EXPERIMENTAL STUDY OF THE HEAT-TRANSFER
MECHANISM FOR A SINGLE BUBBLE-GENERATING CENTER

V. Z, Borisov and P. L. Kirillov UDC 536.423.1

It is shown that in the development of boiling the main quantity of heat is transferred
from the surface into the vapor volumes due to the latent heat of vaporization.

Following are the most widely accepted physical models of the heat-transfer mechanism associated
with boiling [1-3]: it is postulated that the bubbles generate vigorous turbulence of the thermal houndary
layer, thus creating large heat-transfer coefficients. According to another hypothesis {4-6], the vapor
phase acquires a considerable quantity of heat from the liquid even during the buildup period on the heating
surface due to the latent heat of vaporization; the fraction of this "latent heat transfer” in the total energy
balance of the surface increases to 100% as the thermal load approaches the critical value,

In order to obtain additional information about the heat-transfer mechanism in boiling we have con-
ducted some investigations on a plane surface of small dimensions with a single bubble-generating center.
The heat transfer on this type of surface corresponds to the process in an individual element of the cellular
model (7, 8].

The working section was fabricated from a copper rod 50 mm in length and 3 mm in diameter, The
rod was silver-soldered toa nickel diaphragm 0.05 mm thick. Boiling took place on a plane horizontal sur-
face of nickel foil of GOST (All-Union State Standard) purity class 8. The heat source wag a heater situated
at the lower end of the rod. Four grooves were cut into the upper part of the rod, separated by a distance
of about 2.5 mm, and copper— Constantan thermocouples were pressed into the grooves. The heat flux and
temperature of the boiling surface were determined from the readings of the thermocouples. Once-distilled
water was used for the working surface. The physical process was filmed with a Fastax motion picture
camera at a speed of 2500 frames/sec in transillumination. The quantity of heat withdrawn from the bubble
vapor volume was determined from the equation
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The volume of each bubble, which had a nonspherical shape, was calculated by addition of the volumes of
15 to 20 cylinders into which the bubble was partitioned.

Giar =

A comparison of the experimental boiling data for a single vaporization center with the bubble-boiling
curve for a large surface shows that both processes are similar in terms of their main characteristics.
Agreement is also observed with respect to the parameters Dy, f, and Dyf. We note certain features of the
heat-transfer processes on a small surface., Thus, boiling is initiated at thermal loads {(35 to 50) 100 W
/m?] higher than on the well-developed surface. This result is possibly attributable to the fact thattheprob-
ability of the inception of a vaporization center on the small surface is also small (all other conditions be-
ing equal).

The results of the tests in which the latent heat transfer was determined are presented in Table 1. It
is seen that the latent heat-transfer fraction qygt/q varies from 0.25 to 1.15. This parameter is observed
to depend on: a) the time during which the surface is covered with vapor; if the surface is free of growing
bubbles some of the time, i.e., if there is a large time between bubbles or series of bubbles, heat transfer
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TABLE 1. Experimental Data on the Boiling of Water for a Single
Vaporization Center
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is realized during this time by convection alone; b) the ratio of the diameters of the bubble and heating sur-
face. It may be assumed that heat transfer is realized beneath the bubble by "latent” heat transfer, while
on the rest of the surface heat is withdrawn by convection of the liquid, i.e., if Dy < dpq (diameter of the
heating surface), then qlat/q < 1.

Taking these dependences into account, we calculated the thermal balance of the heating surface. The
results of the calculation are given in Fig. 1; the points fit the straight line (glat + dconv) /4 =1 with £15%
deviation. For the calculation of qoony We used the value of the heat-transfer coefficient from our experi-
mental data on natural convection on a small surface, Thus, the thermal balance of the surface is given
without regard for the turbulence effects created by the bubbles.

In several series of tests the lapse time was roughly equal to zero, and the mean bubble diameter at
detachment was equal to the heater diameter. In this case there is no convective heat transfer, and all the
heat from the heating surface must be contained in the vapor volumes of the bubbles. The test results in-
dicate that indeed qjat = q in this case.

We draw the following conclusions on the basis of our experiments on the role of latent heat transfer:
1) all the heat generated by the surface over an area equal to the projection of the mean bubble diameter at
detachment is spent in the formation of bubbles at each vaporization center when Tlps = 03 2) the latent heat-
transfer fraction increases with the thermal load, and at each vaporization center the ratio g5t/q attains
a value of unity with the buildup of a continuous vapor-jet regime,

A second group of tests was carried out to study the turbulence~generating effects of the bubbles through
the simulation of boiling by gas bubbling, During the growth of the gas bubble there is no latent heat of
vaporization spent in its formation (at a liquid temperature well below the saturation temperature); on the
other hand, the turbulence effects of the gas bubble do not differ from those created by a vapor bubble in
boiling, i.e., 2ll the heat flux near the bubble-generating center is withdrawn by turbulent convection.

