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ABSTRACT

An attemperator (also called a desuperheater) sprays water into superheated steam to
modulate its temperature to a desired set point. Here, the sprayed water must evaporate
completely before it reaches the thermowell installed downstream of the attemperator, as the
amount of water sprayed into the flow varies according to the steam temperature measured
by the thermowell. Therefore, to develop optimal attemperator designs, it is vital to
accurately predict the evaporation distance of the sprayed water and find suitable methods

to reduce this distance.

In this study, measurements from the commissioning test of a coal-fired steam power
plant were analyzed using transient analyses. These analyses compensated for the
temperature change of spray water extracted far from the attemperator. By using these results
for the enthalpy balance in the attemperator, the spray water flow could be calculated
accurately enough to verify whether the spray-injected steam was completely desuperheated

before the outlet thermowell or not, even during operations with changing the generator load.

In three-dimensional simulations, droplet breakup and evaporation in various
attemperator design configurations were numerically simulated in the three-dimensional
domain, considering both primary and secondary droplet breakup. The simulation model
was validated by comparing the simulation results of four commissioning conditions (two
for completely evaporated cases and two for not completely evaporated cases) with the

corresponding transient thermal analysis results. Subsequently, four attemperator designs



were analyzed using the validated simulation model to obtain useful design insights. The
simulation results demonstrated that all droplets should break up into droplets that are below
a certain size to ensure complete evaporation. In addition, a venturi-type thermal liner can
enhance droplet breakup by accelerating and decelerating the steam flow, resulting in faster
droplet evaporation. Finally, the evaporation distance can be reduced by using multiple

smaller-sized nozzles, which produce smaller initial droplets.

Keywords: attemperator, CFD, simulation, droplet evaporation, droplet breakup,

superheated steam
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CHAPTER 1. INTRODUCTION

The increase in renewable energy production, such as from wind or solar power, has led

to an increased demand for higher flexibility in conventional coal-fired power plants to

maintain grid stability [1-5].

For example, the power generation of conventional power plant in Germany during ten

days in November 2016 is shown in Figure 1. As can be seen in Figure 1, the generation of

coal power plants decrease dramatically when the renewable power generation (solar, wind)

is high (see 20th to 21st). On the other hand, when the renewable power generation is low

(23rd to 24th), the coal power generation increases up to 40GW, which is half of the required

power generation. The increasing renewable power generation is global phenomenon.
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Figure 1 Conventional power plant in Germany during ten days in November 2016 [2]

Also, recently, Korea government published the 9th demand supply program on 2020.



Here, the power generation of renewable energies will be increase up to 40.9% until 2034
(it is 15.8% on 2020). Among the renewable energies, the solar and wind power plants
possess the 91% [6]. As mentioned in Germany data, the power generation of solar, wind
energies depend on weather, therefore, it is not predictable. Because of the non-uniform
power generation, the possibility of large scale of black out is increases. Therefore, to

prevent the problem, the coal power plants flexibility is required.

An attemperator (also called a desuperheater) can actively control the temperature of
superheated steam and reduce it to a desired set point by injecting cold water into the
superheated steam (Figure 2).

Turbine
hd V
- Attemperator
Boiler (-

-5 ( \\ W Condenser g_

7\

1 /
Feedwater  Boiler

heater feed
pump

Figure 2 Simple schematic diagram of a coal-fired power plant

1.1 Attemperator



1.1.1 The role of attemperator

The amount of cold water injected by the attemperator is varied based on the steam
temperature measured by a thermowell installed downstream of the attemperator. To ensure
that the thermowell only records the desuperheated steam temperature and does not provide
false feedback to the attemperator control system, the injected water must evaporate
completely before it reaches the thermowell. Therefore, considering the design of an
attemperator, the thermowell should be installed far downstream of the nozzle to ensure that
there is enough distance for complete evaporation of the sprayed water. As shown in Figure
2, a thermal sleeve protects the main pipe from the thermal stress caused by the impact of
the sprayed water droplets [7].

Cold water Thermowell

. Thermal sleeve
Steam inlet ||| I Steam outlet
- ¥ —
—_ —
—_ —

Figure 3 Schematic diagram of the attemperator

1.1.2 Components of attemperator

An attemperator is typically composed of a nozzle that injects a fine spray of water and
a thermal sleeve to protect the main steam pipe against thermal shock due to the direct
impingement of sprayed droplets (Figure 3). The desuperheated temperature is monitored
through a thermowell installed at the outlet of the attemperator. This temperature sensor is
tied to the feedback control of the spray water, which operates the control valve located

between a feedwater heater and an attemperator



1.2 Previous work of attemperator

1.2.1 Numerical simulation of spray evaporation

The spray evaporation application is used in wide industries. The turbulence effect on
mixing and evaporation of dilute spray is analyzed by Sadiki et al. and k-epsilon RANS
model is used [8]. Guo et al. studied the spray evaporation in desulfurization wastewater by
considering the initial droplet size distribution. The influence of velocity difference between
the droplet and air on heat transfer is analyzed and conclusion is carried out that the high
velocity difference increase the heat transfer however because of short residence time could
lead to long evaporation distance [9]. Feng et al. also simulate the spraying system in flue
gas desulfurization wastewater. They also considered how the velocity difference affect the
spray evaporation. When considering the effect of velocity difference in droplet evaporation,
the breakup would be most important factor, however, they did not consider the breakup
effect. The simulation of spray cooling system in urban environment is carried out by
Montazeri et al. [10]. The simulation considered the initial droplet size with Rossin-Rammler
distribution, and the turbulence effect is calculated by RANS model. The results of spray
evaporation were carried out varying the air speed and temperature. Samimi et al. developed
the droplet collision model in multi-component fuel spray evaporation considering the
turbulence [11]. However, these studies did not consider the real geometry of application

which means that their simulations are conducted in simple geometry.
1.2.2 Numerical simulation of attemperator

As the spray cooling of superheated steam involves several complex physical processes,
the analysis of an attemperator is a significant challenge. Schoonover et al. [12] performed
a one-dimensional numerical simulation to predict the steam temperature change in an
attemperator, considering the evaporation of the sprayed water droplets and assuming a
monodisperse droplet size. Rahimi et al. [13] and Kouhikamali et al. [14] performed two-
dimensional simulations by varying the initial droplet size and pipe diameter, and also
assuming a monodisperse droplet size. These studies revealed that smaller initial droplets

evaporate faster owing to their large surface-to-volume ratio. However, it should be noted



that the droplet breakup process was not considered in these studies.

In general, droplet breakup can be classified into two regimes: primary breakup and
secondary breakup. Primary breakup occurs due to the disintegration of the liquid jet ejected
from the nozzle, whereas secondary breakup occurs due to the drag force acting on the
droplets owing to the velocity difference between the droplets and the steam.

Several scholars have considered the secondary breakup model proposed by Reitz [15]
for attemperator systems. Cho et al. [16] performed a one-dimensional simulation to
calculate the evaporation distance of droplets injected into superheated steam using the
secondary breakup model. Ebrahiman and Gorgi—Bandpy [17] also employed the secondary
breakup model to predict the droplet evaporation rate in an axisymmetric two-dimensional
domain. These studies demonstrated that secondary breakup has a significant effect on the
evaporation distance in an attemperator. However, both studies assumed monodisperse
initial droplets (i.e. the size distribution of the droplets resulting from primary breakup was

not considered).

Table 1 summarizes the physics considered in previous study of numerical simulation

of attemperator system and this study.

Table 1 Summary of numerical simulation studies of attemperator system

Authors Dimensions Initial droplet size Droplet quplet Turbulence  Geometry
breakup collision
Schoonover et al. 1 monodisperse ) ) ) )
12 P
Rahimi et al. [13] 2 monodisperse - - - Rectangle
KouhlkEalrz]al etal. 2 monodisperse - - - Rectangle
) Secondary
Choetal. [16] 1 monodisperse breakup - - -
Ebrahiman and . Secondary
Gorgi-Bandpy [17] 2 monodisperse breakup - - Rectangle
. RANS
. Rossin-Rammler  Secondary O'Rourke . Real
IS Sty & distribution breakup model (krﬁgjggn geometry

1.3 Objective of this study



Since the experiments of attemperator is hard challenge due to the supercritical
conditions (high temperatures and pressure and large mass flow rate), the studies of

attemperator is highly depends on the simulation.

