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During the past decade many papers on nucleate boiling of liquids

have been published in this country as well as abroad. The decade was

characterized by vigorous research efforts involving the mechanism and

physics of boiling liquids.

The information amassed shows that heat transfer to intensive

nucleate boiling is relatively insensitive to such external effects as

the change in the intensity level of the gravitational field, vibrations,

circulation and forced flow of liquid, and application of electric fields.

Although these effects usually intensify heat transfer in the regions of

incipient and early stages of developed boiling, they gradually decrease

with increasing heat flux. Figure 1 shows experimental data on heat

transfer to pool boiling of water at different intensities of gravitational

field. When the acceleration is increased by a factor of 134, the heat

transfer to intensive boiling remains practically the same as that at

normal terrestrial gravity.

Moreover, as is well known, the insensitivity of heat transfer during

intensive boiling to the aforementioned effects is also true of such

factors as small admixtures of surface-activ impurities, small quantities

of gas dissolved in the liquid, microstructure of the boiling surface and

the technology of preparing and machining the surface, the adsorptive

properties of the surface, its uniformity, wettability, etc.

The recent interest in boiling liquids (conventional and liquid-

metal coolants) at very low pressures has given rise to numerous experiments

in this area. The boiling observed under these conditions consists of a
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fairly irregular, pulsating vapor generation accompanied by intensive

hydraulic shocks, acoustical effects, and temperature fluctuations. All

these effects must be known in order to predict and control the heac

transfer behavior.

This period was marked by detailed investigation of the different

aspects of the mechanism of nucleate boiling. Somewhere between this

approach and the traditional method of purely empirical correlations and

generalizations is a fairly small number of qualitative studies of the

models of heat transfer in nucleate boiling. These models include the

cyclic mechanism of bubble action, which consists of moving the super-

heated layer of liquid from the wall to the center of flow; the. agitation

of the boundary layer by the growing bubbles; a bubbling model analogous

to injection of inert gas into the liquid through a porous wall; the

so-called, latent heat transfer mechanism; an evaporation-condensation

model for subcooled boiling when the transfer of heat in a bubble is

similar to that in a heated tube; a model for the evaporation of a micro-

layer, etc.

Most of these models, however, do not give a full quantitative

analytic description, and on closer analysis one gets the impression that

the different models reflect the various stages or aspects of the same

mechanism rather than different modes of heat transfer. In considering

the reasons for the heat transfer to intensive nucleate boiling, we should

focus attention first on the characteristics and structure of the thin

layer, which contains a large amount of liquid at the heated surface in
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the range in which the main temperature drop occurs. The presence of this

layer in the entire range of nucleate boiling up to the critical point

2
has been confirmed by measurements employing the probe method with

3
microthermocouples. These models must be modified and refined, for none

of them can now adequately explain the experimental observations.

From the physical standpoint the nucleate boiling process encompasses

many effects associated not only with the hydromechanics of continuous

media, but also with statistical physics, the physical chemistry of the

surface effects, and the molecular-kinetic theory of phase transitions.

Therefore the general study of the mechanism of nucleate boiling has been

gradually divided into different areas of investigation in both theory and

experiment.

Thus we can now consider, for example, the activation of the nucleation

centers, which involves such problems as the physical determination of the

probability of nucleation in microscopic cavities on the surface and

experimental observations of these processes, the study of the micro-

structure of the actual surfaces (the feasibility of using an electron

4
microscope for this purpose was recently demonstrated ) , the role of

adsorption layers, of the physicochemical inhomogeneity of the surface,

its crystal structure, etc.

This problem also involves determination of the number of nucleation

centers on various surfaces at different boiling intensities. To ~olve it,

we must take into account the temperature fluctuations at the wall and the

data on the growth and removal of the vapor phase from the surface.



Experimental measurements of the nucleation centers at relatively low

density are fairly straightforward. Motion-picture photography is used

for this purpose. During intensive boiling, however, direct observations

cannot be made. The methods of measurement based on electroplating

5 2

techniques and the use of a probe for measuring the local vapor content

are well documented.

Recently the mechanics of macroscopic bubbles have been studied

extensively. The spherical growth of a macroscopic bubble in an unrestricted

volume of superheated liquid (volume boiling) can be analytically described.

A comprehensive analytic description of this problem (see, for example,

Ref. 6) is predicated on four basic physical effects, whose concurrent

influences determine the actual growth rate of the bubble. The models

shown below consider only one of the effects while assuming the absence of

the other three.

