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Abstract--The measurement of temperature fluctuation within the superheated boundary layer in pool 
boiling of water is presented. For the purpose of this measurement a specially developed microthermocouple 
probe has been employed. The statistical method was used for the analysis of the temperature fluctuation. 
By the determination of probability density distribution and power spectral density function it was shown 
that the temperature fluctuation in the superheated boundary layer in pool boiling of water has statistical 
feature characteristics. From the statistical analysis of the temperature e.m.f. the most probable temp- 
erature difference between water and vapor phase is determined. It is shown that the statistical characteristics 
of the temperature fluctuation at the vicinity of the heated wall in pool boiling of water depend on the 

distance from the heated wall 

NOMENCLATURE 

temperature [“Cl; 
record time [s]; 
frequency [l/s] ; 
probability distribution function; 
probability density function; 
power spectral density function; 
frequency range; 
time [s]; 
number of the same amplitude; 
total number of AZ in one record; 
temperature range of one cell; 
sampling time. 

INTRODUCTION 

THERE are many fluctuating variables in the 
two-phase boundary layer which are necessary 
tobe taken into consideration in the analysis of 
boiling process. It is known that many typical 
boiling characteristics such as bubble departure 
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diameter, frequency of the bubble, velocity and 
temperature of the fluid have a statistical nature. 
Their effect on the field variables in the two- 
phase boundary layer has caused appreciable 
fluctuation of these variables in the vicinity of 
the heated wall. In the selection between these 
variables in the boiling two-phase system we have 
decided to investigate and to analyse the tem- 
perature fluctuation in this system. The tem- 
perature of the fluid is one of the essential 
variables which define the intensity of the heat 
transfer in this condition. In many recent 
investigations of pool boiling [l-3] significant 
temperature fluctuations in the two-phase bound- 
ary layer has been observed. These fluctuations 
are mainly induced by the violent liquid and 
vapour motion in the vicinity of the heated wall. 
In order to investigate these fluctuations it is 
necessary to apply a statistical method in the 
analysis. 

The present paper shows that the temperature 
fluctuation in boiling two phase system has a 
statistical character which depends on the 
distance from the heated wall. It also points out 
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that significant liquid superheat exists within the 
two-phase boundary layer. Further investigation 
of the liquid superheat may be of considerable 
help in explaining the mechanism of the boiling 
process. 

ANALYSIS OF THE TEMPERATURE 
FLUCTUATION 

Temperature ~uctuation in a two-phase system 
can be analysed as a random variable with the 
stochastic character. It is also assumed that 
temperature fluctuation is stationary random 
variable with ergodic property. This assumption 
can be checked by the obtained results. It is 
known that any random variable has the 
statistical character so that it can be described 
by the statistical methods. These methods are 
divided in two groups, the first of which describes 
the amplitude and the second of which the 
frequency of the random variable. 

A typical signal of the temperature fluctuation 
is shown in Fig. 1. For the amplitude analysis the 
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FIG. I. Typical signal of temperature fluctuation in boiling 
water. 

range of the temperature fluctuation histogram 
is divided into M value of AT and sample time 
7O is divided into N value of AZ. Then the 
probability that the amplitude T(t) will be 
between Ti and Ti c AT is as follows: 

CAti 
P(T;, Ti + 1”) = i 

*0 

or 

Z’(T,, Ti + AT) = $ 

where AN, represents a number of A.z with the 
amplitude Tti Taking AT to be very small, 
probability density function is given as: 

P(Ti, Ti + AT) 
QT) = AT . 

The second method in the analysis of the 
random variable relates to the determination of 
the power spectral density. It is known that any 
time function of the random variable can be 
developed by the Fourier series, and it can be 
shown that the mean square value of the random 
variable is equal to the sum of individual mean 
squares of the described harmonics, Thus we 
can write the following expression: 

r”ct, = T:(t) + T:(t) + * ’ * 

where 

T(t) -time function of the random variable 
T&)-the first harmonic function 
T,(+second harmonic function. 

The temperature fluctuation signal does not 
contain harmonics with the described frequency 
so that frequency spectrum is a continuous 
function. In that case the mean square value for 
the frequency range between f and f t A,f is 

T*(fl f -i- Af) = ; 
s 
T'(t, f, Af) dt, 

0 

For the small value of Af we can define the power 
spectral density as 

T?f,f + L\s) = @if).lsf 

so that 

G(S) = 
T2tf, f + 4f) 

Af ’ 
The mean square value of the temperature 
fluctuation is 
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J?) = a” C(f) df. 

This is the second statistical characteristic of the 
temperature fluctuation which describes the 
fluctuation character of the temperature at any 
fixed point in the two-phase system. 