However, in-depth studies that consider the droplet size distribution resulting from
primary and secondary breakup have not been conducted. Furthermore, the actual three-
dimensional system has a complex stream velocity field that significantly affects the droplet
breakup phenomena; however, previous studies generally fail to simulate these phenomena

as one- or two-dimensional cases were considered.

Also, the validation of simulation is carried out by comparing the outlet temperature of
experiments and simulations. However, this is meaningful only when the measured
temperature is accurate. If the sprayed water from attemperator is not completely evaporated,
the thermowell would measure wrong steam temperature, resulting in not accurate validation

of simulations.

In this study, the commissioning data which will compare to the results of three-
dimensional simulation is analyzed using enthalpy balance. The complete evaporation of

sprayed water will confirm and the results will be used for the validation factor of simulation.

In three-dimensional simulation, the droplet breakup and evaporation phenomena in an
actual attemperator geometry with reasonable accuracy is considered to provide design
guidance for attemperator systems. Accordingly, three-dimensional numerical simulations
are performed using ANSY'S Fluent 19.1, considering both primary and secondary droplet
breakup. For validation, the simulations were performed under four commissioning
conditions of the attemperator and compared with the results from a previous study.

Subsequently, the four design modifications were simulated.

The rest of this paper is organized as follows. Chapter 2 describes the transient analysis
of commissioning data of coal-fired power plant. Chapter 3 describes the assumptions and
models used in the numerical simulation considering the operating conditions of the

attemperator; the results of the grid and convergence tests are presented as well. Chapter 4



presents the simulation results under four commissioning conditions and the accuracy of the
simulation is validated by comparing the simulation results with the corresponding transient
thermal analysis results from a previous study. Chapter 5 presents the simulation results of
various attemperator designs that can provide useful design insights, and Chapter 6 discusses

the results obtained in this study. Finally, Chapter 7 summarizes the study.



CHAPTER 2. TRANSIENT ANALYSIS OF COMMISSIONING
DATA (THE VALIDATION DATA FOR THRE E-
DIMENSIONAL SIMULATION)

The measurements from the commissioning test of a coal-fired steam power plant were
analyzed using transient analyses. These analyses compensated for delayed temperature
measurement at thermowells with large heat capacities and the temperature change of spray
water extracted far from the attemperator. By using these results for the enthalpy balance in
the attemperator, the spray water flow could be calculated accurately enough to verify
whether the spray-injected steam was completely desuperheated before the outlet
thermowell or not, even during operations with changing the generator load. Temperature
readings from thermowells depend on the subcritical and supercritical conditions and the
validity of the various simplifications used in the transient analysis were discussed.
According to the transient analysis of the commissioning data, the thermowell distance in
one of the attemperators could be judged as being too short to ensure complete
desuperheating of the spray-injected steam, and thus, this should be considered in the control
logic.

The temperature delayed due to the thermowell heat capacity is called thermowell
transient (TT) analysis [7]. In this section, the temperature change of spray water extracted
far from the attemperator is calculated. The accuracy of transient analysis using the

calibrated temperature of sprayed water is increased compared to the TT analysis.



2.1 Enthalpy balance for the attemperator during a constant load operation

The attemperator (ATMP) injects spray water to desuperheat superheated steam (Figure
3). Thus, the enthalpy of the inlet superheated steam plus the spray water should equal that

of the outlet desuperheated steam as shown in the following enthalpy balance equation:
ms,inhs,in + mwhw = (ms,in + mw)hs,out (1)

Here, my ;,, and m,, represent the steam and spray water mass flows, respectively. hg ;,,
hs oue and h, are respectively the specific enthalpy of the inlet steam, outlet steam and the

spray water injected into the attemperator.

If the spray water completely evaporates ahead of the outlet thermowell and the steam
temperatures at the inlet and the outlet of the attemperators remain constant, the respective
thermowell measurements (Try s@armp,, ad Trw s@arme,,,) Will reflect the temperatures
of the incoming steam and the completely desuperheated steam (Ts;, and Ts,y¢ ),
respectively. Thus, thermowell temperature measurements can be directly used to obtain the
respective enthalpies in Eq. (1). Using these values, the spray water flow (m,, .4;) can be

calculated using Eq. (2), and will agree well with the measured flow (1, 1eqs)-

. e hs,in_hs,out
mw,cal - ms,in Rs out—hw (2)

On the other hand, if the sprayed water did not completely evaporate ahead of the outlet
thermowell, the thermowell would measure a temperature different from that of the
completely desuperheated steam (i.e., Trw s@armep,,, # Tsout)- In this case, the calculated

spray water flow (1, 4;) using the enthalpy obtained Try s@armp,,, Will be different from

the true measured one (1, meqs)-

Therefore, by comparing 1, meqs and m,, .o; by Eq. (2) (i.e., by checking the enthalpy
balance), it is possible to verify whether the spray injected steam was completely

desuperheated ahead of the outlet thermowell or not.
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2.2 Estimation of the temperature of the spray water injected into the
attemperator considering the heat transfer between fluid and pipe (fluid
and pipe transient (FPT) analysis)

Under constant load operation, the water temperature at the feedwater heater outlet
(Figure 4) is kept almost constant. Thus, both the internal fluid and the pipe wall is well
insulated. That is, the temperatures will not change as the fluid flows through the pipe. In
this case, the temperature of the spray water injected the attemperators would be the same
as the temperature measured at the feedwater heater outlet (TTW,w@FWH).

On the other hand, during changing load operations (e.g. start-up, shut-down, loading
change), the fluid temperature changes continuously, and the pipe wall responds slowly to
changes in fluid temperature due to its relatively large thermal mass. Thus, when
TTW,w@FWH begins to increase, the response of the temperature of the spray water injected
into the attemperators will be delayed by the transport time of fluid in the pipe from the
feedwater heater to the attemperator. In addition, since the fluid will lose heat as it flows
through the cold pipe, the spray temperature will be smaller than TTW,w@FWH even after
this transport time [18-20]. The starting point in this analysis is the unsteady energy equation
for the fluid, assuming that the axial conduction is negligible (Figure 5).

oT aT
pepdi (50 + Vave 52) = hP(T, = T) @3)

Here, p, c¢,, A; and P represent the density and specific heat of the fluid and the inner
area and perimeter of pipe, respectively. T, T,, and Vg, respectively represent the fluid and

pipe temperatures and the average flow velocity. Thus, the term on the right side of Eq. (3)

represents the heat transfer between the inner flow and the pipe wall.

Here, quasi-steady heat transfer was assumed [21]; thus steady-state heat transfer

coefficients could be obtained from the Dittus-Boelter equation.

Nup, = 0.023Rey/°Pr* it 0.7 < Pr < 160 and Rep, = 10,000 4)
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Figure 5 Energy balance for the control volume of fluid and pipe

Here, n = 0.4 for heating and n = 0.3 for cooling. Using the above correlation, the heat
transfer coefficient (h = Nu k/Di) could be obtained. If the temperature gradient across the
thickness of the pipe wall was small, the rate of heat loss at the surface of the pipe wall
should be balanced by the rate of change of the internal energy of the pipe wall [22].

oT
heffP(T —Tp) = ppCp(4, — 4A;) 6_: ®)

Here, P and CP represent the density and specific heat of the pipe, respectively.
Combining Egs. (1) and (3), the following governing equation can be obtained.

pepDi (9T | 9T _ Yy = —p . (DE=DD)3Tp
4 (6t+u6x)_h(TP T) = —ppCp 4D; ot (6)

The Biot number is larger than 10 under the current conditions; thus the effective heat
transfer coefficient (heff ) is again employed [25,26]. For fluid flow inside a solid pipe, the

effective heat transfer coefficient can be obtained as follows:

_ (1, 1 D}(4D3-D})+D;D&(4Ln[Dy/D;]-3) -1
hery = (5 + 2 LR e el g

Here, the time constant for the pipe wall, p can be expressed as Eq. (6).
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_ ppCp(Do°—D;?)

