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Abstract-Analytical expressions for macrolayer thickness and the rate of heat transfer through a macro- 
layer in a high heat flux region near the critical value were reported in previous papers by the authors. The 
results of an experimental investigation into the liquid macrolayer formation are being reported in this 
paper. The initial thickness of this liquid layer formed between the heated surface and the vapour mass 
and the frequency of the vapour mass as a function of impressed heat flux have been measured. Using 
these data, the contribution of macrolayer evaporation to the heat flow from heated surface to bulk has 
been estimated. Experimental results of macrolayer thickness and frequency of vapour mass have been 
found to compare well with analytically predicted values. Contribution of heat conduction through the 

macrolayer has also been found to account for a considerable portion of wall heat flux. 

INTRODUCTION 

IT IS well known that in pool boiling the high heat 
flux region near the critical value is characterized by 
the formation of a thin liquid layer beneath a growing 
vapour mass [l-3]. This liquid layer is known as the 
macrolayer. Based on the analysis of the mechanism 
of formation of the macrolayer, an expression for 
initial macrolayer thickness (at the instant of its for- 
mation) was derived [3]. It was hypothesized [4] that 
the heat transfer in this region takes place mainly due 
to heat conduction through the liquid macrolayer, 
resulting in vapour mass growth and subsequent 
departure. In this paper the experimental results 
obtained by the authors are presented and compared 
with those obtained from the analysis. 

EXPERIMENTAL WORK 

An experimental apparatus was fabricated to 
obtain pool boiling data at atmospheric pressure in 
the entire regime of pool boiling up to critical heat 
flux. Figure 1 is a diagram of the experimental appar- 
atus. The major components of the apparatus are the 
heater assembly, boiler vessel, condenser assembly, 
electrical resistance probe, three-dimensional micro- 
traveller and a high speed camera. The heater, boiler 
and condenser assembly are very similar to those used 
by Gaertner [ 11. Heat generation took place in a solid 
copper block (155 mm diameter and 205 mm long), 
through nine 600-W heater rods inserted in holes 
drilled in the copper block and insulated with 3-mm- 
thick porcelain powder rammed into the annular 
space between the heater rod and the copper block. A 
70-mm-long, 42-mm-diameter copper rod was placed 

5 To whom correspondence should be addressed. 

in a cup-shaped cavity made in the copper block and 
separated by a thin layer of tin-lead solder alloy which 

would be in a molten state at the operating tem- 
peratures, thus reducing thermal resistance between 
the two mating surfaces because the presence of liquid 
layer will provide better contact and nearly complete 
expulsion of air. The top surface of this copper rod, 
which served as the boiling surface, was polished to 
4/O emery grade. A pair of mating Teflon rings, one 
fitted on the top of the copper conductor and the other 
riveted on the stainless-steel fin (Fig. l), made the 
assembly leak-proof and provided good insulation 
at the top of the copper conductor. Six calibrated 
chromel-constantan thermocouples were mounted on 
the heater rod to monitor the temperature of the boil- 
ing surface and the temperature gradient in the heater. 
The temperature profile was extrapolated to the 
heater surface to find its surface temperature and 

the wall temperature gradient. The extrapolation was 
made possible by the linear profile experimentally 
obtained. The boiler vessel (150 mm diameter and 400 
mm long) was made from 304~stainless-steel sheet. 
The heater assembly could be detached from the boiler 
vessel and brought down to a lower position to enable 
the boiling surface to be cleaned and polished for each 
run. Distilled water was used as the boiling fluid. The 
condensate was preheated to saturation temperature 
before flowing to the boiler vessel. A guard heater 
mounted on the boiler vessel maintained the fluid at 
saturation temperature. 

