, 1.87m 

Cylindrical coordinate 

viscosity 

density 
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Figure 1 Stearn Generator Blowdown Sys tem 
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Figure 5 Particle Volume Fraction with 1% Blowdown 

at t=lOs (Crnin=0.06, Cmax=0.6, 6C=0.018) 
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Figure 6 Development of Volume Fraction of 50/lm 

Particles with 10% blowdown (Cmin=0.01, 
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Figure 7 Volume Fraction of 10 /JITI Particles at t= lOs 

(Cnin=0.06, Crnax=0.6, 6 C=0.018l 

0 . 0 
>, 
.w 
·rl 
u 
0 
rl 
(I) 

> 
rl 
(0 

·rl 
'tl 
(0 
~ 

-1.0 
- otBD 
- 1\:BD 

- 5'BD 

- 2 . 0 ~ 10\ID 

~ 15\ID 

- 20\ID 
- A'.IHE-ltt side 
----JaH:'6-cold side 

- 3 . 0 

0.0 0 . 5 1.0 1.5 

r - r i , m 

Figure 8 Tiadial Velocity Distribution at z=0.Olm 
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Figure 9 Sludge Accumulation on Tubesheet (t=lOs) 

Table 1 Sludge Lancing Experience [8] 

Date Utility/Plant Sludge, kg 
3/95 SCE/San Onofre 2 719 
4/95 MY AP/JV!aine Yankee 2,095 
8/95 SCE/San Onofre 3 469 
10/95 FPL/St. Lucie 2 679 
11/95 APS/ Palo Verde 3 100 
3/96 FPL/Turkey Point 4 369 
4/96 APS/Palo Verde 2 67 
10/96 CECO/Zion 2 138 
10/96 APS/Palo Verde 1 98 
1/97 SCE/San Onofre 2 4,728 
3/97 FPL/Turkey Point 3 334 
3/97 APS/Palo Verde 3 93 
4/97 FPL/St. Lucie 2 383 
4/97 Entergy/Waterford 3 164 
5/97 Entergy/Arkansas 2 165 
6/97 SCE/San Onofre 3 7,340 
9/97 FPL/Turkey Point 4 327 
9/97 APS/Palo Verde 2 50 