™= - P4hDi (8)

In this work, the fluid temperature at x = 0 (i.e., i = ) for every time step can be obtained
from the temperature measured at the thermowell (e.g. TTW,w@FWH) and the temperatures
of the fluid and the pipe wall at the previous time step are known. Thus, Eq. (4) was explicitly
discretized using an upwind method with forward differencing in time.

n_pn 4h,
Tin+1 — Tin 4+ (—u? % + ngi (Tp? — Tin)> At 9)

with 7g" = Trw werwn (t = nAt)
Here, uAt/Ax should be smaller than 1 to satisfy the stability requirement. Using the
fluid temperature obtained at the new time step, the pipe temperature is obtained as follows:

+1 _ 4hefrDi +1
Tpl "t =Tpl + <m (T/+t — TP;‘)> At (10)

Hereafter, these (Egs. (7) and (8)) are referred to as the “Fluid and Pipe Transient (FPT)”

analysis. In Figure 6, the fluid temperature measured at the economizer inlet
(TTW,w@EC)was compared to that calculated (Tw,EC,cal) using Egs. (7) and (8). Here,
Tw,EC,cal was obtained from the temperatures measured at the feedwater heater outlet
(TTWW@FWH where x = 0 m) 120m ahead of the economizer. In addition, the
thermophysical properties and geometric dimensions of pipe between the feedwater heater
(FWH, x = 0 m) and the economizer (EC, x = 120 m) are summarized in Table 1. Here, the
thermal time constant for the pipe wall (p) was calculated to be approximately 7 min, thus
the pipe temperature (TP,FWH,cal and TP,EC,cal) responded slowly to increasing fluid

temperature.

On the other hand, the time delay of the flow (tdelay) is as short as 0.5 min, since the
flow speed is relatively fast (3.5 m/s). Therefore, the water temperature does not change
much when flowing from FWH to EC (i.e., TTWwW@FWH TTW,w@EC), and the pipe
temperature from FHW to EC also does not change much (i.e., TP,FWH,cal TP,EC,cal). As
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a result, the calculated fluid temperature at the economizer (Tw,EC,cal) was in good
agreement with the measured one (TTW,w@EC), as shown in Figure 6. Thus, the validity of

the fluid and pipe transient (FPT) analysis could be verified.

14:10:00

295
changing load Constant load changing load Constant load changing load
285
TTW.W@EC
(water-side TW Temp. at economizer inlet, x=120m)
275
TTLV.W@FW'H
(water-side TW Temp. at FWH outlet, x=0m) \__‘ e
O 265 r N
w.EC.cal
E (calculated water Temp. at economizer inlet, x=120m) Tp.5c.0al
g 255 " (calculated pipe Temp. at the economizer inlet, x=120m)
o
£
i
245
A To.rwH,cal
235 (calculated pipe Temp. at feedwater heater outlet, x=0m)
225

14:50:00 156:00:00 16:10:

Time (hh:mm:ss)

14:20:00 14:30:00 14:40:00

00 156:20:00 15:30:00

Figure 6 The results of a transient analysis to predict the fluid and pipe temperatures

Table 2 Thermophysical properties [23,24] and geometric dimensions of the

thermowell and the pipe

Water pipe from Water pipe from
FWHto EC BIF*to ATMP
Density of pipe, pryw 7900 kg/m3 7900 kg/m3
Heat capacity of pipe, Cry, 460 J/kgK 460 J/kgK

Thermal conductivity, k kp =282 W/mK

kp =282 W/mK

Outer diameter, D, 55cm 15cm
Inner diameter, D; 40 cm 10 cm
Distance, L 120m 100m

Representative heat transfer coefficient, h ~ 13000 W /m?k

~ 8000 W /m?k

Biot number, Bi** 34 13
Representative effective heat transfer coefficient, h ¢ ¢ ~ 550 W/m?k ~ 2500 W/m?k
Representative fluid velocity, u ~ 3.5m/s ~12m/s
Flow time delay, t 414, (= L/u) ~ 0.5 min ~ 1.5min

* the location bifurcated to the 1st and 2nd attemperators, ** based on h, *** based on h,y
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Figure 7 shows the spray water flow recalculated from the enthalpy balance using the
fluid and pipe transient (FPT) analysis, as well as the thermowell transient (TT) analysis. In
Figure 7(a), the temperatures of the spray water injected into the 2nd attemperators
(Tw,ATMP#2,cal, shown in red) was obtained using Egs. (9) and (10) and the temperatures
measured at the feedwater heater outlet (TTW,w@FWH, shown in a grey line). Here, the
spray water from the feedwater heater was divided into the 1st and 2nd attemperator at a
relatively short distance, while the distance from this bifurcation (BIF) point to the
attemperators (ATMP) reached 100m (see Figure 4 and Table 1). Thus, the FPT analysis
was applied only from BIF to ATMP and it was assumed that the fluid temperature at BIF
(Tw,BIF ) was the same as TTW,w@FWH. Here, the thermal time constant the for the pipe

wall ( 7,~ 3 min) and the time delay of flow (tdelay ~ 1.5 min) are comparable, thus the pipe

temperature at BIF (TP,BIF,cal where x = 0 m, shown in dark blue), responds relatively
quickly to the increase of the water temperature measured at FHW (TTW,w@FWH). This
implies that the heat transfer from the water to the pipe is also significant and that the water
temperature decreases significantly when flowing from BIF to ATMP. Thus, the calculated
temperature of the spray water injected into the 2nd ATMP (Tw,ATMP#2,cal) was about
10 °C lower than the water temperature measured at FWH (TTW,w@FWH) during changing

load operations. Likewise, the pipe temperature from BIF to ATMP also changed
significantly. The pipe temperature at the 2nd ATMP (TP, ATMP#2,cal, shown in bright blue)
was also about 10 °C lower than TP,BIF,cal. The results of the 1% attemperator in Figure
7(b) also show an almost identical trend to Figure 7(a), except that the temperature difference
between TTW,w@FWH and Tw,ATMP#1,cal is as large as 20 °C during the first load

changing operation. This is because during the first load changing operation, the spray flow
rate of the 1st ATMP (mw@ATMP#1) was especially small, as shown in Figure 7(d).

Using the calculated temperatures of the spray water injected into the ATMPs
(Tw,ATMP#2,cal and Tw,ATMP#1,cal) instead of TTW,w@FWH, the spray water flows of
the 2nd and 1st ATMPs were obtained and are shown as the red lines in Figure 7(c and d).

Here, the calculated steam temperatures in Figs. 8(a and b) were used.
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Figure 7 The results of a fluid and pipe transient analysis using the same loading commissioning

data for the 1st and 2nd attemperators (ATMP). (a) The water temperature measured at
the FWH outlet (black), the calculated pipe temperatures at the BIF of the 2nd ATMP
(dark blue) and at the 2nd ATMP (bright blue) and the calculated temperature of the
spray water injected into the 2nd ATMP (red), (b) those for the 1st ATMP, (c) the
measured total (both A and B sides) spray water flow rate (black) and the calculated
value for the 2nd ATMP by TT analysis (green) and by both TT and FPT analyses (red)
(d) those for the 1st ATMP. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Since the steam flow rate (ms,in) was approximately 10 times larger than the spray water

flow rate, the change of about 10 °C in the spray water temperature did not make significant

differences to Eq. (1). Therefore, the FPT analysis did not significantly change the calculated
spray flow rate and the results obtained from the FPT (shown in red) and the TT analysis
appear to be almost identical to those obtained with only the TT analysis (shown in green).
However, as can be seen in the enlarged view in Figure 9(b), the FPT analysis improves the
agreement between the calculated spray flow rate and the measured one during the load
change and at later periods, which again verifies the validity of the FPT analysis.

