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Abstract. The experimental technique used for detection of subcooled boiling through analysis of
the fluctuation contained in pressure transducers signals is presented. The experimental part of
this work was conducted at the Institut fiir Kerntechnik und zertorungsfreie Priifverfahren von
Hannover (IKPH, Germany) in a thermal-hydraulic circuit with one electrically heated rod with
annular geometry test section. Plezoresistive pressure sensors are used for onset of nucleate
boiling (ONB) and onset of fully developed boiling (OFDB) detection using spectral
analysis/signal  correlation  techniques.  Experimental results are interpreted by
phenomenological analysis of these two points and compared with existing correlation. The

results allows us to conclude that this technique is adequate for the detection and monitoring of
the ONB and OFDB.
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1. INTRODUCTION

The optimization of heat exchangers, steam generators, nuclear cores has the common
objectives of minimizing flaws occurrence with increasing thermal efficiency and power densities
thus reducing costs. These equipments are extensively used in process and power plants and
increasing efficiency and durability will certainly represent an important capital and energy
saving for the modern industry.

Considering the above objectives, the operation in a partially developed subcooled boiling
regime is an,important condition to be pursued in heat transfer processes when high heat fluxes
and/or small transfer areas are present. In this region, located between the onset of nucleate
boiling (ONB) and the onset of fully developed boiling (OFDB), significant increase in the heat
transfer coefficient is obtained when compared to the single-phase convection values. The



significant increase in the pressure drop and in the void fraction found in the fully developed
boiling regime are not present neither.

Another important aspect related to the operation in this regime is that it is safer as far as
occurrence of critical heat flux is considered since generally speaking CHF will occur after the
points of ONB and OFDB.

Therefore, the proper knowledge and determination of these two points in the subcooled
boiling regime is very important in the optimization and monitoring of thermal systems and
components.

The method of spectral analysis of pressure transducers signals applied to the detection of
two-phase flows characteristics presents among other advantages, as an excellent option for the
detection, monitoring and possible correlations for the design, of the ONB and OFDB points. In
this method, dynamic pressure sensors detect the pressure waves caused by the bubbles collapses
and their signals are processed using spectral analysis techniques.

In this present work, the method is verified by phenomenological interpretation of these two
points. An important and clarifying comparison with the existing experimental correlations in the
literature for the determination of ONB and OFDB is also presented.

2. ONB AND OFDB PHENOMENOLOGICAL DESCRIPTION.

It should be pointed out that the main differences between the definitions of ONB and OFDB
presented by different authors are not phenomenological in nature but instead, they are basically
semantical. In this paper, the differences will not be discussed, but rather, it will be proposed a set
of definitions as illustrated in the Fig. (1) below [Collier, 1996].
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Figure 1 - Schematic Representation of the Subcooled Boiling Regimen.

In the subcooled regime, the ONB is characterized by the formation of the first bubbles at the
heated wall. This occurs when the wall reaches a certain degree of superheating sufficient for
nucleation of bubbles. Depending on the degree of subcooling of the coolant, these bubbles
condense and collapse. The greater the subcooling, smaller will be the bubble radius and lifetime.
The condensation and collapse of the bubbles generate pressure waves in the flow accompanied
by acoustic noise and structural vibration.



After the ONB follows the so-called partially developed boiling (PDB) as shown in Fig. (1).
In this region the heat exchange capacity is greatly increased without significant increase in the
void fraction.

The OFDB point is characterized by the net vapor generation, or in others words, not
necessarily all the bubbles which detach from the heated surface will collapse inside the bulk
flow. Under this condition, the pressure waves are significantly reduced and consequently the
noisc and vibrations are also reduced. This sharp reduction in noise and vibration levels can be
used for the detection of this point.

Beyond this point, the fully developed boiling (FDB) regime is established when the heat
transfer is further enhanced by predominantly boiling mechanisms rather than convective heat
transfer. In this region one can observe significant increase in pressure drop and void fraction.

One of the advantages of using pressure pulses analysis for the detection of subcooled
boiling characteristics points is that it allows for a direct identification of the formation and
collapsing of bubbles.