(a) The Dynamic Inertial Model of Rayleigh (Fig. 2a). The growth of

a bubble, whose vapor pressure is equal to the saturation pressure at a

given temperature of the liquid, is determined by the inertial reaction of

the liquid opposing the spherical expansion

where Ap = p (T ) - p , p (T ) is the saturation pressure at the temperature
S CO ^o g

of the liquid T at some distance from the bubble, p is the actual pressure

of the fluid at some distance from the vapor bubble, and p is the density

JL

of the liquid.
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(b) The Dynamic Viscous Model (Fig. 2b). The growth rate of a

bubble is governed by the v'iscosity of the liquid, which, as the bubble

expands spherically, Manifests itself in the form of a normal tensor

component of viscous strain at the interface

where y, is the dynamic viscosity of the liquid.

(c) The Energy Heat Model (Fig. 2c). The growth of a bubble is

determined from the equation for the heat balance according to the

evaporation rate of the liquid, which is determined by the heat transfer

rate from the upper layers of the superheated liquid to the interface. An

exact solution of this problem, which refined many of the earlier approximate

7 8 9
investigations, ' was obtained by Sriven by means of a numerical integration.

As indicated in Ref. 10, the results are well approximated (error of <2%) by

R {t)iVTt = 2 |/'3M [l + 4 " («/&¥)•' + n/6.v]l<5> A', (3)

where the parameter N = cp AT/rp characterizes the degree of overheating

of the liquid and AT = T - T (p ). The limiting branches of this solution
CO ^ 00

are of the form

for

i o c -. %.. . , _
(3")
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and correspond to two limiting cases of the temperature variation of the

liquid near the bubble. At N » 1 practically the entire temperature

drop AT is localized in a very thin surface layer. The second case,

N « 1, corresponds to the temperature range characteristic of the

classical stationary problem of heat conductivity: a sphere in an un-

bounded medium. In these relations a is the thermal diffusivity of the

fluid, c is the heat capacity of the. fluid, r is the heat of vaporization,

p is the vapor density, T is the actual temperature of the fluid at

some distance from the bubble, and TgCp^) is the saturation temperature

at the actual pressure of the fluid p^.

(d) Molecular-Kinetic Energy Model (Fig. 2d). The molecular-

kinetic laws of evaporation of liquid from <* superheated interface

determine the flow rate of the vapor to the bubble and its expansion:

The quantity p is the evaporation-condensation coefficient, R is

the gas constant, and Ap = p (T ) p . The molecular-kinetic laws cited

in Ref. 11 were used in deriving this formula.

Under actual conditions all the effects considered occur simultaneously,

although their importance depends on the specific conditions and physical

properties of the substance. Their combined effect is such that the

actual growth rate is always less than (or equal to) the smallest value

determined by these relations. It would seem that this factor determines
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the validity of this classification. By comparing the limiting growth

rates we can obtain the criteria for determining the regions in which

these effects have a predominant influence. From the practical point of

view, the energy heat and dynamic inertial models cover the widest regions.

The first covers the region of high pressure and the second the region of

•low pressure and relatively small bubble size. The molecular-kinetic model

is dominant only when (3 is very small, and at p - 1 this effect has a

negligible influence on the growth rate of the bubble. The viscous model

becomes important only when the growth of the bubble occurs in a viscous

liquid when the bubole radius is small.

When the bubble travels (rises to the surface) in the superheated

liquid as it increases in size, its growth rate will increase if the process

occurs in the region in which thermal effects are dominant. Using the

12
analogy between heat transfer and mass transler, Savoiskii applied

13
Levich's solution of the diffusion problem to this case.

This expression describes the existence of a thin laminar boundary layer on

the bubble surface. It applies to the case in which the velocity v of the

bubble's rise to the surface is appreciably higher than that of its radial

expansion R.

Since the growth of the vapor bubbles at the heating surface occurs

under conditions of nonuniform temperature, it is more difficult to describe
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it analytically. The majority of the proposed models are based on the heat

14
energy model (our classification). In 1961 Zuber suggested that the

formula for the growth of a bubble in a superheated liquid (3) can be used

in this case. He based his assumption on the model in Fig. 3 and on the

fact that evaporation occurs mainly over the spherical surface ABC because

of cooling of the superheated layer surrounding the bubble. In 1963 the

author of this review article criticized this model on the grounds of the

excess enthalpy of the superheated liquid in the boundary layer.