Figure 9 compares the root mean square (RMS) values of the difference between the
measured spray water flow rate and the calculated value using different analysis methods.
Here, the spray flow rates in the 2nd attemperator (Figure 7(c)) were used, since they were
in better agreement. The TT analysis significantly improves the accuracy of the calculated
spray water flow rate calculated using the SS analysis. The FPT analysis can also further
improve the accuracy. To confirm the reliability of the above results, additional de-loading
commissioning data was analyzed using the transient analysis (TT and FPT analyses) and
the results are shown in Figs. 15 and 16. Consistent with the results in Figure 7, the calculated
spray water flow rate in the 2nd attemperator was in good agreement with the measured one,

while the discrepancies could often be observed in the 1st attemperator.

Usually, the downstream temperature (outlet temperature) is compared for the
validation of attemperator simulation [25]. However, in the case of not completely
evaporated in attemperator system, comparing outlet temperature is not good enough for the
validation because of thermal mass of thermowell and pipe (also, the reason is shown in

chapter 2).

For above reason, this study uses the completion of the droplet evaporation as a
validation factor. Therefore, the transient analysis studies carried out in this chapter will be
compared to the simulation results in chapter 4, so that the reliability of the simulation will

be increased.
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Figure 10 Root mean square (RMS) values of the difference between the measured spray water
flow rate and the calculated values using different analyses. The data in Figure 7(c) (the
loading commissioning data from the 2" attemperator) was used. (a) steady-state (SS)
analysis, (b) thermowell transient (TT) analysis, (c) fluid and pipe transient (FPT)
analysis combined with the thermowell (TT) analysis.
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Figure 11 The results of a transient analysis of the de-loading commissioning data for the 1st and

2nd attemperators. (a) The generator load (black) and the steam pressure measured at the
HPT inlet (red), (b) the measured total (both A and B sides) spray water flow rate (back)
and the calculated value (red) for the 1st attemperator and (c) those for the 2nd
attemperator.
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Figure 12 The results of a transient analysis of the de-loading commissioning data for the 1st and
2nd attemperators. (a) The generator load (black) and the steam pressure measured at the
HPT inlet (red), (b) the measured total (both A and B sides) spray water flow rate (back)
and the calculated value (red) for the 1st attemperator and (c) those for the 2nd
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CHAPTER 3. SIMULATION

In this chapter, the method of three-dimensional simulation of attemperator system is
presented. The simulation domain is shown in Figure 13 which shows a representative

attemperator system with a single nozzle and a venturi liner (also called thermal sleeve).

The important physics method used in simulation will be discussed in section 3.1 and

the grid test will be explained in section 3.2.

Thermal sleeve
Steam inlet Nozzle cylinder . Steam outlet
.
)

— 0.304m I 0.364m Top view
1 —

Figure 13 Top view of simulation domain

3.1 Numerical model description

3.1.1 Continuous phase flow

The Reynolds-averaged Navier-Stokes (RANS) approach with Lagrangian particle
tracking is used to simulate the steam flow (continuous phase flow) and the behavior of
droplets (dispersed phase flow). Here, the Mach number of the steam flow is lower than 0.3;
thus, the mass conservation (Eqg. (11)) and momentum (Eg. (12)) equations of the steam flow
are calculated as Eulerian approach using the SIMPLE method that is valid for

incompressible flow [26,27].

dps =

6pt +V-(psVs) =S, (1)
DV _ I

ps—5; =~V + V- (D) +psg +F, (12)

where pg and 17; are the density and velocity of the steam respectively; p is the pressure;

T is the stress tensor, g is gravity; and F is other external force.

In the current attemperator system, most of the droplets break up and evaporate in the
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central region of the thermal liner. Thus, the k-¢ turbulence model suitable for free-shear
flow is used for the RANS equation of Eq. (12). It is noted that the k- model is known to
perform better at adverse pressure gradients, near-wall boundary layers, and low Reynolds

numbers.
3.1.2 Dispersed phase flow

A discrete phase model (DPM) is used for the dispersed phase flow of droplets in a
Lagrangian reference frame. An alternative is the volume of fluid (VOF) model that tracks
the interface between the gas and liquid phases; it is widely used to model free surfaces with
high volume fractions of liquids [28-31]. However, in the attemperator system, the number
of droplets is large, and the volume fraction of the droplets (dispersed phase) is less than 5%.
Thus, the DPM model is used.

The discretization of the governing equations (Egs. (11) and (12)) for the steam and the
Lagrangian tracking of the droplets occurs in the same meshes. Furthermore, the mass,
momentum, and heat exchanges between the steam and the droplets only occur inside the

mesh, where the droplet is located.

The droplet acceleration (dl7d /dt) was calculated using the drag force (ﬁdmg) and the

gravity force (ﬁgmvity), for which the spherical drag coefficient defined by Morsi and

Alexander [32] was used.

d‘_} = =
Pd d_td = Fdrag + Fgravity- (13)
The heat transfer between the droplets and steam is balanced by the change in the
sensible heat capacity of the droplet and latent heat of the droplet evaporation, as shown in
Eq. (14). Subsequently, the amount of droplet evaporation becomes the source term (S) in

the steam continuity equation (Eq. (11)).

ar da
hAd(TS - Td) = dep d_td + %hf‘gy (14)
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where my, ¢p,, and hs, are the droplet mass, heat capacity, and latent heat, respectively;

T is the temperature; h is the heat transfer coefficient; and k¢ is the latent heat of droplet.

In general, a fine mesh is preferred to accurately simulate steam flow. However, in the
DPM, the solution of the steam continuity equation can diverge if the mesh size is too small,
as droplet evaporation becomes the source term in the steam continuity equation (Eq. (11))

[33,34]. This phenomenon is discussed in further detail in Section 3.2.
3.1.3 Primary and secondary breakup model

Primary breakup occurs when the liquid jet is ejected from the nozzle, and it determines
the initial droplet size distribution. This distribution is assumed to be a Rosin—Rammler
distribution [35,36] that is expressed by a representative droplet size (Sauter mean diameter,
d3,) and a spread parameter. Herein, d;, was calculated from the Weber number (We)
using the correlation proposed by Wu et al. (Eq. (1)) and the spread parameter for non-
cavitating flow [37].

2
dsy = 133.0AWe =074 where, We = 2444 (15)
o

Here, 4 is the radial integral length scale at the jet exit, and p,, u, and o are the droplet
density, velocity difference between the steam and droplets, and droplet surface tension,

respectively.

The secondary breakup occurs due to the drag force on the droplets generated by the
velocity difference between the droplets and steam. To model this phenomenon, CFD
simulations of the droplet breakup use various approaches, generally based on either Taylor
analogy breakup (TAB) or wave breakup model. The TAB model [38,39] uses spring-mass
system analogies to describe the droplet breakup process caused by surface tension, droplet
drag, and droplet viscous force, which is applicable for systems with a low Weber number.
In contrast, the wave breakup model [15] is based on the Kelvin-Helmholtz instability and
is valid for large Weber numbers (We>100) as in the case of the attemperator. Thus, the

wave breakup model is used in this study.
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It is noted that a significant factor that affects droplet evaporation life-time or distance
is the size reduction due to droplet breakup [12-14], which is affected by the steam velocity
field in the attemperator. Related to this, this study demonstrates the significant difference

between a venturi-type and straight thermal liner, which is detailed in Section 5.2.
3.1.4 Interaction between wall and droplets

According to Stanton [40], the droplet behavior after impacting the wall can be divided
into four regimes (splash, spread, stick, and rebound) as shown in Figure 14. The regimes
are determined by the impact energies of the droplets (E) (given by Eqg. (16)) and the wall

temperature (T,,).

2 _ PaVida 1
E* = o (min(ho/dd,1)+6bl/dd) (16)
Sy = \;% where, Re = 24/ndd

V,, and d; are the droplet normal velocity to the wall and the droplet diameter,
respectively; hy is the thickness of the water film on the wall; and &y, is the height of the

boundary layer.

Herein, the wall temperature (7;,) is close to the steam temperature (T5), which is higher
than the saturation temperature (. T,, » T.pir = Tsqr). The impact energies (E) of most of

the droplets were under E...;; (= 57.7). Therefore, the rebound model was adopted herein.