3. SINGLE ROD EXPERIMENTAL SETUP.

A diagram of the experimental circuit used for the one-rod test section is shown in Fig. 2.
This experimental circuit was assembled and run at IKPH [Alvim et al, 1991] [Alvim and Ting,
1998] |Martens, 1987]. This circuit can be divided into two parts: (A) is the feedwater section
and (B) is the test section. Part (A) is constituted by a centrifuge pump, two air cooled heat
exchangers, a pressurizer, a deairator, control valves, two bypasses and an air circulator. Part (B)
is composed by the test section, the electrical supply and the sensors with their electronic
processing system.

The test section (Fig. 2) has a lower entrance plenum and an uppcr exit plenum both made
with aluminum. The main test channel is composed by several policarbonate parts totalling 680
mm active length with 20 mm internal diameter with components for sensors positioning and
flow visualization. The central heated rod has 11.5 mm diameter and an active length of 680 mm
simulating PWR fuel rod. The heating is indirect controlled by a variable direct current 20 kVA
transformer. The test section is connected to the feedwater section by flexible pipes to eliminate
vibration transfer from the feedwater circuit which might affect subcooled boiling induced
vibration. To avoid corrosion and deposits and to improve reproducibility, demineralized water
was used.
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4. DATA ACQUISITION AND PROCESSING.

To control and monitor of the circuit during the experiments, the following operational
parameters arc measured: fluid temperature at the entrance and the exit of the test section, voltage
and current through the heated rod and the flow rate through the test section.

The detection of subcooled boiling ocurrence is done by measuring the pressure fluctuations
at selected points along the channel. In order to separate other sources of vibration and to get
better monitoring of boiling, some additional dynamic sensors are positioned to mecasure absolute
displacement of the rod and test section acceleration.

The pressure fluctuations are obtained with four pressure minitransducers type Kulite XTM-
190-50. Two of these pressure sensors named P2X and P2Y are installed in the middle (half-
length) of the section oriented 90 degree apart defining the X and Y directions. The other two
sensors are oriented in the X direction but one (P3X) is installed 100 mm above and another one
(P1X) is installed 100 mm below. The heated rod displacement is measured using two inductive
displacement sensors type Reutlinger WSG-69 positioned in the middle plane (D2X and D2Y),
90 degrees apart in the X and Y directions. To measure the vibration of the entire test section, a
triaxial accelerometer type Kulite TGY-600-100 is used and placed at the outer surface on the
half length plane (A2X-Y-Z).

The data acquisition system is based on a HP2IMX computer whlch receives the signals
recorded analogically on tape. Before being recorded the signals are amplified to a maximum
range of 1.5 volts and filtered to the frequency range of interest which is 10 to 600 Hz.

The signal processing by Fast Fourier Transform (FFT) is also performed in the computer.
The calculation of the Power Spectrum Density, Cross Correlations and Coherence are performed
by a special program named FOURL

5. EXPERIMENTAL RESULTS - ONB AND OFDB INDENTIFICATION.

As mentioned above, the ONB and OFDB arc intimately related to the rate of bubbles
collapse, either in the beginning (ONB) or when a sharp reduction occurs (OFDB). The rate of
bubbles implosions can be detected by measuring the pressure pulses associated.

The experimental results here presented, refers to fixed conditions of pressure of 1,2 bar and
average velocity in the test section of 1,5 m/s, for several inlet subcoolings, with or without heat
flux in the rod.

The most significant experimental results for the analysis of the subcooled bmlmg regime are
the power spectrum density (PSD) which is the signal power density in the frequency domain and
the signal amplitude, or the signal pressure in the time domain, both obtained by detecting the
pressure pulses using dynamic sensors as described before

The Fig 3 present these results for the pressure transducer P2X for subcoolings of 77,5 and
45 K at the test section entrance.

The 77,5 K inlet subccoling condition correspond to the no heating condition, where one can
identify two peaks in the power spectrum which are associated with the centrifuge pump and to
standing waves resonance. Therefore, this condition is assumed as the reference for the single-
phase regime (without boiling).

Fixing the hecat flux in the rod at a constant and uniform value of 55 W/cm?, no significant
changes arc observed in the PSD curve from no heating condition inlet subcooling (77,5 K) up to
values lower than 45 K. Further decrease in the inlet subcooling, by increasing the inlet
temperature, will cause a sharp increase in the PSD and the occurence of peaks in the signal



:amplitude, at the 45 K subcooling condition. These increases are associated with the onset of
‘bubbles collapses and indicate therefore the point of onset of nucleate boiling (ONB).