The boiling simulation tests were conducted on a working section different from the one described
above in that now the rod had a lengthwise bore running through it, 0.9 mm in diameter, to deliver the gas
to the surface. On this working section we first obtained data on natural convection atdistiilate temperatures
of 17, 55, and 75°C, along with boiling data for identification with the "solid rod" apparatus (the boiling
curves are similar in both cases, differing by 10 to 15%); then in the nickel diaphragm we punched a hole
0.65 mm in diameter at the center of the imner duct and conducted our gas bubbling experiments.

In the boiling simulation tests the range of gas volumetric flow rates spanned the entire vapor-rate
interval obtained in boiling; the parameters Dy, £, Dyf, and dR/d T also concurred, i.e., similarity condi-
tions were preserved by and large between the processes.
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Fig. 1. Sum of latent heat transfer (measured) and heat flux (calculated) due to natural convec-
tion versus measured total heat flux (q-107°, W/m?),

Fig. 2. Heat-transfer coefficient (o -10™3 W/m? . deg) versus heat flux (q+107%, W/m?) in the
simulation of boiling by gas bubbling; liquid temperature 17°C; v is the gas volumetric flow rate,
cm?/sec: 1) boiling; 2) gas injection; 3) free convection,

The results of the bubbling tests at a liquid temperature of 17°C are given in Fig. 2; similar results
were obtained at T = 55 and 75°C.

Analyzing the experimental data, we note the following: an increase in the gas flow rate improves the
heat transfer, but only within definite limits (no more than 20 to 100% over natural convection conditions);
the graphic dependence «(q) for gas bubbling is parallel to the line representing heat transfer in natural con-
vection, The experimental results definitely imply that the creation of turbulence in the boundary layer by
bubbling does not yield as high heat-transfer coefficients as in boiling, For a quantitative determination of
the agitating efficiency of the bubbles we need to introduce into the heat-transfer equation the parameter
Dyf, which is common to the bubbling and boiling processes, It is apparent from Fig. 3 that the product
D,f increases with the gas flow rate, and simultaneously the heat transfer improves. Consequently, Dyf
must enter into the numerator of the dimensionless complex, which may be represented in the form

(DY) Dyf
gD, f Y\ g (heat flux) X (time) = work of thermal forces
og (GD%) work of surface formation

The simulation results are generalized by the equation

Nu =3050 (%ﬁ)o‘ls. 1)

The deviation from the average line is £15%. The bubble-boiling data appear to obey two relations
in the adopted dimensionless coordinates (the experimental results were processed only for p = 1 atm,
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because the boiling simulation study was carried out at this pressure), For low heat fluxes (in the isolated-
bubble regime) the boiling data are generalized by Eq. (1). When the regime of vertical coalescence of the
bubbles sets in (¢ ~1.5-10° W /m? at p = 1 atm), the growth rate attains a maximum under the given con-
ditions (Fig. 3), and the results of the boiling tests are described by the relation

_ qD f 0.7
Nu =415 (T;é") , @)
in which Dyf = const and is equal to half the bubble ascent rate under the given conditions (0.15 m/sec in
water at p = 1 atm).

We conducted an experiment with a constant surface thermal load, but a variable gas flow rate. The
results are given in Fig. 3. It is seen that the heat-transfer coefficient attains a maximum in transition
from the isolated-bubble regime fo the coalesced-bubble regime, It is clear that a limit is imposed on the
enhancement of the role of turbulence generation by the bubble ascent rate, i.e., each vaporization center
can withdraw only a limited quantity of heat from the surface by turbulent convection. A further increase
in the thermal load induces an abrupt change in the density of active vaporization centers and, hence, in
the heat-transfer coefficient, The foregoing discussion explains why the experimental data on boiling follow
the two dependences (1) and (2).

Consequently, the creation of turbulence in the boundary layer by bubbles, being proportional to the
growth rate Dyf, is nevertheless bounded and small (as compared, say, with the action of forced convection
of the liquid), Our experiments with the simulation of boiling by gas bubbling support the conclusions drawn
from the experiments involving direct measurements of the latent heat transfer,
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