E A
Splash

Ecrit
(= 57.7)

Spread

Stick

Terit (= Tsae) Ty

Figure 14 Wall interaction criterion chart [40]. The dashed area indicates the regime adopted herein.
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3.1.5 Radiation effect

Since the droplet is small compared to the pipe the system can be considered as small
convex object in a large cavity system in radiation. In this case the view factor of droplet to
wall becomes 1 (F;, = 1). Therefore, the radiation heat flux to the droplet can be expressed

as follows,

no__ 4 4
q = awaterUTw _gwateerrop (17)

From the Wien’s displacement law, the most dominant wavelength of wall temperature
and droplet temperature is A = 4.28um and 1 = 5.04um respectively. Therefore, since the
absorption length is much smaller than the droplet size, the transmissivity can be assumed
to be zero. This study is an enclosed case and can be assumed to have the same absorptivity
and emissivity. From the transmissivity, the absorptivity and emissivity of water can be

regarded as 1. The Eq. 17 can be simplified as follows,

CI” = agwater(Tw4 - Tdrop4) (18)

In the other hand, the convective heat flux can be expressed as follows,

q” = h(Tw - Tdrop) (19)

Using the representative operating conditions in attemperator system, the radiative flux
is 6,742 W /m? and the convective heat flux is 407,000 W /m?. Compare the effect of
radiation to the convection, the radiative heat flux is less than 2% of convective heat flux.

Therefore, the radiation effect is neglected in this study.
3.1.6 Droplet collision

The dilute flow is defined when the volume fraction of particles is smaller than 0.0005
[41]. In the attemperator system, the volume fraction of sprayed water to steam flow is about
0.005 which stands for the dense flow. Therefore, the droplet collision model of O’Rourke
is used [42].
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3.2 Grid test

The mesh was generated using the ICEM software package provided by ANSYS. Most
of the flow domain was created using hexa meshes owing to their high orthogonal quality
and low skewness value. In particular, the domain adjacent to the nozzle cylinder was also
created using hexa meshes to accurately simulate the boundary layer effect. In contrast, as
the nozzle cylinder is perpendicular to the direction of steam flow (Figure 13), tetra meshes

were generated in region 2. The overall mesh shape used in the simulation domain is shown

in Figure 15.
(a)
Hexa zone Tetra zone Hexa zone
+.
of Side view

(b)

Figure 15 (a) composition of mesh shape; and (b) overall mesh shape in the simulation domain.

3.2.1 Grid dependency test

The simulation was performed using ANSYS Fluent 19.1, and the velocity and pressure
fields were solved using the k- ¢ turbulence model and the SIMPLE method [35]. Grid
dependency tests were performed by varying the total number of meshes (3 million, 1 million,
0.16 million, 0.05 million, and 0.02 million) and the resulting velocity contours are shown
in Figure 16(a). Droplet evaporation is significantly affected by the droplet size, which in
turn is affected by the droplet breakup that occurs due to the velocity difference between the
droplets and the steam. Consequently, the steam velocity profiles at the center, as shown in
Figure 16(b), were compared in the grid dependency test. As shown in the dotted area in
Figure 16(b), the velocity profiles with 3 million, 1 million, and 0.16 million meshes were
similar, whereas those with 0.05 million and 0.02 million meshes were relatively small.

Therefore, considering the computational costs and accuracy, a total of 0.16 million meshes
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was determined to have suitably passed the grid dependency test for steam flow (Table 2).

(a) 3 million Distance (m)
1 million
0.16 million
0.05 million
0.02 million
Velocity o 16.2 32.4 48.6 64.8 81.0 97.2 108.0
[ —— | T ee—
(m/s)
b - 120 3 million
(b) 2 1 milli
£ ~ million
- [N e e e 0.16 million
> ~ ]
g 6o / N~ i 0.05 million
% - / i ’*’?:;;——’é:h___igg — 0.02 million
> F N\ T R
o 1
0 1 2 3 4 5 6 7

Distance (m)

Figure 16 Grid dependency test of steam flow: (a) velocity contour and (b) graph of the center line
velocity with different numbers of meshes.

3.2.2 Grid divergence test

In addition, we performed a grid convergence test considering droplet evaporation. As
mentioned in Egs. (13) and (14), droplet evaporation is the source in the steam continuity
equation. Therefore, if the mesh in the DPM is too small, the steam velocity can become
abnormally large owing to droplet evaporation. Figure 17 illustrates the simulation result
with 1 million meshes. As shown, the steam velocity in the attemperator is approximately
100-200 m/s, but the velocity behind the nozzle cylinder is approximately 700 m/s, which

is abnormal. This confirms that 1 million meshes results in divergence.

Table 2 summarizes the results of the grid dependency and grid convergence tests of the

velocity and droplet evaporation, respectively. Based on these results, the simulation herein
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was performed using 0.16 million meshes.

105 210 315 420 525 630 701

Velocity 0
(m/s) L ]

Figure 17 Example of velocity divergence owing to droplet evaporation (1 million meshes).

Table 3 Results of grid dependency and grid convergence tests

Number of 3 million 1 milion 0.16 milion 0.05 million 0.02 milion
meshes
Velocity passed passed passed - i
Droplet N N . . .
evaporation diverging diverging converging converging converging
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3.3 Feasibility of evaporation model

The mass flux at the surface can be expressed as

s pr d
ml,s - _(

4 3) dTS
- -y ) = —p;— 2
amrl dt s Prae (20)

3

After integration and expressing the result in terms of diameter, so called d squared

evaporation law is expressed as following,

Cp (Tsteam_Tdroplet) (21)
Pihsg

d? = d?,o - [Spsas

To show the feasibility of evaporation model, the Eg. 21 and the simulation results are

compared and shown in Figure 18.

SE-08
— Eq. 20

4E-08 . .
o simulation
é 3E-08
[l
=

2E-08

1E-08

0
0 0.1 0.2 0.3 0.4 0.5

tife (sec)

Figure 18 The results of evaporation simulation compared to Eq. 20
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CHAPTER 4. VALIDATION OF NUMERICAL SIMULATION

In a previous study (chapter 2), the commissioning operation data of an attemperator
were analyzed using transient thermal analysis based on the enthalpy balance method. The
results of this analysis can be used to determine whether the sprayed droplets evaporate
completely before reaching the thermowell, considering the four cases listed in Table 3. The
water droplets completely evaporated before reaching the thermowell in Cases 3 and 4, but
failed to do so in Cases 1 and 2. This is because compared to Cases 3 and 4, Cases 1 and 2
exhibited relatively weak droplet breakup owing to a lower steam mass flow rate (i.e., lower
steam velocity). In addition, the heat capacity of the flowing steam that was available for the
evaporation of the sprayed water droplets was low in Cases 1 and 2. We simulated the four
cases listed in Table 3 and compared the simulation results with the transient thermal
analysis results to validate the numerical method developed herein. Table 4 lists the basic

geometrical parameters of the representative attemperator studied herein.