10°* 0.10
-5 INLET SUBCOOLING ] INLET SUBOOOQUNG
10 E 775K 775K
s . — 45K
‘f:‘l‘ 10'7 ;_ \‘\\\1 i" -
% N F Wmhf“’dww'w.'x\m =) A
I 10°F e g oor ' \'J“J\NWW
D 10‘9t E L.
P p=
. 10 < F
10 F 005
Al
10 g
10—?2 . 1 . 1 N 01 M 1 A 1 : L M 1 N
0 200 400 600 %00 0.06 0.10 0.15 0.20 025
FREQUENCY (Hz) TIME (s)

Figure 3. - Pressure Sensor P2X Signal in Frequency and Time Domain - ONB Condition.

On the other hand, the Fig. 4 shows the P2X power spectrum and amplitude curves for inlet
~subcoolings of 18,5 K, 16,5 K, and 14,2 K. From inlet subcoolings below 18,5 K a reduction in
the PSD associated with the characteristic pulses is observed, as well as in their frequencies.

' These reductions are more pronounced in the 14,2 K condition where no significant characteristic
~ pulses are observed and in time domain the signal looses its periodic behavior with the amplitude
returning to levels near the no boiling conditions. These results shows a great decrease in the

- bubbles collapse rate indicating therefore, that the onset of fully developed boiling (OFDB) has

~ been reached.
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Figure 4. - Pressure Sensor P2X Signal in Frequency and Time Domain. OFDB Condition.

Other very important curve to the subcooled flow boiling phenomenological analysis is the
pressure pulses flux energy curve (Fig. 5), obtained through the integration of the PSD curve for

several inlet subcoolings.



From this curve analysis we can observe that:

e the flux energy in the single-phase region is very lower then in the PDB region;

e in the 45 K inlet subcooling condition ocorrs a sharp increase in the energy flux,
corresponding to the boiling collapse pressure pulses and therefore indicates the ONB point;
e in the regions near 25 K and 18,5 K inlet subcoolings occur two energy flux peaks, due to
the resonances in the test section;

e from inlet subcoolings below 18,5 K, a clear reduction in the energy flux is observed
more specifically in the 142 K condition were the flux value nears the single-phase
condition.
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Figure 5. - Pressure Waves Energy Flux Versus Inlet Subcooling in the Pressure Sensor P2X.

6. COMPARISON WITH CORRELATIONS.

In this section, the conditions identified as the ONB as well as the OFDB, in the section 5, are

compared with empirical correlations available in the literature.

Several analytical models and empirical correlations have been developed for the prediction

of these two important operational points. Below, the most applicable ones for these present test
conditions arec presented.

6.1 ONB Calculation.

Among the various correlations available in the literature, the Bergles & Rohsenow [1964],

Eq. (1), was selected since its range of validity is applicable for the cases being analyzed in this
work.
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where (ATsat)ong is the wall superheat necessary to cause nucleation in °C, ¢onp is the surface
heat flux to cause boiling in MW/m? and p is the system pressure in bar. This equation is
applicable for a pressure range from 1 to 138 bar.

Yin's correlation [1993], Eq. (2) which range of validity is not available and Thom's
correlation [1965], Eq. (3) which pressure range of 51,7 to 68 bar is above the 1,2 bar used in our
experiments, will also be used to compare with the data from cases 1 and 2.

(AT.ur v = 11950 np p‘-"?y%mz (2)

where 7 is the subcooled boiling relative location, which is the P2X sensor relative position of
0,5.

ATy = 22~65(¢rma T’s exp(% ] (3)

To calculate the wall temperature under the experimentally determined ONB conditions
(45 K inlet subcooling condition in Fig. 3) at the P2X sensor position, Dittus-Boelter correlation
modified for film temperature properties [Holman, 1983] and Gnielinski correlation [1976] were
used for evaluation of the single phase heat transfer coefficient (hy,):

Dittus-Boelter correlation modified for film temperature properties

N, =0023R"* P (4)

where N, , R, and P, are, respectively, the Nusselt, Reynolds and Prandt numbers, and with

Thn i + Thwﬂ-

Tt Ton | (5)

film 2

where Ty, T\an and T,y are the film, wall and bulk temperatures.

