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ABSTRACT

An acoustic technique is used to search for proposed boiling instabilities
in the prototype receiver for the Barstow 10 MW Sclar Thermal Pilot Plant.
The technique is shown to work and should be capable of measuring such

instabilitles when the receilver is tested at maximm proposed power levels.
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ACOUSTICAL STUDIES OF BOILING INSTABILITIES IN THE
PROTOTYPE RECEIVER FOR THE BARSTOW SOLAR PILOT PLANT

Introduction

A theoretical study of the receiver design for the Barstow 10 MW Solar
Thermel Pilot Plant raised the possibility of a boiling instability during
steady state operation. This instability would be an oscillatory movement
of the transition region between nucleate and film boiling. The period of
this oseillation of the departure from nucleate boiling (DNB) zone was
predicted to be around three seconds with en unknown amplitude. If such
an oscillation exists with e large amplitude, it could have & serious effect
on the life span of the receiver. The differences in thermel conductivity
between a metal surface wet with a film of water and one with & vapor film
between it and the water could lead to a surface tempersture 100°F hotter
in the film boiling region. Thermsl fatigue could rapidly occur if a region
of the receiver experienced such fluctuations at more than th cycles per
operating day.

The prototype receiver is well instrumented with thermocouples on the
outside surface of the tube. However, thermal inertie of the metal tubes
will prevent their outside surface from responding to thermsl oscillations
inside the tubes of this frequency. A natural reluctance to breach the
integrity of the tubes to put thermocouples on the interior wall led to
this attempt to determine the position and stability of the DNB zone using
acoustic techniques.

The scoustic spproach is based on two simple premises. First, nucleate

boiling produces many acoustic signals. Preliminaery investigation indicated



a high level of acoustic energy with frequency components up to L00 kHz.
Second, the transfer of acoustic energy across en interface between metal
and water is much greater when the water wets the surface than when a
film of vapor separates the water from the metal. The preliminary inves-
tigation also suggested that this premise is correct. A computer model
of the proposed experiment was designed. When the model indicated that
the experiment appeared ;E'ea.sible , the declsion was made to attempt to
locete the DNB zone acoustically.

This progress report gives the results of the attempt to use acoustic
techniques to locate the DNB zone. All work reported here was done
during the low power phase of the testing of the prototype receiver.

The main purpose of the experiments at this power level was not to
search for instabilities but to develop and prove the acoustic technique.

The actual location of the position of the DNB zone in the receiver
appears to be somewhat model dependent. Depending upon the mathematical
details, there can be & variation of up to a meter in the location of
the base line position of the zone. However, the amplitudes and
frequency of the fluctuetions around the base line appear almost totally
' independent of the fime structure of the model. At present, this acoustic
technique appears to give & general location to the DNB zone and measures
the fluctustions around this location with high accuracy. Thus the
technique eppears successful and gives us confiderce that any instabilities
in the DNB zone which occur during the high power tests will be identifiec

and messured.




Mathematical Approach

The receiver, which consists of 7O parallel l/2-inch 0.D. incoloy
tubes welded together into a plate, is treated mathematicelly
as & two-dimensional snisotropic plate. It 1s assumed that scoustic energy
is generated in the region where nucleate bolling occurs. This energy
is composed of many individual acoustic bursts with the average time
between bursts much shorter than the decay time of the bursts. Thus
the character of the signsl is that of a "white" noise signal with a
high frequency cut off. It is assumed here thet the only important
characteristic of this signal, within a fixed frequency range, is its
amplitude. It is further assumed that enough bursts are present so
thet rendom fluctustions in the signsl amplitude over the sampling
time - ~ 100 useconds - are smell and this allows the determination of
an acoustic generation profile over the surface of the plebe. Because
the dismeter of the focus of the solar beams is wider than the horizontal
dimengion of the receiver, the acoustic generation profile is assumed to
be constant across the receiver. The acoustic amplitude at any position
on the receiver can then be written as