Table 4 Operating conditions of selected cases from the transient analysis of
commissioning data [7]

Steam Spray

Operating Results from
pressure i T, Mypater Toater commissioning data [7]
Casel 11MPa 93kgs  430°C 90kgs  246°c N e"a‘éolrarfd within
Case 2* 12MPa 99kgs  437°C  103kgs  249°c O e"agolrarfd within
o o Completely evaporated
Case 3 14 MPa 143 kg/s 443°C 6.3 kgls 252°C L
within 6.1 m
Case 4 15MPa  146kgls  466°C  102kgls  249°c  COMpletely evaporated
within 6.1 m
Simulations in . .
Section 4 11 MPa 93 kg/s 430°C 2kgls 246 °C

* The calculation time for Case 2 was approximately 28 days using 40 cores of a Xeon Gold 6148 CPU.
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Table 5 Major geometric information of the representative attemperator

Nozzle

Nozzle hole oviinder Main pipe Thermal liner Diameter at the Thermowell distance
diameter d'y diameter diameter venturi neck from the nozzle cylinder
iameter
40 mm 80mm 364 mm 304mm 175mm 6.1m
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4.1 Simulation results of cases 1 and 2 (incomplete evaporation)

Figure 18 shows the simulation results of Case 1. In Figure 18(a), the average inlet steam
velocity (21 m/s) accelerated to 108 m/s at the venturi neck (displayed in red in Figure 18(a)),
and then gradually decreased. As shown in Figure 18(b), water was sprayed at a temperature
of 246 °C, and the steam was desuperheated from approximately 430 °C to 375-396 °C at
the attemperator outlet. As shown, the flow direction and temperature contour of the steam
were inclined to one side owing to the asymmetric shape of the nozzle cylinder. Figs. 18(c)-
18(f) show the scatter plots of the droplet position, diameter, velocity, and temperature,
respectively, with the increase in the distance from the nozzle. The red and yellow dots
represent the droplets that were larger and smaller than 50 um, respectively. The same color
scheme is used to represent these droplet sizes in subsequent figures. As shown in Figure
18(c), the droplets lean to one side inside the thermal liner. As shown in Figure 18(d), the
large droplets were broken down into smaller droplets as they passed through the venturi
region. As shown in Figure 18(e), the small droplets accelerated relatively well from the jet
velocity (8.8 m/s) to the maximum steam velocity (indicated by the black line) owing to their
small inertia, whereas the large droplets did not accelerate well. Figure 18(f) shows the
temperature of the droplets. The temperature of the small droplets increased to the saturation
temperature (T, ) faster than that of the large droplets, and most droplets reached T, in a

very short distance of ~0.3 m.

As shown in Figure 18(g), the mass flow rate of the nonevaporated water (M, qter)
gradually decreased from the injected water flow rate (8.94 kg/s) owing to evaporation,
which remained incomplete at the thermowell (m,,4te = 0.3 kg/s at the thermowell). This
is consistent with the results in Figs. 18(c)—18(f), wherein the droplets are still present at the
thermowell. It should be noted that Figs. 18(c)-18(g) were obtained from the post-processing
particle tracking data of the ANSY'S Fluent simulations using a custom MATLAB code.

Figure 19 presents the simulation results of Case 2. The steam mass flow and steam
temperature in this case were slightly higher than those in Case 1, which can result in faster

evaporation. However, these differences did not result in significant differences in the results
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as more water was sprayed in Case 2. Therefore, as in Case 1, complete evaporation did not

occur before the flow reached the thermowell, as shown in Figure 19.

(a)

—

—
Velocity (m/s) 0 16.2 325 487 65.0 812 97.5 108
[ ——
Temperature (') 293 313 334 354 375 3% 416 430

Thermowell
© -
—_ -2
3 10
ey ‘
@ 33 10 F Smmuwmnxy
SE e
2 10
z
8 £ 100F «—— Max. steam velocity
(e) 82
a8 90C
g
puly 0
£ 350 Toar = 322°C
{.-; g _— S
fH = £ 300
&8 250F
3 Ty = 246 °C
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o —_— .
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(8) %i 6 0.3kg/s
g s
g = 2F N
=] E 1 1 1 1 i \
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Figure 19 Simulation results of Case 1: (a) velocity contour of steam; (b) temperature contour of
steam; (c) droplet position scatter plot (red and yellow dots indicate droplets that were
larger and smaller than 50 pm, respectively); (d) droplet diameter scatter plot; (€) droplet
velocity scatter plot (maximum steam velocity is indicated by a black line); (f) droplet
temperature scatter plot; and (g) mass flow rate of nonevaporated water. Figs. 7(c)-7(g)
were obtained from the post-processing particle tracking data obtained from ANSYS
Fluent simulations using custom MATLAB code.
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Figure 20 Simulation results of Case 2: (a) droplet position scatter plot (red and yellow dots indicate
droplets that were larger and smaller than 50 um, respectively) and (b) mass flow rate of
nonevaporated water

4.2 Simulation results of Cases 3 and 4 (complete evaporation)

Figure 20 presents the simulation results of Case 3. Although the steam velocity and
temperature values are higher than those in Case 1, the overall trends of the steam velocity
and temperature contours in Figs. 20(a) and 20(b) are similar to those in Figs. 18(a) and
18(b), respectively. As shown in Figs. 20(c)-20(g), the large droplets disappeared rapidly
while passing through the venturi, which indicates that the breakup process was very strong.

Consequently, the sprayed water completely evaporated within 2 m from the nozzle.

The simulation results of Case 4 are presented in Figure 21. In this case, although the
sprayed water flow rate (m,,) was almost twice as large as that in Case 3, complete

evaporation occurred within 2.5 m from the nozzle.

In summary, the simulation results of the four cases are consistent with the transient
thermal analysis results obtained from the commissioning data. That is to say, the simulation
results also demonstrated that the water droplets completely evaporated before reaching the
thermowell in Cases 3 and 4, but not in Cases 1 and 2. Therefore, the proposed simulation
model can predict droplet breakup and evaporation in the attemperator with reasonable

accuracy.
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Figure 21 Simulation results of Case 3: (a) velocity contour of steam; (b) temperature contour of
steam; (c) droplet position scatter plot; (d) droplet diameter scatter plot; (€) droplet
velocity scatter plot; (f) droplet temperature scatter plot; and (g) mass flow rate of

nonevaporated water.
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Figure 22 Simulation results of Case 4: (a) droplet position scatter plot and (b) mass flow rate of
nonevaporated water.

36



CHAPTER 5. SIMULATION OF VARIOUS ATTEMPERATOR
DESIGNS

The simulation results of various attemperator designs are presented in this section. The
standard case comprises a single nozzle hole (40 mm diameter) and a venturi-type thermal
liner as shown in Figure 22(a). The simulation results of this standard case are compared
with those comprising a symmetric nozzle cylinder (Figure 22(b)), a straight thermal liner
(Figure 22(c)), and multiple nozzles (Figure 22(d)). Table 5 summarizes the major geometric

features of each design case.

Single nozzle

(a) —‘—U—:”’_" Standard case
(b) K Symmetric case

(c) U—> Straight liner case

24 nozzles

(d) ‘\—ng/ Multi-nozzle case

Figure 23 Attemperator schematics of the: (a) standard case; (b) symmetric case; (c) straight liner
case; and (d) multi-nozzle case.

Table 6 Summary of the geometric differences in the attemperator designs

Nozzle cylinder Number of nozzle holes Shape of liner
Standard case Asymmetric Single Venturi
Symmetric case Symmetric Single Venturi
Straight liner case Asymmetric Single Straight
Multi-nozzle case Asymmetric Multiple (24 holes) Venturi
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5.1 Simulation results of the symmetric case

As discussed in Section 4.1, the asymmetric shape of the nozzle cylinder inside the main
pipe tilts the steam flow to one side. This can increase the likelihood of the droplet impacting
the wall of the thermal liner and the main pipe, which results in thermal stress. To resolve

this problem, as shown in Figure 22(b), the nozzle cylinder was extended to the opposite
wall of the thermal liner to make it symmetric.

The droplet position scatter plots of the standard and symmetric cases are shown in
Figure 23(a). Owing to the symmetric geometry of the nozzle cylinder, the droplet leaning
phenomena disappears. Other than that, the overall droplet breakup and evaporation trends
are similar in both cases, and the mass flow rates of the nonevaporated water are also similar
in both cases, as shown in Figure 23(b).

Standard case - -

Symmetric case -

T = -— Myarer = 2 Kg/s
b) £Z 2 warer 8/ —— Standard case
°
g = .
e = — Symmetric case
g s 1
g 3
SE 1 1 A 1 | 1 1
0 1 2 3 4 5 6
Distance (m)

Figure 24 Comparison of simulation results of standard and symmetric cases: (a) droplet position
scatter plots and (b) mass flow rates of nonevaporated water.
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5.2 Simulation results of the straight liner case

In the standard case, the steam velocity increased significantly as it passed through the
venturi section, which can enhance the secondary breakup of large droplets and increase the
rate of evaporation. To evaluate the effectiveness of the venturi on secondary breakup, we

performed simulations using a straight thermal liner.

