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Abstract-An experimental study to determine the values of heat transfer per drop for small drops of water. 
methanol, and acetone falling down a heated channel of small diameter. Channel temperatures ranged from 
118°K to 269°K above saturation, and channel diameters were smaller than drop diameters. Values of heat 
transfer per drop exhibited a maximum at a saturation excess of approximately 200°K for ail three tluids. 
The occurrence of a maximum is assumed to be due to the effect of vapor viscosity on the growth of the 
vapor film. The occurrence of the maxima at a common value of saturation temperature excess is thought 
to occur because of the effect of vapor thermal conductivity, vapor density. modified heat of vaporization. 
and vapor viscosity on the rate of growth of the vapor film. 

It was also found that heat transfer per drop is independent of channel length. High-speed motion 
pictures and visual observations lead to the assumption that all appreciable heat transfer takes place 
in a very short period of time after the drop first contacts the channel. 

The maximum values of heat transfer per drop were found to be related to fluid properties, drop impact 
velocity, and geometry by the following relationship: 

lQJ,...(diD)3”‘R” 
13. 

= 0.232 (N,) 0 Z5h (N,)- I.e.32 (N,)m2.2h4 (We)0 245 

a-+dh 

NOMENCLATURE 

area [m’] ; 

specific heat at constant pressure ; 

[ J/WKl ; 

drop diameter [m] ; 
d(&,.x/D), normalized drop diameter 

[ml ; 
reference channel diameter [m] ; 
drop frequency [drops/min] ; 
constant of proportionality in New- 
ton’s Second Law [ 1 kgm/Ns’] ; 
heat transfer coefficient [W/mzOK] ; 
height [m] ; 
enthalpy of evaporation [J/kg] ; 
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conversion factor [ 1 Nm/J] ; 
thermal conductivity [W/m”K] ; 
channel length [m] ; 
mass [kg] ; 
mass rate of flow [kg/s] ; 
width of ring of vapor film [m] ; 

&gr 
d'2hFJP;F 

x 10” [dimensionless] ; 

k x lo3 [dimensionless] ; 

PL 

GL 

d'h~,J 

x 10’ [dimensionless] ; 
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heater power consumption [WI; 
instantaneous heat transfer rate [W] ; 
heat transfer [J] ; 
heat transfer per drop’[J] ; 
time [s] ; 
temperature [“K] ; 
(T, - T,), saturation temperature ex- 
cess of test surface [“K] ; 
drop impact velocity [m/s] : 
velocity of vapor entering the vapor 

film [m/s] ; 
velocity of vapor leaving the vapor 

film [m/s] ; 

(TLYC 

d’p,d ’ 
modified Weber number 

[dimensionless]. 

Greek letters 

8, thickness of vapor film [m] : 
II VF? hj, + cPv [(T, - 5)/2], modified heat 

of vaporization [J/kg] : 

Pu, dynamic viscosity [Ns/m’] ; 

P? density [kg/m31 ; 

0, surface tension [N/m] : 

5, critical time [s] : shear stress [N/m’]. 

Subscripts 

D, drop : 

f > saturation : 

F, evaluated at film temperature ; T, = 

K + 732. 
L, liquid ; electrical load ; 
max, maximum ; 

s, channel surface ; 

V vapor. 

INTRODUCTION 

PROBLEMS related to controlling the tempera- 
ture of a heated surface are met with in many 
industrial applications. In certain situations, 
such as a heat exchanger used in a nuclear 
power plant, the temperatures are relatively 
high : and the heat fluxes desired are also rather 
high. One technique which has the ability to 
maintain high values of heat flux is boiling 
heat transfer. However, nucleate boiling, with 

heat fluxes in the range of 106W/m2, is limited to 
a narrow range of temperatures. 

Above some critical temperature, called the 
burnout temperature, the liquid will be in the 

film boiling regime, and steady-state heat flux 
drops drastically. 