The quantity of heat (with due consideration for the Zuber model)

2
removed on cooling the superheated layer of mass PTTIR 6, assuming that it

is superheated throughout by the amount AT = T - T_, is estimated to be
W o

2
cp rtR 6AT. This amount of heat (neglecting possible dissipation to the

Lt

surrounding liquid) allows the bubble to grow to the size

which follows from the equation for the heat balance. Since N = cp AT/rp

at pressures above atmospheric is in the region N ^ 1, it follows from

the Eq. (6) that the bubble cannot grow beyond the limits of the heat

boundary layer; this clearly contradicts the experimental observations.

The indicated heat flux plays a dominant role in the overall heat balance

of the bubble only in the low-pressure region and large superheating when

N » 1.
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Thise estimates formed the basis of a model that explained the

growth rate of the bubble on the heating surface at low pressure by

assuming that the heat flux at the site of the bubble's formation was

essential for its growth. The heat flux to these regions of the inter-

phase was assumed Co be the result of the heat conductivity from the wall

across the adjacent layers of the liquid. The distinctive feature of

this model is that the heat capacity of the liquid turned out to be

nonessential in the growth of a bubble.

To calculate the growth rate on the basis of this model requires

knowledge of the bubble's exact shape at its formation site. One such

hypothetical shape was analyzed by this author. However, the equation

for bubble growth corresponding to this model can be obtained with

accuracy to the numerical coefficient from the dimensional analysis

without knowing the precise shape of the bubble. By reducing the

importance of viscosity and surface tension, just as in the case of

bubble growth in a pool of superheated liquid, we can write the following

expression:

from which, on the basis of the dimensional analysis, we obtain

R (0 = const y\M'tlrpv. ( 7y
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According to Refs. 10 and 15, the constant coefficient «* 3.4.

The well-known experimental study of Moore and Mesler, in which

a unique microthern'ocouple method was used for measuring the surface

temperature in the region of the vapor formation center during the boiling

of water at atmospheric pressure, played an important role in subsequent

studies of bubble mechanics. Moore and Mesler observed strong temperature

fluctuations at the surface and a rapid temperature drcp in several

milliseconds. This led them to suspect the existence of a thin micro-

layer of liquid under the growing bubble, whose intensive evaporation

determines the rapid local cooling of the surface. Later these

experiments were repeated by other investigators, who confirmed the

existence of a microlayer.

We shall consider only some of the results of these experiments.

Bubbles of different shapes (e.g., spherical,,oblate, hemispherical) can

be observed on the heating surface during nucleate boiling of water at

atmospheric pressure. In the region of lower pressure the bubbles are

primarily hemispherical. The growth of such a bubble ic shown schematically

in Fig. 4a. The presence of a liquid microlayer at the base of a hemi-

spherical bubble is shown schematically in Fig. 4b. Its thickness is of

the order of magnitude of several microns or several dozen microns. The

evaporation of the microlayer primarily determines the growth of these

bubbles. However, this layer sometimes evaporates only partially at its

center.
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An attempt to describe this process theoretically has been made in

a number of recent papers. One of the most comprehensive experimental

studies is that of Cooper, who discussed some of his results in a paper

18
presented at the IV International Conference on Heat Transfer. We

shall consider some of the important results of his experiments.

He obtained the following equation by analytic observation:

where 5M(t) is the thickness of the microlayer on the periphery of the

bubble at time t measured from the start of bubble growth. The equations

for the growth of a hemispherical bubble were formulated on the basis of

the heat energy model for the two limiting cases: when the heat conductivity

at the surface is very large, the surface is isothermal and the heat

resistance of the microlayer is predominant; when the heat conductivity

of the surface is small, it is intensively cooled. An interpolating

18
relation was obtained for simultaneous influence of both effects :

0.4/"• 1'"

The terms in the denominator reflect the contributions of the factors

noted above.

19
The paper of Dzakovich and Frost? in which the molecular-kinetic

evaporation effects in the microlayer play a dominant role is also of
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interest. Unfortunately, the kinetic model used in this paper is incorrect.

The role of the kinetic effects in the evaporation of a microlayer requires

further study. It would appear that this effect can be observed in the

boiling of liquid metals.