Figure 24 compares the results of the standard and straight liner cases. In the straight
liner case, droplet evaporation remained incomplete till the end (x = 6.5 m) of the simulation
domain and several large droplets (indicated by red) were still present in the flow, as shown
in Figure 24(a). The droplet diameter scatter plot (Figure 24(b)) also indicates the presence
of several large droplets. This implies that the secondary breakup of large droplets was weak.
The reason for this behavior can be explained by the droplet velocity scatter plot (Figure
24(c)). Secondary breakup is highly dependent on the difference in velocity between the
droplets and the steam. In the standard case, the steam velocity accelerates significantly
across the venturi. However, this does not happen in the straight liner case. Consequently,
fewer large droplets break down into smaller droplets in the straight liner case, resulting in

incomplete droplet evaporation (Figure 24(d)).
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Figure 25 Comparison of the simulation results of the standard and straight liner cases: (a) droplet
position scatter plots; (b) droplet diameter scatter plots; (c) droplet velocity scatter plots;
and (d) mass flow rates of nonevaporated water.
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5.3 Simulation results of the multi-nozzle case

As shown in Figure 22(d), in the multi-nozzle case, 24 holes with a diameter of 8 mm
each were used to reduce the initial droplet size. Notably, the total area of the opening (=
1200 mm?) was the same as that in the single nozzle (standard) case (40 mm diameter), to
ensure the same initial injection speed of the water jet. The location of the multi-nozzle holes

on the cylinder is shown in Figure 25(a).

As shown in Figure 25(a), in the multi-nozzle case, the droplets were distributed over a
larger area after injection, and evaporated faster compared to the standard case. As shown in
the droplet diameter scatter plots in Figure 25(b), the maximum initial droplet size
distribution was significantly smaller in the multi-nozzle case compared to the standard case,
and several very small droplets (indicated by the dotted circle in Figure 25(b)) were observed.
These very small droplets evaporated rapidly and disappeared within a short distance (= 0.1
m) as they reached the saturation temperature quickly (e.g. Figure 20(f)).

As shown in Figure 25(c), the mass flow rate of the nonevaporated water decreased
rapidly (i.e. the evaporation rate was much higher) in the multi-nozzle case compared to the
standard case. This abrupt decrease primarily occurred because the initial droplet size
distribution in the multi-nozzle case was significantly smaller than that in the standard case
owing to the smaller nozzle hole size in the former, and secondary breakup produced even

smaller droplets as they passed through the venturi.
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Figure 26 Comparison of the simulation results of the standard and multi-nozzle cases: (a) droplet
position scatter plots; (b) droplet diameter scatter plots; and (c) mass flow rates of
nonevaporated water.
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5.4 Parametric study

In section 5.2, the venturi liner and straight liner cases are compared to analyze that the
effect of venturi on evaporation. Therefore, in this section, the effect of venturi on
evaporation will be discussed in detail by changing the diameter of venturi neck. The

diameter of venturi neck is 165mm, 216.8mm and 323.9mm as shown in Figure 27(a).

Figure 27(b) shows the evaporation distance varying the venturi neck diameter (D) and
nozzle diameter (d). When d is 40mm (black line), as the venturi neck diameter increases,
the evaporation distance also increases. This is due to the droplet breakup induced by
velocity difference between the steam and droplet.

As the venturi neck diameter (D) increases, the steam velocity change due to the venturi
is small. Therefore, the evaporation distance of droplet is long because the large droplet
remaining. These trends are similar in other nozzle diameter cases (20mm, 50mm) shown in
Figure 27(b).

In 323.9mm case (which is straight liner case), 50mm nozzle diameter evaporates faster
than 20mm diameter. However, in 165mm case, all sizes of nozzle diameter show similar
evaporation distance (dotted line in Figure 27(b)). This indicates that since the venturi occur

the secondary breakup, the effect of nozzle size become small.

The reason for the large nozzle diameter evaporates faster than small nozzle diameter is
due to the injection velocity. Since the mass flow rate of sprayed water is same, the velocity
is different varying the nozzle diameter. Each case of injection velocity is shown in Table 6.
The case of 50mm nozzle diameter shows large velocity difference between the steam and

droplet. Therefore, the 50mm nozzle diameter case evaporates faster than other two cases.

To analyze the effect of initial droplet size on evaporation, the nozzle area is fixed to
make the injection velocity identical (Figure 28). The results are shown in Figure 29. Here,
as the nozzle diameter become smaller, the evaporation distance is shorter. Since the small
nozzle diameter sprays the small droplets, the surface-to-volume ratio becomes large, so that

the droplet evaporates faster.
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Figure 27 (a) Several type of venturi neck diameter; (b) results of evaporation distance varying the
venturi and nozzle diameter

Table 7 Velocity of nozzle diameter (Figure 27)

# of nozzle Steam velocity Water velocity
50 mm 1.25m/s
40 mm 1 27 mis 1.95m/s
10 mm 31.3m/s
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d #of Total nozzle area  Velocity
nozzle
o 99 40mm 1
d 20mm 4 0.001257 m"2 1.958 m/s
10mm 16

Figure 28 Cases of varying nozzle diameter and number of nozzles
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Figure 29 Evaporation distance varying the nozzle diameter
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CHAPTER 6. DISCUSSION

In Chapter 2, to verify the complete desuperheating of the spray injected steam before
reaching the outlet thermowell, spray water flow was calculated based on the enthalpy
balance between the inlet and the outlet of the attemperator, and was compared to measured

results.

Due to the large heat capacity of the thermowell, its measurement cannot respond to
rapid changes of the steam temperature. In addition, the temperature of the spray water
cannot be accurately represented by the temperature measured at the feedwater heater outlet
far from the attemperator during changing load operations. Thus, the steady-state analysis
using the enthalpies based on these measured temperatures could not accurately calculate
the spray water flow.

To compensate for these two major errors, a transient analysis using a lumped
capacitance model was carried out. Here, in both cases, Biot numbers were larger than 10,
thus effective heat transfer coefficients were employed. Through the transient analysis, the
steam temperatures at the inlet and the outlet of the attemperator and the temperature of the

spray water injected into the attemperators could be estimated.

Using this data, the spray water flow could be calculated accurately enough to verify
whether desuperheating of the spray injected steam was completed before reaching the outlet
thermowell, even during changing load operation. Based on the results of the transient
analysis of commissioning data (1 loading case and 2 de-loading cases), it could be verified
that the distance from the spray nozzle to the outlet thermowell in the 2nd attemperators was
sufficiently large to ensure the complete desuperheating of the spray injected steam, but this
was not the case in the 1st attemperators. These results appear to be reasonable considering
the superheat of the steam and the thermowell locations in the 1st and 2nd attemperators. In
addition, when the spray injected steam was not completely desuperheated before reaching
the outlet thermowell in the 1st attemperator, the thermowell measured a lower temperature

than the completely desuperheated steam temperature under subcritical conditions and a
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higher temperature under supercritical conditions. Note that the temperature reading of the
outlet thermowell in the attemperator is one of the major inputs used in the feedback control
of the spray water. Thus, the methodology presented here and its analysis results could be
effectively used to revise the control logic to better adjust steam temperatures. In addition,

these results provide useful information for future attemperator designs.

In three-dimensional simulation, the grid test was carried out in two ways: in the aspect
of flow and evaporation. For the accuracy of steam velocity, finer grid is preferred. In
contrast, the finer grid results diverging in droplet evaporation as explained in Chapter 3.
Therefore, the grid was selected considering the satisfaction of both cases.

The simulation results indicate that multiples nozzles with a venturi thermal liner (Figs.
13 and 14) produce smaller droplets and reduce the evaporation distance. To quantitatively
evaluate the effect of these design changes on the droplet breakup and evaporation processes,
the variation in the droplet volume flow distribution (dQ /dd (m®s-um)) (left-hand side) and
the droplet number flow distribution (d(#/s)/dd (#/s-um)) (right-hand side) with the

droplet size were plotted at various distances from the nozzle, as shown in Figure 15.