A droplet in steady-state film boiling above a 
hot surface is said to be in the spheroidal or 

Leidenfrost state [ 11. When a drop (or extended 
body) of liquid is in the Leidenfrost state, the 
temperature difference between surface and 

liquid is on the order of 140°K. The thickness of 
the vapor film is on the order of 0.1 mm: 

therefore, a temperature gradient as large as 
1400”K/mm can exist in a stable situation. 

Modern research into droplet tilm boiling 
heat transfer can be divided into two areas. The 

first involves research into the characteristics of 
steady-state Leidenfrost boiling of drops and 

extended masses. Heat fluxes achieved in such a 
situation are on the order of 104W/m2. Publica- 
tions dealing with such research done through 

March, 1967 are summarized by Bell [2]. The 
second area is research whose primary aim is to 
investigate those parameters which will lead to 
heat fluxes higher than lo4 W/m2. In general 
this second area will not encompass true lilm 

boiling, but the surface temperatures used are 
high enough to be considered in the film boiling 

regime. 
In the present investigation, for example. the 

energy absorbed by the drops was the energy 
needed to start film boiling. not the energy 
required for steady-state film boiling. The 
measurements made during the course of this 
investigation were those of an end effect of the 
Leidenfrost phenomenon. After a drop strikes 

the heated surface it absorbs energy at a high 
rate while the vapor film is being formed: Then 
what is left of the drop vacates the heat transfer 
surface on a film of vapor so that the next drop 
can repeat the process. 

In general, research into increasing the heat 
flux has been pointed toward decreasing the 
thickness of the vapor film, or causing direct 
contact between the liquid and hot surface. 



HEAT TRANSFER TO LIQUID DROPS 1299 

Bradfield [3] reported on instances of contact 
during film boiling of drops. It was determined 
that contact could be induced by bouncing, 
surface roughnesses, or force fields. Later, Aylor 
and Bradfield [4] investigated the effects of 
electrostatic force upon droplet evaporation 
rate. It was found that electrostatic force in- 
creased the heat transfer rate only about 7 
per cent. 

Another attempt to increase heat flux was to 
cause the heating surface to move relative to the 
drop in steady-state film boiling. Experimental 
and analytical analyses relative to this were 
reported by Baumeister and Schoessow [5]. 
Using their analytical results, which match their 
experimental data closely, it was found that the 
average power to a drop of 4.42 mm i.d., moving 
4.6 m/s relative to a heated surface, was approxi- 
mately 2 W. For the present study a drop of the 
same initial diameter, moving down the channel 
with a relative velocity of approximately 1.2 m/s, 
draws power conservatively estimated at 2050 W. 
The tremendous difference between these two 
results arises because that of Baumeister and 
Schoessow [5] is for steady-state film boiling, 
whereas the present study is not. 

Splattering ofdrops has been investigated, and 
it has proven to be a much more effective method 
of heat transfer than steady-state Leidenfrost 
boiling of liquid moving relative to a heated 
surface. Wachters and Westerling [6] studied 
heat transfer from a heated, inclined wall to 
impinging water drops ; and Wachters, Smulders, 
Vermeulen and Kleiweg [7] studied heat trans- 
fer from a heated, inclined wall to impinging 
mist droplets. The water drops of [6] were 
approximately 2 mm dia., and the mist droplets 
of [7] were much smaller, but their behavior 
was found to be essentially the same. Both 
dynamics and heat transfer were studied by the 
investigators, with the emphasis on dynamics. 
Enough heat transfer data were gathered to 
discover that in one temperature region the 
heat transfer decreased with increasing tempera- 
ture. The authors, however, neglected to identify 
this region. 