The formation of hemispherical bubbles with a. microlayer at the

boiling surface is a unique kind of boiling that occurs at fairly low

pressures. The high rate of bubble growth characteristic at these pressures

is in the final analysis apparently the reason for the formation of

hemispherical bubbles, as shall be discussed in greater detail below. The

rate at which bubbles grow decreases appreciably with increasing pressure,

and their shape also changes. The bubbles now become predominantly

spherical, as is shown schematically in Fig- 4c. At high pressures the

bubble's expansion seems to be retarded in the region of its initial growth;

this is apparently attributable to the irregular wall surface and is

graphically illustrated in Fig. 4d. These considerations are based on the

results of motion picture studies of the boiling process for a number of

, . .. . .- c 10,20,21
liquids in a wide range of pressures.

Figure 5 shows the bubble diameter D = 2R(t) as a function of time t

for water and benzene at different pressures (the different symbols on the

plots denote the growth of individual bubbles; for each bubble the time is

measured from the time of its appearance on the surface). The growth rate

decreases appreciably with increasing pressure. The general character of

1/2
the dependence R(t) ~ t , which was predicted by all the theoretical

relations considered above, was confirmed by the experimental data. In
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Fig. 6 the average values of R(t)//at for each specified regime (P , it)

for boiling [water (p = 1-100 bar), benzene (p = 1-15 bar), and ethyl
s s

alcohol (p = 1-34 bar)] is plotted as a function of the parameter
s

N = cp AT/rp... Curve I corresponds to solution (3) for bubble growth in

g

a superheated liquid, curve II corresponds to Eq. (7), and curve III

corresponds to Cooper s Eq. (9) for boiling water on a silver surface.

The last two equations are consistent with the experimental data in the

appropriate regions of the N values, whereas the curve for bubble growth

in the superheated liquid (3) is unsuitable for bubble boiling at the

heated surface.

The growth of bubbles at the heating surface determines the size of

the bubbles when uhey break away in the classical pool boiling of saturated

liquid on a horizontal heating surface. Many papers have been published

recently on the mechanics of bubble departure under these conditions. It
22

should be remembered that this subject has a long history. In 1935 Fritz

published a landmark paper in which he used the hydrostatic equations to

determine at a fixed contact angle the maximum size of the bubbles on the

horizontal heating surface for which the hydrostatic equilibrium, taking

In the low pressure experiments (p — 1 bar) the radius R of the deformed
nonspherical bubbles was assumed equal to the radius of the sphere, whose
volume is equal to the volume of the nonspherical bubble. This fact was
taken into account in the comparison with Cooper's formula.
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22
the surface tension into account, is satisfied. For large bubble size

the equilibrium does not hold; i.e., a large bubble cannot remain in a

static position on the surface and must break away. The results of

Fritz's calculations for the range of angles 9 ^ 140 are described well

by a simple formula, now known as the Fritz formula:

Do« 0.0.210

(the contact angle 9 is measured in degrees). D is the diameter of the

sphere whose volume is equal to the maximum volume of the bubble at rest

on the surface:

— v max*

The derivation is based on the assumption that the bubble with a

fixed contact angle 9 at the point of contact with the surface is at rest.

The question remains whether this also applies to nucleate boiling of

liquids. For some time this was thought to be the case and it was borne

out by results obtained mainly with boiling water at atmospheric pressure.

However, many measurements carried out during the last decade with a

number of liquids at low and high pressures showed convincingly that

Eq. (10) does not hold for nucleate boiling.

23-28
For example, in the low-pressure experiments the escape diameters

exceeded by an order of magnitude the calculated values based on Eq. (10)
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(and therefore the volumes by three orders of magnitude). Experiments

20 29
at high pressure ' showed that the diameter decreased significantly

with increasing pressure. Figure 7 shows the experimental data for water

and for ethyl alcohol. Here the divergence is in the opposite direction

and increases with increasing pressure. At the highest pressures

investigated the difference also approaches an order of magnitude.