The electrical resistance probe technique [5] was 

used to measure the bubble emission frequency and 
the macrolayer thickness. The detecting part consists 
of an insulated probe with an exposed tiny electrode 
projecting into the fluid ; the other electrode is the 
boiling surface which is assumed to be always in con- 
tact with the liquid. The electrical resistance between 
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NOMENCLATURE 

specific heat of liquid [J kg-’ K-‘1 

bubble departure diameter [m] 
bubble departure frequency [Hz] 

vapour mass frequency [Hz] 

heat transfer coefficient [W rn-’ K-l] 

latent heat of vaporization [J kg-‘] 
heat transfer coefficient due to natural 
convection [W m-’ K-l] 

heat transfer coefficient due to nucleation 
[Wrn-’ K-l] 

thermal conductivity [W m-’ K-‘1 

density of active sites [m-*1 

4w wall heat flux [wm-2] 

4 growth period [s] 
AT temperature difference [K] 

u average bubble rise velocity [ms-‘1. 

Greek symbols 
&I macrolayer thickness [m] 

4 degree of superheat [K] 

P density of liquid [kg m- ‘1 

P” density of vapour [kg mm ‘1 
u thermal diffusivity [m2 SC’]. 

Micrometer with 

iLiA1LL-I 

wire 0.OGmmQ 
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FIG. 1. Sketch of experimental apparatus. 
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1 FREQUENCV COUNTER 

2 OSClLLOSCOPE 

3 BOILING SURFACE 

4 BOILER VESSEL 

5 ELECTRICAL RESISTANCE 
PROBE 

6 FIXED RESISTANCE 
1MJ-b 

7 GALVANOMETER 

8 12 VOLT BATTERY 

9 GROUND CONNECTION 

FIG. 2. Circuit diagram for frequency measurement, 

these two electrodes is a function of the state of the 
matter in contact with the probe. Figure 2 shows the 
circuit diagram for the measurement of vapour mass 
or bubble frequency. The probe was energized with a 
12 V dc. electric supply through a fixed resistance. 
With the probe tip just above an active site, a square 
wave of the form shown in Fig. 3 was observed. A 
digital frequency counter was used to record the 
frequency. The sensitivity and the calibration of the 
frequency counter were checked with an oscillator. A 
number of oscilloscope traces were photographed 
with an oscilloscope camera. The calibration of the 
frequency counter was also checked with the fre- 
quency obtained from the photographs of the traces. 
The frequency counter was found to be sensitive to 
voltage signals greater than 0.3 V. The supply voltage 
and the fixed resistor were so chosen that the signal 
obtained was of about 0.7 V amplitude when the probe 
tip was in vapour. The ripples observed on the oscillo- 
scope trace were of much lower amplitude and hence 
could be assumed to have no effect on the reading 
from the frequency counter. 

A three-dimensional microtraveller was used to 
provide accurately controlled micro-displacements to 
the probe in the vertical as well as two perpendicular, 
horizontal directions. The high speed motion pictures 

FIG. 3. Square wave as seen on the oscilloscope. Each cycle 
corresponds to one cycle of bubble formation. 

were taken at 500 f.p.s. using a HYSPEED camera. 
Timing marks on the film were provided by a 100 Hz 
timing light generator. Three 1000-W incandescent 
lights one at each of the three glass windows provided 
the illumination on the boiling surface. 

It was found that if the power input to the copper 
block was increased through large steps, film boiling 
could occur prematurely. Due to this, high heat flux 
values were approached by increasing power input 
slowly and gradually. A number of runs were repeated 
to check the reproducibility which was found to be 
satisfactory. On attaining steady state, the liquid was 
permitted to boil for about 2 h before recording the 
data. The high thermal capacity of the copper block 
saved the equipment from overheating and burning 
out. The only damage that occurred during the film 
boiling was overheating of the Teflon ring in contact 
with the copper conductor which had to be replaced. 