A publication by McGinnis and Holman [8] 
dealt with individual droplet heat transfer rates 
for splattering. Heat transfer per drop was 
investigated, with little emphasis on dynamics. 
As much as 50 per cent of the theoretical maxi- 
mum possible heat transfer was obtained during 
a single impact and rebound of a drop, for an 
impact velocity of about 3.7m/s. The heat flux 
during impact and rebound was estimated at 
lo9 W/m’, a considerable improvement over 
steady-state Leidenfrost boiling. The region of 
temperature for which heat transfer per drop 
decreased with increasing temperature was also 
identified. This was seen to occur for saturation 
temperature excesses above about 167”K, for 
water, ethanol and acetone. At about this 
temperature excess a maximum in the heat 
transfer per drop occurred. An empirical 
correlation was obtained which related this 
maximum value of heat transfer per drop to 
drop diameter, impact velocity, and fluid 
properties. 

It is believed that the high heat fluxes which 
are possible for small drops of liquid in Leiden- 
frost boiling can be obtained by containing 
the drop and causing the vapor film to partially 
or totally disperse. A small channel used as the 
heat transfer surface should accomplish these 
objectives; specifically. a channel whose dia- 
meter is smaller than the drop diameters to be 
studied. 

The specific objectives of this experimental 
investigation are : 
(1) To obtain values of heat transfer per drop 
as a function of test surface saturation tempera- 
ture excess, drop frequency, drop diameter, 
channel length, channel diameter, drop impact 
velocity, and fluid. The fluids chosen were water, 
methanol, and acetone. 
(2) To obtain an engineering correlation be- 
tween the maximum values of heat transfer per 
drop, fluid properties, drop impact velocity, and 
pertinent geometries. 
(3) To develop a physical description of the 
processes governing heat transfer per drop and 
its variation with the above-named parameters; 
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and to develop a comprehensive theory to 
explain the results obtained. 

EXPERIMENTAL APPARATUS AND METHOD 

Drops were generated by fluid flowing from a 
reservoir of fixed head through the tip of a 
hypodermic needle. A Nupro one-metering 
needle valve was used to control the drop 
frequency. A plug valve, used only for on-off 
operation, was also placed in the line. The 
reservoir was operated at fixed head by con- 
tinuously feeding fluid to it, and allowing the 
excess fluid to overflow through a notch in the 
rim of the reservoir. In the case of water, a 
scavenge pump was used to circulate overflow 
liquid back to the reservoir. However, for 
flammable liquids the scavenge pump motor 
would have been a fire hazard, and a second 
reservoir of yet higher head was used to supply 
the main reservoir. 

The hypodermic needles used were one each 
of gauges 13, 15, 16, 18 and 22, Using the 
appropriate needle valve settings and needles, 
the drop frequency could be varied from 100 to 
900 drops per min, and drop diameters from 
2.54 mm to 4.32 mm could be obtained. 

It was necessary to calibrate each needle with 
each fluid in order to determine how drop dia- 
meter varied with drop frequency. For a 
typical drop calibration point a large number of 
drops were collected at a known drop frequency, 
and the time required to collect them was 
recorded. A Strobotac was used to determine 
drop frequency. Using the Strobotac reading 
and the time, the total number of drops collected 
was calculated. The collected liquid was weighed 
on a precision balance, and the mass of each 
drop was calculated. With the assumption that 
each drop collected was spherical, the average 
diameter of each drop was calculated. The error 
in drop frequency was + 1.3 per cent (due to the 
Strobotac), and the maximum error in drop 
diameter was k 1.0 per cent. The drop frequency 
could be maintained directly on its recorded 

value by proper monitoring and adjustment of 
the tine-metering needle valve. 

The test liquids were : 
1. Water : distilled. b.p. 373.1% 
2. Methanol : reagent. b.p. 337.6°K 
3. Acetone : reagent, b.p. 3296°K 
The central part of each of the two test 

specimens was a copper cylinder, 254 mm dia., 
with a small channel drilled and reamed along its 
axis of rotation. Each specimen also had a collar 
of copper. which served to support the central 
cylinder and to shed liquid. Each specimen was 
plated on all surfaces with 0,025 mm of nickel, 
by the electroless nickel plating process. The 
purpose of the nickel plating was to reduce heat 
loss by radiation, and to prevent oxidation of the 
copper. 