Before attempting to interpret these experimental observations, we

shall consider some physically questionable concepts, which unfortunately

are far too prevalent in these papers. One method of calculating the

escape diameters has become almost traditional. The expressions for

such forces as the Archimedean buoyancy, adhesion to the wall due to the

surface tension, the inertial force of the liquid, and the so-called drag

have been used in connection with a bubble growing on the surface. Each

of these forces, of course, can be determined only approximately. The

condition for the escape of a bubble is therefore postulated either

explicitly or implicitly in the following manner: the moment of departure

is determined by the condition that the algebraic sum of these forces,

including the inertial forces, is zero. The escape diameter is determined

from this equation for the equilibrium of forces. However, this basic

condition for bubble departure is invalid. According to the d'Alembert

principle, the sum of all the forces, including the inertial force, must

be equal to zero during the time of bubble growth at the surface. There

is therefore no assurance that the diameter determined from the equation

for the equilibrium of forces corresponds uo the time of the bubble's
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departure rather than to some time during its growth, especially as each

force, of necessity, has been determinei only approximately.

The inertial force of the growth of a bubble at the surface is

also difficult to determine. For a spherical bubble this force can often

be expressed as follows:

mdvjdt,

where m is the apparent mass and is equal to -rpV(t) for the sphere, V is

the volume of the bubble, and v is the velocity of the bubble as a result

of its growth.

In addition to thi- lorce, or sometimes in place of it, one can use

the drag force

(12)

with a constant drag coefficient c_, which is determined from data on

hydromechanics. In principle, the concept of drag would appear to be

inapplicable to the growth of a bubble at the surface. As is well known,

this force occurs at the base of the bubble - the point at which the

bubble detaches itself from the surface; moreover, the drag coefficient

cf reflects the incomplete restoration of pressure at the point of
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detachment. A bubble that grows on a heated surface of course does

*
not have a detachment point at its base.

The inertial force (or the reaction of the liquid) expressed by

Eq. (11) corresponds to a well-known hydrodynamic model for the motion

30
of a sphere of fixed volume in an accelerating inviscous medium. This

definition, as applied to an exp^nJing bubble, does not take into account

its volume expansion; this gives rise to an error in the magnitude of

this force and its sign.

For a sphere expanding in volume and concurrently moving with a

velocity v in an incompressible fluid, schematically expressed in Fig. 8,

the resultant force for the fluid is given by

(13)

where m = -rp_V(t) is the instantaneous apparent mass, and V(t) is the

volume of the sphere which changes with time. This expression can be

easily obtained by a simple superposition of the velocity potentials of

the two basic motions: simple symmetrical volume expansion of the sphere,

and the motion of the sphere in the fluid with a velocity v without a

change in volume. Thus expression (13) is an exact solution for the

model illustrated in Fig. 8.

Original meaning unclear to translator.
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The following simple calculation illustrates the difference obtained

by using expressions (11) and (13) for a bubble expanding according to the

1/2
law R(t) ~ t at v = A (i.e., when the lower point on the sphere in

Fig. 8 is fixed, as though it were located on a hard surface). From

relation (11) we get

— -j-rnv/t,

whereas definition (13) gives

mv/t.

Here, the difference is apparent not only in the numerical coefficient but

also in the sign. Moreover, expression (14) represents a pulling force

(i.e., it is analogous in sign to the Archimedean force), whereas the

correct expression (15) denotes a "pressing" reaction that tends to drive

the bubbles into the wall.

Note that this inertial force, whose magnitude depends on the rate

of bubble growth, produces the hemispherical bubbles considered above

during boiling at low pressure. It can also be shown from (13) that if

the rate of bubble growth decreases sharply (goes from R ~ t to R ~ t ,

where n < 1/4), which is characteristic of boiling on thin wires, then

the inertial force during such growth changes its sign and becomes a

pulling force as a result of diminishing growth. This apparently accounts
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for the frequently noted fact that during boiling on horizontal wires the

bubbles break away not only in the upward direction but also downward and

laterally.

The existing solutions for the escape diameters based on the model

for the equilibrium of forces and on the use of such terms as (11) and

(12) are inconclusive; a more rigorous and physically sound solution is

required.

In conclusion, we should like to present some observations by the

staff members of our institute on the variation in escape diameters with

pressure. They are based on simple physical estimates and may prove

useful in formulating a more rigorous theory.

Boiling at high pressure can be considered an extreme case in which

the dynamic effects resulting from the growth of bubbles are negligible.