MEASUREMENT OF FREQUENCY AND 

MACROLAYER THICKNESS 

While recording the bubble or vapour mass 
frequency at a particular site, the probe tip was 
brought to about 3 mm above the heating surface 
and then slowly pushed down by means of a vertical 
micrometer through known micro-displacements and 
at each position, the frequency was recorded. The 
process was repeated until the probe tip touched the 
heating surface. The physical contact of the probe tip 
with the surface was marked by an impulse of high 
current flow through the galvanometer in the circuit. 
Figure 4 shows a typical curve of the frequency vs 
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height at heat flux of 0.157 x lo6 W m-‘. Isolated values were found to be close to those obtained by 
bubbles were observed at random active sites at this electrical probes. Figure 6 shows sample photographs 
heat flux and the probe was visually positioned over at various heat fluxes. The scale of those photographs 
an active site. It is seen that the frequency increases is 0.183 times actual size. Growth of the vapour mass 
from A to B, remains fairly constant from B to C is represented by an increase in the height of the 

and decreases slightly beyond C downwards until the shaded image. The shade is caused by the reflection 
probe touches the heating surface. The frequency of light by the vapour mass which differentiates it 

values between B and C ?,ppear to be the frequencies from the liquid region above the vapour mass. Iso- 

of the individual vapour bubbles departing from the lated bubbles seen in the photographs appear to have 

heating surface. The drop in frequency above B may been formed on the peripheral portion of the heating 
be due to deviation of paths of some of the bubbles surface. The photograph corresponding to low heat 

where a decrease below C may be attributed to inter- flux shows no vapour mass but only isolated bubbles. 

ference of the probe with bubble formation phenom- The frequency of the vapour mass was obtained from 

enon when the probe is very close to the heating surface. the time interval between departure of two successive 

At each heat flux value, the frequency measurements vapour masses. For each run, the frequency was deter- 

were made at a number of locations in the horizontal mined for the number of cycles and an average value 

plane. obtained. 

Because of the high active site density at high heat 
flux and the highly transient nature of the phenom- 
enon, direct measurement of the macrolayer is not 
feasible. In this work the values of the macrolayer 
thickness were obtained in an indirect manner, from 
the plots of frequency. A typical frequency curve at a 
heat flux of 0.988 x lo6 W rn-’ is shown in Fig. 5. It 

appears that at a height of about 3 mm, the probe was 
initially in the vapour mass. As the probe is pushed 
closer to the heating surface, the frequency increases 
till it attains a maximum value at B. Further down- 
ward movement of the probe indicates a drop in fre- 

quency to a very low value. It is assumed that the 
increase in frequency between points A and B is caused 
by individual bubbles which are formed at active sites 
and merge with the vapour mass which has already 
been detached. The sudden decrease in frequency at 
point B indicates that the probe is in a liquid-rich layer 
in the region. Oscilloscope traces support this view 
since at a point below B the period for which the probe 
remained in liquid was observed to be much higher 
compared to that observed above point B. The height 
of point B above the heating surface could therefore 
be reasonably assumed to be the initial macrolayer 

thickness. The fall in frequency below B appears to 
be due to interference of the probe with the bubble 
growth process. In the high heat flux region, the 
bubble departure diameter is of the order of 0.1 mm 
whereas the probe has an outer diameter of 0.06 mm 
including its insulation. The copper probe wire being 
very close to the heated surface could conduct heat from 
the superheated liquid in the macrolayer. This heat 
loss near an active site could cause local suppression 
of nucleation of the affected site. In the low heat 
flux region the suppression effect was comparatively 
insignificant because of lower active site density and 
larger bubble departure diameter and hence the area 
affected was only a small percentage of the total. 

RESULTS AND DISCUSSION 

The equation proposed for initial macrolayer thick- 
ness [3] was 

&++li+t,) (1) 

where 

x = :[-(l/k,)+(l/k:+4k,)“21 

k, = U(fD&- l)/(SMQ,) 

Kz = [(Do--D,)/(4MB,)+ t,“*+k,tJ/k, 

~4 = pC&&/wvh,) 

D, = (A/q)“‘. 