Specimen 1 had an overall length of 80.96 mm. 
The channel along its axis of rotation was 7620 
mm long and 3.53 mm dia., at operating tem- 

Specimen I Specimen 2 

FIG. I. Drawing of specimen 1, specimen 2, and a collar. 
showing location of thermocouple holes (dimensions in mm). 
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FIG. 2. Comparison between heater power consumption 
without drops and power consumption with drops (Run 17: 
Water drops; d = 4.42 mm, D = 3.53 mm, f = 190 drops 

per min). 

perature. The remaining length of 4.76 mm 
was a 45” beveled entrance section. It was 
instrumented with four 30-gauge iron- 
constantan thermocouples installed 1.59 mm 
from the channel surface. The overall length of 
specimen 2 was 34.92 mm and the channel length 
was 30.16 mm. Channel diameter was 2.51 mm. 
It had two 30-gauge iron-constantan thermo- 
couples installed 1.59 mm from the channel 
surface. Figure 1 is a drawing of both specimens 
and a collar. showing the location of thermo- 
couple holes. Distances are in mm. 

Specimen 1 was used with water as the only 

heat transfer fluid, and specimen 2 was used with 
water, methanol, and acetone. 

The specimens were constructed as two 
separate units, each consisting of a cylinder, 
press-fitted collar, resistance heating wire, and 
the appropriate number of thermocouples. The 
resistance heating wire was 1.2 m of 30-gauge 
Chrome1 wire. with about 12 cm of 16-gauge 
nickel wire mechanically joined to each end 
for a power lead. The overall electrical resistance 
of this combination was about 250. The heating 
wire was wrapped evenly around the cylinder 
so that each nickel lead made about one wrap, 
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and the Chrome1 wire was evenly distributed 
along the cylinder. Sauereisen cement was used 
to electrically insulate the specimen <from the 
heating wire, and to hold the heating wire in 
place. Sauereisen cement was also used to install 
the thermocouples. 

A cylindrical ceramic sleeve held the unit dur- 
ing calibration and data-taking procedures. The 
collars were made so that the shoulder of each 
collar fit snugly inside the ceramic sleeve, and 
the edge of each collar overlapped the sleeve 
approximately 3 mm, Thus the collar transferred 
the weight of the test specimen to the ceramic 
sleeve, which in turn was held in the proper 
position by a iaboratory damp. 

Alternating current power supply to the 
specimen was controlled by a Powerstat variable 
transformer, and measured by an a.~. wattmeter 
accurate to f 0.5 W. The thermocouple tempera- 
tures were recorded directly by a 6-channel 
recording potentiometers accurate to kO.25 
per cent of full scale (272-800X). A ventilation 
system was used to prevent the occurrence of 
toxic and explosive vapor conditions when 
methanol or acetone were being tested. 

The most important data desired from this 
investigation were values of the heat transfer 
per drop. The method used to obtain these values 
is conceptually very simple. First, for a given 
test specimen, a curve of heater power con- 
sumption as a function of the test surface 
temperature was obtained with no liquid drops 
involved. This represented all the heat losses due 
to the relationship of the specimen to its sur- 
roundings. The ventilation system was operated 
during the calibration of specimen 2. 

After this information was obtained, another 
curve of heater power consumption versus 
surface temperature was obtained. This time 
droplets of a known diameter, frequency, and 
substance were used. Figure 2 features typical 
examples of the two curves mentioned here. 

For each point enough data were gathered to 
compute heat transfer per drop. Add~t~onai 
data were also obtained in order to fuliy study 
the phenomena under investigation, 

With the data thus obtained the assumption 
was made that. for any given surface temperature. 
the difference in heater power consumption 
as represented by the two values Pn and P, was 
the power consumed by the liquid drops. The 
power thus obtained is the energy per unit time 
consumed by the steady stream of droplets. 
Energy per drop (heat transfer per drop) can 
be obtained by dividing this power difference 
by the drop frequency. 