As the lifetime of a droplet in quiescent air is proportional to its surface area, small
droplets disappear rapidly due to evaporation. Therefore, the curve of d(#/s)/dd generally
exhibits a right-skewed distribution with a peak value. However, if the strong breakup of
large droplets occurs, the number of small droplets increases. Consequently, the curve of
d(#/s)/dd can have a continuously decreasing distribution. In contrast, the curve of dQ /dd
always has a right-skewed distribution, as the droplet volume corresponds to the third power
of the droplet diameter. Furthermore, the droplet size range where the value of dQ/dd is
significant is wider than that for d(#/s)/dd. In addition, the integrated area of dQ/dd
corresponds to the mass flow rate of the nonevaporated water at the corresponding distance
in Figs. 12(b), 13(d) and 14(c).

In the standard case (Figure 15(a)), the overall curves of both dQ/dd and d(#/s)/dd

decline with the increase in distance due to evaporation. The droplet diameter occupying the
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largest volume is approximately 50 um. At a distance of 0.2 m, the curve of d(#/s)/dd
exhibits a continuously decreasing distribution (refer to the black curve in Figure 15(a))
which indicates that a vigorous breakup occurs as the flow passes through the venturi. After
passing through the venturi, the curve of d(#/s)/dd exhibits a right-skewed distribution
with a peak, which verifies that the droplet breakup rate is comparable to the fast evaporation

of small droplets.

In the straight liner case (Figure 15(b)), there are many droplets that are larger than 250
um, and the values of dQ/dd corresponding to these droplets are significant at all distances.
Therefore, the overall value of d(#/s)/dd is relatively small. In addition, beyond a distance
of 0.6 m, the values of dQ/dd corresponding to the droplets that are larger than 250 um do
not change significantly (indicated by the circled area in Figure 15(b)), whereas the values
of dQ/dd corresponding to the droplets that are smaller than 250 um decrease. This implies
that no breakup occurs beyond a distance of 0.6 m in the straight liner case, and the decrease
in the values of dQ/dd corresponding to the droplets that are smaller than 250 um is only
due to evaporation and not due to droplet breakup. In contrast, owing to their relatively small
surface-to-volume ratio, the droplets that are larger than 250 um do not evaporate quickly,
and evaporation cannot be completed before the flow reaches the outlet of the attemperator.
This explains why the nonevaporated water mass flow rate (m,,) in the straight liner case
(without venturi) decreases at approximately the same rate as that in the standard case (with
venturi) up to a distance of 0.5 m, but slows down beyond this distance, as shown in Figure
13(d). These results clearly demonstrate that the venturi thermal liner enhances droplet
breakup in the attemperator by accelerating and decelerating the steam flow, resulting in

rapid evaporation.

In the multi-nozzle case (Figure 15(c)), both dQ/dd and d(#/s)/dd exhibit similar
trends except that the values of these parameters at a distance of 0.2 m from the nozzle are
generally lower than those in the standard case. This confirms that compared to the standard
case, multi-nozzles produce smaller droplets that evaporate faster before they pass through

the venturi. Furthermore, the curves of d(#/s)/dd at distances of 0.4 m and 0.6 m have a
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decreasing distribution without a peak, whereas those of the standard case have a peak. This
implies that even though smaller droplets are produced in the multi-nozzle case, strong
breakup occurs as they flow through the venturi compared to the standard case. This
phenomenon is possibly due to the droplet distribution pattern and the steam velocity profile
at the venturi neck. As shown in Figure 16(a), in the standard case, most of the droplets pass
through the central region of the venturi neck as the water jet is ejected from a single nozzle.
As the steam flow is most accelerated in the peripheral region of the venturi neck, most
droplets are not accelerated to the maximum velocity required for effective breakup. In
contrast, in the multi-nozzle case, water jets are ejected from multiple nozzles, and the
droplets are distributed over the entire cross-sectional area of the venturi neck (Figure 16(b)).
Consequently, droplets passing through the peripheral region of the venturi neck are
accelerated to their maximum velocity, resulting in additional breakup. These results
indicate that besides the initial production of small droplets through multiple nozzles, the
spatial distribution of the droplets is also important for breakup.
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Figure 30 Distributions of the droplet volume flow rate and droplet number flow rate versus the
droplet size at various distances from the nozzle: (a) standard case; (b) straight liner case;
and (c) multi-nozzle case. The black, red, orange, green, and blue lines represent the
distributions at 0.2 m, 0.4 m, 0.6 m, 1.2 m, and 1.8 m from the nozzle, respectively, as
indicated by the inset figures in the droplet position scatter plots.
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Figure 31 Droplet position scatter plots (left-hand side) and steam velocity contours (right-hand
side) of: (a) standard case and (b) multi-nozzle case.
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CHAPTER 7. CONCLUSIONS

By adapting the thermowell transient analysis, the steam temperatures at the inlet and
the outlet of the attemperator could be better estimated from the temperatures measured by
the respective thermowells. In addition, by using the fluid and pipe transient analysis, the
temperature of the spray water injected into the attemperator could be reliably estimated.
Using these results and the enthalpy balance, the spray water flow rate could be calculated
accurately enough to discern whether the spray injected steam was completely

desuperheated before reaching the outlet thermowell of the attemperator.

Comparing the outlet temperature of measured data to the results of three-dimensional
simulations is not good enough to validate the simulation since the measured temperature
could be not reliable. However, the transient analysis allows checking whether the sprayed
water is completely evaporated or not considering the heat capacity. As a results, these
results were used for the validation of three-dimensional simulations of the attemperator

system.

In simulations, droplet breakup and evaporation in various attemperator design
configurations were numerically simulated in the three-dimensional domain, considering
both primary and secondary droplet breakup. First, the accuracy of the proposed simulation
model was verified by comparing the simulation results of four commissioning conditions
of the attemperator with the corresponding transient thermal analysis results from a previous
study. Subsequently, four design cases—standard, symmetric, straight liner, and multi-

nozzle—were simulated and compared using the validated numerical simulation model.

In the standard case, the nozzle cylinder had a single nozzle hole with a diameter of 40
mm. In addition, a venturi-type thermal liner was installed immediately after the nozzle
cylinder. Initially, the primary breakup of the liquid jet ejected from the single nozzle
produced droplets with a relatively wide size distribution. The jet velocity was less than 10
m/s, whereas the average steam velocity was 20 m/s in the main pipe, which accelerated to

over 100 m/s after passing through the venturi. The large droplets were not accelerated as
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much as the small droplets. The large droplets were broken down into smaller droplets owing
to the drag force generated by the difference in velocity between the steam and the droplets
(secondary breakup). This significantly increased the number of small droplets, which was
verified by the number of droplets present at the venturi neck. Scatter plots of the droplet
temperature revealed that the temperature of most droplets increased to the saturation
temperature over very short distances, and a significant number of small droplets evaporated
before they could reach the venturi neck. Notably, the temperature of the small droplets
increased faster than that of the large droplets, and the former evaporated faster owing to
their large surface-to-volume ratio. Therefore, in the standard case, all droplets with a
diameter of less than 250 um were completely evaporated within a distance of 0.4 m from

the nozzle.

In the straight liner case, droplet breakup was less strong, and several droplets with a
diameter of more than 250 um were present at all distances. In addition, beyond a distance
of 0.6 m, no breakup occurred and the droplets that were larger than 250 pm did not
evaporate quickly owing to their relatively small surface-to-volume ratio. Thus, complete

evaporation did not occur before the flow reached the outlet of the attemperator.

These results verify that the sprayed droplets must break down to below a certain size
for complete evaporation to occur. The venturi thermal liner plays an important role in

enhancing droplet breakup, resulting in fast evaporation.

In the multi-nozzle case, smaller droplets were produced owing to the smaller hole size
of each nozzle. The droplets experienced additional breakup while passing through the
peripheral region of the venturi neck, further decreasing the evaporation distance. These
results indicate that in addition to the initial size of the droplets, their spatial distribution is

important as well.

Owing to the asymmetric shape of the nozzle cylinder inside the main pipe, the steam
flow was tilted to one side, increasing the likelihood of collisions between the droplets and
the thermal liner wall. This problem can be resolved by making the nozzle cylinder

symmetrical, as demonstrated in the symmetrical case.
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