Figure 7 shows the comparison of the experimental 
results and the analytical results of equation (1). In 
order to carry out the analytical calculation of the 
value of macrolayer thickness, the following relations 
were used in conjunction with equation (1) [5] 

fDd = lllms-’ [6] 

N/A = (h -h,,)l]~~:(L -hnJl 171 

h,, = 0.15[g/?Cp2k2/~]“3 (AT)‘/’ 

h,, = 2(pCk)“*f ‘,‘,&. 

It is seen from Fig. 7 that the predicted values of 
macrolayer thickness are in good agreement with the 
experimental values. 

A best fit curve into the experimental data has been 

found to be 

6, = 1.585 x lO’q, ‘.=‘. (2) 

Equation (2) is comparable with the results of 

Gaertner [l] 

VAPOUR MASS FREQUENCY 

High speed photographs were used to determine 
the value of the frequency of the vapour mass. These 

6, = 0.4854 x 105q, ’ 4225 (3) 

and Iida and Kobayasi [2] 

6, = 3.2296 x 1O’q; ‘.5’48. (4) 

Equations (3) and (4) have also been plotted along 
with (1) and (2) in Fig. 8. 
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qw= 1*208X106 w/m? l%8X106w/tn2, 1,301 X106w/rn2, 
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OSCILLOSCOPE TRACES 

FIG. 6. High speed photograph sequences. 



Role of macrolayer evaporation in pool boiling at high heat flux 

0 

01a1--Q 2 
7- _ , 

$1x8-- 

,“! 

pQ- ‘: 

2 
ulM’“b !(“b) ~01 

1959 



1960 A. M. &TAT et a/. 

6.2--1.6x lo6 

2 
2 6.1- 
u 

i 

0” 
- 6.0-- lo6 

“E 

5 c 
3 5.9- 

v 
.a 

-3 

,” 5.6- 

4 - 

5.7-- 5 It IO5 

5.6 - 

5.5- 

53105 106 1.6143 
r 1 I I I I 1 I I I I I I I I 1 

5.5 5.6 5.7 5.8 5.9 6.0 6.1 6.2 

LOG ( qw); q,, W/m2 ( EXPERIMENTAL 1 

FIG. 9. Comparison of experimental wall heat flux with corresponding predicted values. 

A best fit curve into the experimental data of vapour layer formed under the vapour mass can account for 
mass frequency has been found to be the major portion of heat transfer from heating sur- 

F = 1.595 x lo- “q; ‘.576. 
(5) face in the high heat flux region of pool boiling. 

Conduction heat flux through the macrolayer has 
been foimd to be [5] CONCLUSION 

60 
qcond = 

ph,kATF 
In 

4w [ 1 ~o-qwlW@) 
(6) 

The contribution of heat conduction through the 
macrolayer accounts for a major portion of heat flow 

Experimental values of wall heat flux, qw, wall 
in the high heat flux region in pool boiling ; the con- 
tribution decreases with decrease in heat flux. 

superheat, AT, and the vapour mass frequency, F, 
have been used to calculate the average conduction 
heat flux, qacond, from equation (6). Figure 9 compares REFERENCES 
the experimental heat flux values (qJ with the cal- 
culated values of average conduction heat flux (&ond). I’ 
A reasonably good agreement has been found; the 
deviation decreasing with increase in heat flux indi- 2. 
eating that the contribution of heat conduction 
through the macrolayer is higher at high heat flux 
conditions. These results show that the heat transfer 

3, 

model assuming conduction across the liquid macro- 
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ROLE DE L’EVAPORATION EN MACROCOUCHE DANS L’EBULLITION 
EN RESERVOIR A HAUT FLUX DE CHALEUR 

R&urn&Des expressions analytiques pour l’epaisseur de la macrocouche et le l’mx de chaleur a travers 
une macrocouche dans le domaine de grand flux de chaleur, prts de la valeur critique, sont don&es par 
les auteurs dans des articles anterieurs. Les resultats dune etude experimentale sur la formation de la 
macrocouche liquide sont report& ici. On a mesure l’tpaisseur initiale de cette couche form&e entre la 
surfacechaude etlamassede vapeuretla frtquence dela masse de vapeuren fonction du flux dechaleur 
impost. A partir de ces don&es, la contribution de l’evaporation en macrocouche au flux de chaleur 
transfer& depuis la surface est estimte. Les rtsultats experimentaux se comparent bien avec les valeurs 
calcultes. La contribution de la conduction de chaleur a travers la macrocouche est trouvte compter pour 

beaucoup dans le flux de chaleur par&al. 