1
ta C 5

2 2,2 2
Aiz = A°2 f (Y)e-z(c' (x-Wi) B (y-vi) ) dydx (l)

e O

where Ai is the acoustic amplitude at point 1, AO is the meximum scoustic
amplitude, & is the horizontel half width of the receiver where the center
of the plate is zero, C, the position of the DNB zone with the bottom of

the receiver at zero, Y is the vertical acoustic generation function,
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o and B are the horizontal and vertical ecoustlic attenuations, and Wi
end Vi are the horizontal and verticel coordinates of the polnt.
Criticel to the use of this equation is the determinstion of the
acoustic generation funetion, Y. After several attempts, a function
was found which gave a reasonable fit to the experimental data. This

function is
Y = (1 + tann(z(y - ¢/s8))) (2)

where r and s are constants obtained by making e best fit to a data set.
Since the integration along y is taken only to the polnt C, we are setting
Y = O for all y between C and the top of the receiver. The range of velues
for r ig limited to 0.1 £ r < 5.0 and for 8, 1.5 < 8 < 8.0. Figure l

gives Y for C = 10.0, r = 2.0 and s = 8.0. Figure 2 gives Y for C = 10.0,

r =0.2 end 8 = 2.0. Large values of r correspond physically to an onset
of nucleate bolling at a very localized elevetion on the receiver while
large velues of s correspond to nucleaste boiling extending & long distance
along the receiver before the DNB zone is reached.

Equation (1) then has only two unknowns, C and A, if we assume that

'» and s are fixed for a dey's experimental run. By saempling the acoustic

amplitude at several points we can obtain a set of equations in two
unknowns. The main problem arises from the fact that Equation (1) is not
anslytically integrable for most functions, Y. The approach used here

is to sample the acoustic amplitudes at a large number of points (20 in
this experiment) and then use & non-linear leasst squares program on &
large computer to solve this set of equations for C and Ao. This solution
involves many numerical integrations but can be done in & somewhat reason-

eble time (~ 1/2 second) on & CDC 7600.




Experimental Details

To insure that the set of equetions were overdetermined and that there
was adequate coverage over the length of the recelver, 20 transducers were
used. These were arranged on the receiver in the pattern shown in Figure
3. The array wes intended to be symmetrical but various obstructions on
the back of the receiver resulted in the pattern shown. The outer
transducers, five each, are mounted on tubes #5 and #66 while the center
ten transducers are mounted on tube #3k.

The transducers are Du.nega.n/Endevco 89205M4 transducers which were
developed specifically for this installation. They are designed to
function up to 1200°F and to date have survived excursions up to 1360°F.
They are mounted as shown in Figure 4 to studs welded to the receiver
tubes. The couplant used between the transducer and the stud is a
mixture of 50% In and 50% Ga. Stainless steel coaxial cables, integral
with the transducer, bring the signals out of the high temperature region
where & connection is made to RG 196 coaxlal cable with microdot conmnectors.
With this layout, there are no soldered connections until the 10 £t long
cable reaches the preamplifier. The preamplifiers are nmounted in the
‘receiver support tower and are connected to the data acquisition system
with 100 ft power-signal cables.

Acoustic Fmission Technology (AET) 14OA preamplifiers are used with
8 125-250 kHz band pass filter. The data acquisition system is a leased
AET source location system. This system can sample the RMS voltage from
all twenty transducers up to 100 times per second and write this informa-
tion digltally on a 9-track magnetic tape. To date, gll date hes been

teken at & sampling rate of 10 deta sets per second. The overall system



gein 1s set at 9k dB. At this setting the preamplifier noise level will
register O or 1 RMS voltage unit and the normsl signal levels range
between 30 and 500 voltage units. The diglital system saturates at

102k voltege units.

Date. for all runs was teken for a period of approximgtely 300 seconds
after the receiver had reached an equilibrium for that test point. The
condition of equilibrium was determined by receiver operating personnel
who would then notify our operstor and glve the test point designation.

All date was stored digitelly on megnetic tape and kept for future analysis.