TEMPERATURE FLUCTUATION MEASUREMENT 

The temperature measurements are performed 
by a chromel-alumel microthermocouple 
specially designed for the high frequency 
measurements. From the temperature fluctua- 
tion measurements performed earlier [l] it is 
shown that the microthermocouple is suitable 
for the temperature measurement in the two- 
phase flow. The microthermocouple was made 
from chrome1 and alumel wire of 125 u dia. The 
thermocouple probe consists of two glass tubes 
with the outer diameter of 0.1 mm connected by 
glass melting so that a hot junction was made at 
the end of these two tubes. The microthermo- 
couple probe is connected to the support by 
which continuous displacement was possible. 

Special attention is drawn to the calibration of 
the microthermocouple. In addition to the static 
characteristic of the thermocouple for tempera- 
ture fluctuation measurement, it is necessary to 
know the dynamic characteristic of the thermo- 
couple as well. For the microthermocouple 
which was used for this measurement a particu- 
larly developed method for the determination of 
the dynamic characteristics was applied [5]. 

The essential idea of the calibrating method 
consists of successive heating of the thermo- 
couple junction by radiation and cooling by 
convection. This was achieved by focusing a 
light beam to the thermocouple and cooling it 
simultaneously with a gas stream. Choosing the 
light beam with the prescribed frequency, tem- 
perature of the hot junction is changed. Com- 
paring this signal with that of a photodiode 
placed beside the hot iunction of the thermo- 
couple in the light beam direction, the response 

time of the microthermocouple is obtained. 
Dynamic characteristic for the thermocouple 
chromel-alumel, 12.5 pm dia. wire is shown in 
Fig. 2. For the registration of the microthermo- 

FIG. 2. Dynamic characteristic of microthermocouple. 

couple signal a standard instrumentation was 
used which consisted of the following units: 
potentiometer, DC amplifier, band-pass filter, 
instrumental tape recorder and storage oscillo- 
scope. (Fig. 3). The DC component of the e.m.f. 
of the thermocouple was eliminated by the 
potentiometer compensation while the fluctua- 
tion part of the signal was brought to the DC 
amplifier. The DC amplifier was with minimum 
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FIG. 3. Registration set-up. 



252 N. AFGAN, M. STEFANOVIC, LJ. JOVANOVIC and V. PILLAR 

zero drift and frequency range from DC to 10 
kHz with maximum amplification of 1000 times. 
For most of the measurement the maximum 
amplification was used. The thermocouple signal 
was modulated by 300 Hz noise which was 
conducted by the water from the heater. Due to 
this, the band-pass filter was used to eliminate 
the noise interference with the reading of the 
thermocouple. After this the operation signal 
was fed to the instrumental magnetic tape 
recorder. 

EXPERIMENTAL ANALYSIS OF TEMPERATURE 
FI,UCTUATION 

The flow sheet for the amplitude analysis of 
the microthermocouple signal is shown in Fig. 5. 

Experimental determination of the tempera- 
ture fluctuation in pool boiling was performed 
in the stainless steel vessel with a vertical stain- 
less steel tube heater fa 5.5 mm (Fig. 4). A 

FIG. 4. Experimental vessel. 1. vessel, 2. heater, 3. micro- 
thermocouple, 4. glass window, 5. condenser. 

heater was connected to the low voltage DC 
current rectifier as a power supply. The thermo- 
couple probe was placed at the middle of the 
test section. The support of thermocouple 
provided the placing of thermocouple hot 
junction at different distances from the heated 
wall. The vessel was provided with transparent 
windows for visual observation of the process at 
the heating surface and for high speed camera 
photography. 

FIG. 5. Block diagram for frequency analysis. 

This circuit comprises the following units: DC 
amplifier, comparator,voltage-to-frequency con- 
verter, i-circuit, binary register, oscillator and 
digital computer. The amplified signal from 
the magnetic tape recorder is taken into the 
comparator in order to bring it to the voltage 
level for the voltage-to-frequency converter. In 
the voltage-to-frequency converter the signal is 
transformed into digital form and then put 
through an i-circuit by a controlled impulse 
oscillator with a frequency of 200 Hz and fed to 
a binary register. In binary register the signal is 
coded for the digital computer. For each 
measurement in binary register 16000 digital 
samples are located with the sampling time of 
0.3 ms. The programme for the computer is 
adapted so that the computer is selecting 
between 16000 samples those which lay within 
the temperature range of any single cell. The 
whole range of temperature fluctuation is 
divided into 300 cells so that the range for a 
single cell corresponds to AT = 0.03”C. 