Gnielinski Correlation
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were (d/L) is the diameter to length ratio, (di/d,) the internal to external diameters of the annulus
ratio, P,w the Prandt number for wall's properties and f the friction factor for turbulent flow

[ =(182L0g, R, ~1.64)" (N

The comparison between the wall temperature at the ONB position predicted by the three
empirical correlations with those calculated from the experimental data and Dittus-Boelter for
film temperature properties and Gnielinski's correlations are presented in Table 1.



Table 1. Comparison Between ONB Wall Temperatures (Estimated and Experimental).

ONB Temperature (°C)
Estimated with Correlations Calculated from Experimental Data
B&R Yin Thom Dittus-Boelterp, | Gnielinski
1139 110,0 120,8 114,0 112,0

These results show a good agreement between the Bergles & Rohsenow's and Yin's values

with the experimental values for the ONB wall temperature and a reasonable agreement for the
Thom's correlations.

6.2 OFDB Calculation.
For the predictions of the OFDB point it was selected the Saha and Zuber [1974] and the

Unal [1975] correlations and the Griffith [1958] criterion. As indicated bellow, these equations
determine the subcooling in the fluid temperature at the OFDB point (AT, = Ty, -T, k

Saha and Zuber Correlation

GD,c
Toroy = ——x—2— for p, =222 5 90,000 (8)
0.0065 Gc,, k,
o - %x‘iﬂ for P <70,000 )]

f

where P, is the Peclet number, Dj, is the hydraulic diameter in meters, ¢, 18 the specific heat of
liquid phase in (MW/kg°C), G is the mass velocity in (kg/m’s), k; is the thermal conductivity of
the liquid in (MW/m s°C) and ¢ is the heat flux in (MW/m?)

Unal's Correlation

A-‘romn :%{I_(Ag)rms ]] (10)
for F

where hy, is the single phase hcat transfer coefficient calculated from the Dittus-Boelter
correlation (DB), the Dittus-Boelter correlation for film temperature properties (DBy) and the
Gnielinski correlation (Gn.), Atorpp and At are the superheating of the liquid for the OFDB point
and pool boiling (or fully developed boiling) regime respectively, and with

[—AZ’:”” ); 0.92 for v20.45m/s (11a)



[A'— ]E 0.96 for v <0.45m/s (11b)

i“F
Griffith Criterion

Griffith's criteria is expressed by

¢\"JF.')H = 5¢SPL * resu"‘lng t‘hat ATGFI)H = % (12)
fo

with hy, calculated from Gnielinski correlation.

Table 2 presents the fluid subcooling at the OFDB condition estimated by the above
mentioned correlations in the P2X sensor position and their respectives inlet subcoolings,
comparate with the experimentally measured inlet subcooling, identified as the OFDB condition

in section 5. In Fig: 6, these same results are plotted on a relative basis for comparison.

Table 2. Comparison of Subcooling at OFDB between Estimated and Measured.

Subcooling at OFDB Condition in P2X Sensor (°C)
Estimated Measured
Position | Saha &Zuber | Unal/DB | Unal/DB; | Unal/Gn. | riffith
P2X 13,7 12,3 10,8 10,4 94 _
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Figure 6 - Estimated to Measured Inlet Subcooling Ratio for the OFDB Condition.

From these results one can observe a reasonable agreement between the estimated values and
the cxperimental results of subcooling at the OFDB point with deviations lower then 29 %.



7. CONCLUSIONS.

The main objective of this work is to develop and demonstrate the feasibilit of monitoring
and detecting the ONB and OFDB subcooled boiling conditions using pressure ' unsducers and
spectral analysis of their signals.

From the results of the comparison between the experimental data and the expected
phenomenological behavior, the ONB and OFDB points were clearly identified by the strong
relationship of the ONB and OFDB with the sharp increase and the great reduction in the level of
pressure pulses associated to the rate of bubbles collapses.

The comparison using empirical correlations for the calculation of ONB and OFDB indicated
a reasonable to good agreement between the estimated values and the experimental ones, with
deviation always lower then 29 %.

One can therefore conclude that the method of spectral analysis of pressure transducers
signals, presented in this work, is adequate for the detection and monitoring of the ONB and
OFDB under the range of operational conditions studied.
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