DIE ROLLE DER MAKROSCHICHTVERDAMPFUNG BEIM BEHALTERSIEDEN MIT 
HOHEN WARMESTROMDICHTEN 

Zusammenfassung-In friiheren Veriiffentlichungen der Autoren wurden analytische Ausdriicke fur die 
Dicke der Makroschicht und den Warmestrom durch die Makroschicht im Bereich hoher Warme- 
stromdichten nahe dem kritischen Wert mitgeteilt. In dieser Arbeit werden Ergebnisse einer exper- 
imentellen Untersuchung zur Bildung der Fliissigkeits-Makroschicht vorgestellt. Die ursprtingliche Dicke 
der Fliissigkeitsschicht zwischen der beheizten Oberfliche und der Dampfmenge und die Frequenz der 
Dampfmenge als Funktion der aufgepragten Warmestromdichte wurden gemessen. Anhand dieser Daten 
wurde der Beitrag der Makroschichtverdampfung am Warmestrom von der beheizten Oberflache an das 
umgebende Fluid ermittelt. Die experimentellen Ergebnisse der Makroschichtdicke und der Frequenz der 
Dampfmenge stimmten gut mit den analytisch berechneten Werten iiberein. Die Wlrmeleitung durch die 

Makroschicht iibertrlgt ebenso einen erheblichen Teil des gesamten Wlrmestroms. 

PO_JIb MCl-IAPEHMR MAKPOCJIOII l-IPM KMl-IEHMM B EO.JIbllIOM OS-bEME lIPI 
EOJ’IblLlIlX TEWIOBbIX l-IOTOKAX 

AHHOTUUISI-B npenbmymefi pa6ore aBTopaMu AanbI aHanAYnTeCKne ebrpanreean arm TOnmHHbl MaK- 

pOCnOa I4 WHTeHCHBHOCTB TeIInOIIepeHOCa 'Iepe3 MaKpOCnOti IIpIi BbICOKUX TeIInOBbIX IIOTOKaX e6nesu 
KpATWIeCKOrO 3HaSeHBR.npenCTaBneHbI pe3ynbTaTbI 3KCIIepuMeHTanbHOrO WCCnenOBaHWR 06pa30BaHua 

MaKpocnor E~~KOCTA. M3MepeHbI HaYanbHan TOnmAHa cnon WinKOCTu,O6pa30BaHHOrO MezKny Harpe- 

TOti IIOBepXHOCTbIO w Maccofi napa,n CKOpOCTb o6pa30BaHsn napa KBK I$~HK~IIII BHemHerO TennoBoro 

nOT0Ka.C WCIIOnb30BaHHeM3TBX pe3ynbTaTOB OueHeH BKnanIICIIapeHBs MaKpOCnOs BTeIInOBOfI IIOTOK 

CO CTOpOHbI HarpeTOii IIOBepXHOCTI, B 6onbmofi o6aeht.Halneno XOpOmee COOTBeTCTBIIe naHHbIX 3KC- 

nepeMeHToe no Tonmane MaKpocnoa w CKO~OCTII 06pa3oBaHHs napa c pe3ynbTaTaMu aHanuTwIecKHx 

pacueToe. BKnan TennonpoaonHocTu 9epe3 MaKpocnoA cocTaenneT 3HawTenbHyIo qacrb TennoBoro 

IIOTOKaOTCTeHKII. 