This is based on the fact th«t bubbles grow at a fairly slow rate. In

this limiting quasi-static case, according to Fig. 4d, the departure of

a bubble is analogous to the departure of a gas bubble that is slowly

31
blown through a hole d in diameter. This is expressed by

where the numerical coefficient k ^ 1. After substituting in this relation

d of the order of several microns (a reasonable value for the longitudinal

distance between surface irregularities), we obtain diameters close to

those obtained in experiments with water, ethyl alcohol, and benzene at

high pressures.
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Boiling under very low pressures is another limiting case in the

sense that the inertial torce of the liquid is the dominant factor in

preventing bubble departure. To explain the mechanics of this effect,

let us first consider a simpler problem that can be solved exactly. The

bubble formed in the liquid grows at the specified rate of volume

expansion. As it grows it begins to rise to the liquid surface as a

result of buoyancy. This process is shown schematically in Fig. 9. At

any instant of time the equation for the balance of forces is satisfied:

Assuming that the growth occurs according to the power law R ~ t and

taking into account that v = dh/dt and p « PL> we get the following

differential equation:

whose solution is

h(t)~gtV(i+3n).

We shall now apply this solution to the bubble that grows on a heated

surface, assuming, in accordance with the experimental observations, that
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initially it has a hemispherical shape. The time of departure is given by

h (to) = Ro.

We thus obtain from Eq. (18) at n = 1/2

(19)

where t is the time between the initiation of bubble growth and its

departure.

As can be seen, the influence of the surface was not taken into

account in this simplified approach; this might affect primarily the

2
numerical coefficient. Figure 10, a plot of R vs. gt , shows many

experimental data for boiling of various liquids in the pressure range

below atmospheric; these were obtained by different authors using different

experimental facilities. It can be seen that dependence (19), in which

the numerical coefficient was corrected (0.4 -» 0.6), satisfactorily

describes all the experimental data. The spread in values is largely

attributable to the statistics of the process and to the irregular

eonvective flow of liquid resulting from pulsating boiling that is

characteristic of low pressures. The region of intermediate pressures is

characterized by the concurrent influence of both effects as their specific

weight gradually changes because of the diminishing growth of the bubbles

at elevated pressures.
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Figure 1. Heat tranafer to nucleate boiling of water at different levels
of gravitation. 1, g/g = 1; 2, g/g = 20; 3, g/g = 40; 4,
g/g,, = 60; 5, g/go » 80? 6, g/gn = l80; 7, g/grt = ?24; 8,

t andg/g° = 134; 9, g/g 1-40 (data of Costello and Tusil);
t are the surface and saturation temperatures, respectively,
at the surface pressure.
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Figure 2. The growth of a vapor bubble in a static liquid.
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Figure 3. The growth of a vapor bubble at the heating surface.
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Figure 4. The growth and escape of a vapor bubble at low and high
pressures.



- 26 -

W" to'3

•** •
• -, •

to'1

r% c
'J

«r*

Figure 5. Dependence on time of the diameter of the growing bubble D
during boiling of water (a) and benzene (b) on a silver wall,
(a) 1-p = 0.98 bar, AT = 12.7°C; 2-p = 3.2 bars, AT = 10.2°C;
3-p = 11.8 bars, AT = 6.7°C; 4-p = §5.7 bars, AT = 1.53°C.
(b)sl-p = 1.07 bars, AT = 22°C; 2-P = 2.7 bars, AT = 14.3°C;
3-po = 7.85 bars, AT = 8.5 C; 4-p =14.9 bars, AT = 4.1°C.

s s
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S-lff* W

Figure 6. Dependence of R(t)//a"t on N for boiling of different liquids,
1-3, For water, benzene, and ethyl alcohol, respectively
(open circles represent boiling or. a silver wall and dark
circles denote boxling on a nickel-plated copper wall).
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Figure 7. Dependence of the escape diameter D on the pressure pg for
boiling water (a) and ethyl alcohol (b). (a) 1,2 - first
and second motion-picture filming, respectively (silver wall)
(b) 1-3, silver, nickel-plated copper, and stainless steel,
respectively. The broken line denotes calculation according
to Eq. (10) at 8 = 35°.
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Figure 8. The growth of a moving bubble.
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Figure 9. Analysis of the growth and departure of a bubble from the surface.
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2
Figure 10. Dependence of the escape radius R on gt . 1, Acetone;

2, water; 3, methyl alcohol; 4, carbon tetrachloride (Refs.
25-27); 5, benzene; 6, water; 7, ethanol (Refs. 23 and 24);
8, ethanol; 9, water (Ref. 28). The straight line
corresponds to the equation R = 0.6gt .
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