Deita, Processing

The originsl test plan was to take calibration data for the trans-
ducers by introducing a white noise signal into one transducer and
measuring the output of the other 19 transducers. This will give 400
equations in 23 unknowns, the 20 coupling coefficients, the x and y
acoustic attenuations and the signsl amplitude. Preamplifier galins were
ineluded in the calibration. This calibration procedure was tried but
the resulting coupling coefficients did not give reasonsble results whén
used with actusl dete. The problem appears to be that the transducers,
‘with this mounting method, do not appear to be reciprocel devices; i.e.,
the efficiencies for generating and receiving acoustic waves are not the
gseme. While there are an adequate number of equations to solve for the 43
unknowns necesgsary to a,c.count for different genereting and recelving
efficiencies, the exlsting nonlinear least squares progrem could not handle
that many unknowns without nontrivial modifications. The combingtions of
a limited time aveilable and the probability that small changes in the

coupling coefficilents a.nd/ or transducer efficiencies will occur between




runs, made this approach seem not worth pursuing at present. The only
aumbers used from the calibration were the attenuatlon coefflcients. These
were, for the recelver filled with 200°F water, a = 2.0 m-l
While the attenuation coefficients showed some varlation between different
measurements under different conditions and by different methods, o was
always an order of megnitude greater then B.

The problems of day-to-dey changes in coupling efficiencies and
preemplifier gains and the problem that the acoustic generation function
is only an approximetion were solved in the following way. It was assumed
thet the gains and transducer efficlencies would not change during a day's
run. With less justification it was also assumed that the acoustic genera-
tion function would be essentially constant over the test conditions inves-
tigated during one day. With these assumptions, effective coupling
coefficients were determined for one day's run. These coefficlents
contain the preamplifier gain, the transducer coupling coefficient and
the effect of the deviatlon between the actual and the assumed acoustic
generation function. To obtain these coefficients, ten consecutive sets
of typical date were teken from each test point on thet dey. These were
averaged within each tést point and one averaged set was used to find
.'bhe best acoustic generstion function. This was done by varying the

peremeters r and s until the best fit to the data was obtained (the non-

linear least squares program gives & measure of the goodness of fit). These

velues for r and s were then used with ell the averaged data sets. C and
Ao were celculated for each date set. These values were then used in

Equation (1) to calculate the expected noise emplitude at each transducer.

end 8 = 0.27 m L.

The effective coupling coefficlent, Ki’ for each transducer is then given by

13



K, = Ai(a.vera,ged)/Ai(caJ.cula:bed). (3)

This wags done for each averaged date set and the Ki from each transducer
were then é.vera.ged over all the test points teken during that dsy. The
eversged Ki along with the values for r and s were used to analyze ell
the date teken during that dey. The set of equations solved for each

date set are then

+a .C

Ai =—A Ksz

-8 O

(1 + tann 2y - 922w, ) + 83y-v, )P oy ax. (B)

This set of equations was solved for the first 2,500 data sets recorded
for each test point.

The 2,500 soiutions per test point were graphed as a function of
time. In order to meke the dete more intelligible, several smoothing
procedures were used. First, any solution point greater than 12.5
meters, which is the top of the receiver, was set equal to 12.5. Then
"any solution point which varied by more than +3% from the average of
itself and the previous four points was replaced by (1 +.03) times this
average. This procedure removed random points which did not follow a
trend but had little effect on the overall curves. Finelly, the points
were smoothed by averaging the date point with the four points which
preceded it and the four points which followed it in time. This smoothing
procedure is effectively a low pass filter which damps fluctuations with

frequencies above about 2 Hz. Many checks were run comparing these




smoothed curves against curves of the unsmoothed solutions to insure that
only "noise" was being removed and not any significant features. The
grephs for the test points analyzed to daste are shown in Figures 5 through
19.