For the frequency analysis of the micro- 
thermocouple signal the following flow sheet 
was used (Fig. 6). Signal from the magnetic tape 
recorder was passed through a band-pass filter 
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with the defined frequency band Af. After the 
band pass filter the signal was led to a amplifier 
and multiplier for squaring of the instantaneous 
value of the filtered signal. Averaging the squared 

FIG. 6. Block diagram for power spectral analysis. 

instantaneous value over the sampling time was 
performed by an integrator connected with 
digital voltmeter and timer. By this procedure 
the mean square value of a sample time history 
record in a frequency range between f and 
f + Af is obtained. Hence, the mean square 
value of the microthermocouple signal is equal 
to the total area under a plot of the power 
spectral density function versus frequency. 

At the present time, analog signal from 
magnetic tape is digitalized, on the same way, 
but the amplitude and frequency analyses are 
performed on the digital computer and the 
results are plotted. 

EXPERIMENTAL RESULTS OF TEMPERATURE 
FLUCTUATION TN WATER POOL BOILING 

Measurement of the temperature fluctuation 
in pool boiling of water at the atmospheric 
pressure has been conducted. The time history 
of the temperature fluctuation was measured at 
six different distances of the microthermocouple 
hot junction from the heated wall. Starting from 
0.5 mm from the heated wall to 9.5 mm, the hot 
junction position was selected for making a more 
detailed measurement in the vicinity of the 
heated wall. For each measurement the time 

history was recorded with a magnetic tape speed 
of 19 cm/s within ‘the period of 5 s of real time. 
During the temperature fluctuation measure- 
ment all parameters of the system were constant. 
Heat flux at the heated surface was 24 W/cm’. 

A typical diagram for the amplitude prob- 
ability distribution is shown in Fig. 7. Real time 

100 50 200 
Number of cell 

FIG. 7. Typical amplitude distribution of temperature 
fluctuation (heat flux: 24 W/cmZ). 

for the record of the time histogram which was 
taken in the analysis was 4.8 s. In order to test 
the steadiness of the microthermocouple signal 
several records were analysed for the same 
measurement. Such verification shows that there 
were no significant variations of the probability 
distribution from record to record. The second 
method for the verification of the steadiness 
which was also used was the determination of 
the mean square value for the individual record 
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of the signal obtained by integration area under 
the power spectral density function. Some 
scattering of the points on the amplitude prob- 
ability distribution occurs due to presence of 
the electronic noise within the signal and some 
variation of the behaviour of the individual 
sample records as well. 

From Fig. 7 it is obvious that the amplitude 
probability distribution function has two pro- 
nounced maxima; these may be thought to 
correspond to the most probable liquid and 
vapour temperature. Therefore it is possible to 
determine the most probable temperature differ- 
ence between the liquid and vapour phase for 
any fixed point in the two-phase boundary layer. 
If we assume that the probability distribution 
function for the predominant phase has a normal 
distribution it is possible to separate the liquid 
and vapour distribution. By integration of the 
separated distributions we obtain the residence 
time which the hot junction of the thermocouple 
spends in the liquid and vapour phase respec- 
tively. Using this method the local void fraction 
can be obtained at any particular point in the 
system. From the same sample of the micro- 
thermocouple signal, the power spectral density 
function is obtained which is shown in Fig. 8. 

1 \.‘?“‘-, 1 
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FIG. 8. Typical power spectral density distribution curve 
(heat flux: 24 W/cm2). 

The power spectral density function was deter- 
mined for the frequency region from 3 to 200 Hz. 

The frequency band for the range from 3 to 200 
Hz was 0.51 f Hz. The maximum of this function 
appears at the frequency -5 Hz which may be 
explained by the effect of the bubble velocity in 
natural circulation of two phase mixture flowing 
around the test section. There is also some change 
in the power spectral density function at the 
frequency of 50 Hz which corresponds to the 
frequency of bubble nucleation. 

The amplitude probability distribution is 
shown in Fig. 9 which represents the different 

15 degree C 

FIG. 9. Distribution of temperature fluctuation in pool 
boiling. 

positions of the microthermocouple probe. The 
temperature fluctuation is much more pro- 
nounced in the vicinity of the heated wall. 
Increasing the distance from the wall this 
fluctuation decreases. The most probable tem- 
perature difference between the liquid and 
vapour phase also depends on the distance of the 
hot junction from the heated wall. In Fig. 10 the 
most probable temperature differences are 
plotted versus the distance of the hot junction 
from the heated wall. It is obvious that there 
exists a minimum of the most probable tem- 
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q =24[w/cm2] 

p = l[bar] 
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experimental investigation may be stated as 
follows : 

1. The microthermocouple technique can be 
applied for the determination of the temperature 
fluctuation in the boiling two-phase system. 

2. Analysis of the temperature fluctuation has 
proved the statistical nature of this fluctuation. 
Through the amplitude analysis of the tempera- 
ture fluctuation it is possible to determine the 

--‘““-s _ 

most probable temperature difference between 
the liquid and vapour phase. 