Accurecy of the Analysis

The following questions must be raised because of the complexity and
empiricel nature of the mathemetical anelysis. First, do these curves
heve any relationship with the position of the DNB zone and if so, what
is i1t? Second, what is the effect of smell changes in the methematical
parameters, such as the acoustic generstion function constants, the
transducer effective coupling constants and the acoustic attenuations?
The first question is answered by test poimt 3.24, shown in Figure 6.
During this test point, a cloud passed over the mirror field. The
resulting loss in power caused wet steem to pass from the receiver into
the down comer line, indicating thet the DNB zone had reeched the top of
the receiver. This is exactly what 1s shown in Figure 6 and is strong
evidence that the acoustic measurements are indicating the position of the
DNB zone.

The effect of changing the constants in the acoustic generation
function was explored on test point 21.09. An expanded plot of part of
this test point is shown in Figure 20. In this celculation, the acoustic
generation function shown in Figure 1 was used. The curve was then
receleulated using the acoustic generation function shown in Figure 2,
glong with the corresponding changes in the transducer coupling constants.
The curve corresponding to Figure 20 is plotted in Figure 21. The net

effect of using two quite different acoustic generation functions was to

15
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shift the base line positions by about 0.8 meters. However, & close
camparison of Figures 20 and 21 will show little difference in even the
finest detail between the two curves. The conclusion to be drawn from
this example is that while the use of different fitting parameters mey
effect the position of the base line of the DNB zone position curve, the
fine strucfure of the curve, including the amplitude and frequency of the
excursions, is almost independent of the values of the fitting paremeters.

Independent Oscillations in the Tubes

It has been suggested that besides the possibility of the DNB zone
moving coherently up and down the recelver, each individual tube may
comtein an oseilletion, independent of all the other tubes. The acoustic
date is derived from acoustic signals generated in all parts of the recelver.
However, the transducers are mounted on three widely separated tubes. The
relatively high attenuation coefficient in the x direction should give some
decoupling of the acoustic signals between rows of transducers. TFive trans-
ducers do not glve enough equations to produce accurate locations, but the
central 10 transducers should be capable of being analyzed by themselves.

Again test 21.09 was used for this analysis. Deta from only the 10 central

_transducers was used to produce Figure 22. Comparing with Figure 20, agein

s shift in the base line is seen but the fine structure is almost identical.
These curves suggest that the DNB zone msy have the shape of a curve instead
of s horizontal line across the receiver but the movement of the zone is a
coherent motion across the entire receiver.
Conclusion

The data anslysis performed to date strongly indicates that this

acoustic technique gives accurate information about variations in the




position of the DNB zone. There is a model dependence in the calculation
that leads to an ambiguity of about a meter in the location of the time
averaged position of the DNB zone. However, the amplitudes and fine
structure of the excursions of the DNB zone from this average position
appear model independent. Such excursions are the instability that this
experiment was designed to measure. This technlique appears fully capable
of determining whether the position of the DNB zone 1s stable at high
power levels. If the zone is not stable, the technique can measure the

amplitudes and periods of the instabilities.
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dimensions
in meters

FIGURE 3
THE TAYOUT OF THE TRANSDUCER ARRAY ON THE RECEIVER. THE HORIZONTAL
DIMENSION HAS BEEN MAGNIFIED FOR CLARITY,
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FIGURE L
DIAGRAM OF TRANSDUCER AND MOUNTING STUD
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DNB zone position - meters
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FIGURE 16
TEST POINT 21.8
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DNB zone position - meters
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FIGURE 20
AN EXPANDED PLOT OF TEST POINT 21.09 SHOWING
THE OSCILLATIONS FROM 90 TO 180 SECONDS
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FIGURE 21
AN EXPANDED PLOT OF TEST POINT 21.09 USING THE AMPLITUDE
FUNCTION SHOWN IN FIG, 2 IN THE ANALYSIS
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FIGURE 22
AN EXPANDED PLOT OF TEST POINT 21.09 USING THE SAME AMPLITUDE
FUNCTION USED IN FIGURE 20 BUT USING ONLY THE DATA FROM THE
CENTER 10 TRANSDUCERS IN THE ANALYSIS
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