3. It is shown that the statistical characteristics 
of the temperature fluctuation in the vicinity of 

0 2 4 6 6 lor.mm the heated wall in the pool boiling of water 

FIG. 10. The most probable water-vapor temperature 
depend on the distance from the wall. 

difference and void distribution as a function of distance 
from the heated wall in pool boiling. 
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Rbum~ On prhente une mesure des fluctuations de temperature dans une couche limite surchauffee 
lors de l’tbullition d’eau en reservoir. Pour cette mesure, on a specialement concu une sonde a microthermo- 
couple. La methode statistique est developpk pour l’analyse des fluctuations de temperature. Par la 
determination de la distribution de la densitt de probabilite et de la fonction de densitt spectrale de la 
puissance, on a montre que les fluctuations de temperature dans la couche limite surchauffee pour 
l’tbullition d’eau en reservoir ont des caracteristiques d’ordre statistique. A partir de l’analyse statistique 
de la temperature, on determine la difference de temperature la plus probable entre l’eau et la phase 
vapeur. On montre que les caracteristiques statistiques des fluctuations de la temperature au voisinage de 
la paroi chauff& lors de l’ebullition de I’eau en reservoir dependent de la distance a la paroi chauff&e. 

BESTIMMUNG DER STATISTISCHEN EIGENSCHAFTEN DER 
TEMPERATURSCHWANKUNGEN BEIM BEHALTER-SIEDEN 

Zusammenfassung- Es wurden Messungen der Temperaturschwankungen in der iiberhitzten Grenzschicht 



256 N. AFGAN, M. STEFANOVIC, LJ. JOVANOVIC and V. PISLAR 

beim Behalter-Sieden in Wasser durchgeftihrt. Fiir die Messungen wurde ein speziell entwickeltes Mikro- 
Thermoelement verwendet. Fiir die Analyse der Temperaturschwankungen wurden statistische Methoden 
herangezogen. Durch die Bestimmung der Haufigkeitsverteilung und der Funktion des Leistungsspektrums 
zeigte sich, dass die Temperaturschwankungen in der iiberhitzten Grenzschicht beim Behalter-Sieden in 
Wasser statistische Haupteigenschaften besitzen. Aus der statistischen Analyse der Temperaturverteilung 
wurde die charakteristische Temperaturdifferenz zwischen Wasser und Dampfphase bestimmt. Es wurde 
gezeigt, dass die statistische Charakteristik der Temperaturschwankung nahe der Heizwand beim 

Behalter-Sieden von Wasser von der Entfernung von der Heizwand abhangt. 

OIIPEflEJIEHIIE C’TATI4CTHYECKMX XAPAKTEPIICTMK HOfiIEBAHBH 
TEMIIEPATYPbI IIPH HIUIEHAH I3 EOJIbIIIOM OB’bEME 

AHHOTa~IisI-&II4cbIBaeTCH HlaMepeHHe KOJIe6aHd TeMIIepaTypbI B IIeperpeTOM IIOrpaHI4'IIIOM 

CJIOe IIpkI KPlIIeHINI BOAbI B 6OJIbIIIOM 06'beMe. &IH I'I3MepeHIlR &ICnOJIb30BaJICfI CneWlanbHo 

CKOHCTpyklpOBaHHbIfi naTY&lK-MIlKpOTepMOnapa. haJIIl3 KOSe6aHIlfi TeMnepaTypbI IIpO- 

BOAIUICH C IIOMOubIO CTaTHCTHqeCKOrO MeTOna. OnpeAeneHcIe pacnpe~enemm II~~OTIIOCTM 

BepOIITHOCTLZ I1 CTeneHHO# giyHK~rZI1 CneKTpanbHOii IIJIOTHOCTH IIOKa3aJI0, 'IT0 KOJIe6aHHH 

TeMnepaTypbIII nOrpaHWIHOM CJIOe npM KLlneHIlIl neperpeTOii BOabI B 6OJIbILIOM OheMe PIMeeT 

cTaTkIcTwIecK&i xapaurep. kZ3 cTaTI*cTwIecKoro aKam3a 3.fl.C. TepMonapbI ycTawoeneH 

Han6onee neponTKbrB nepenaa TenmepaTyp B m4AKoii M napoBoi4 @aaax. noKa3aH0, YTo 

CTaTIICTIlYeCKBe XapaKTepIlCTIlKH KOJIe6aHRii TeMIIepaTypbI BkIR3M HarpeTOfi CTeHKM IlpM 

KRIIf3HRM BOAbI B 6OJIbIIIOM ob’benre 3aBIlCHT OT IJaCCTORHWI OTCTeHKM. 