Thus, the heat transfer per drop, QD may be 
shown to be: 

Q 

D 
= (PD - PL) 

v-) -* 

RESULTS AND DISCUSSION 

This investigation yielded sufficient data to 
allow conclusions to be made regarding the 
effects of drop frequency, drop diameter, channel 
length, surface tem~rature, drop impact velo- 
city, and fluid upon the heat transfer from 
channel to drop. In addition, it was possible to 
obtain an engineering correlation between the 
heat transfer per drop, the ff uid properties, drop 
impact vetocity, and pertinent geometry. 

The ranges of experimental conditions are 
given in Table 1. 

Water 3.56-4.42 0,869 ml.301 3,53 76.20 
2.79-3.56 0.884 2.51 30.23 

Methanoi 2-%2-3”33 0.884 I?51 30.23 
Acetone 2.84-3.35 @SRJ 2+t 30.23 

A data point consisted of a value of the heat 
transfer per drop, Qn, and a corresponding 
value of the saturation temperature excess of the 
test surface, AT,. An experimental run consisted 
of a series of data points taken with a particular 
drop frequency, drop diameter, drop impact 
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velocity, and test specimen. A change in one or 
more of these parameters constituted the est- 
ablishment of a different run. Within each run 
the data points, between 3 and 20 in number, 
were obtained for different surface temperatures. 
A total of 21 different runs were made: 12 with 
water, 5 with methanol, and 4 with acetone. Of 
these, 19 runs yielded a maximum value of the 
heat transfer per drop, (QJmax. 
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water at 196”K, the average for methanol at 
197”K, and the average for acetone at 207°K. 
The minimum points occurred at saturation 
temperature excesses of about 153°K. The other 
4 maxima are discussed within the context of 
the effects of velocity upon heat transfer per 
drop. 

The effect of drop frequency on the values of 
heat transfer per drop can also be seen in Fig. 3. 

d 9 3.96 mm, I = 193 drops/min 

d = 3.99 mm, f * 259 drops/min 

0 d s 3-96 mm, / = 333 dropr/min 

100 150 200 250 300 

A7;, “K 

FIG. 3. Effect of drop frequency on the curve of heat transfer 
per drop versus saturation temperature excess. Water drops: 

D = 3.53 mm. 

A typical plot of heat transfer per drop as a The drop diameters are approximately the same, 
function of saturation temperature excess has a but the drop frequencies are appreciably dif- 
maximum and a minimum, as exhibited by the ferent. For any given saturation temperature 
three curves in Fig. 3. Among the maxima, 15 excess the values of heat transfer per drop are 
occurred at saturation temperature excesses within 10 per cent of each other. Data points far 
between 192°K and 209°K with the average for to the left seem to show greater scatter, but these 
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are the points to the left of the minimums for 
each of the three runs. The data for each run 
exhibit the typical relationship between heat 
transfer per drop and saturation temperature 
excess. 

It was found, however, that as the drop 
frequency increases to larger values, heat trans- 
fer per drop is no longer independent of drop 
frequency. At a frequency of 500 drops per 
min, and a drop diameter of 3,30mm, acetone 
was found to exhibit the same relationship 
between heat transfer per drop and saturation 
temperature excess as was shown in Fig. 3. At 
a frequency of 605 drops per min and approxi- 
mately the same drop diameter, however, the 
relationship is essentially linear over the tempera- 
ture range investigated, and the values of heat 
transfer per drop are significantly different be- 
tween the two cases. Thus, heat transfer per drop 
may be assumed to be independent of drop 
frequency, within a certain range of frequencies, 
but there is obviously a limit to this assumption. 

A total of 10 values of (Q&._were obtained 
for water drops with specimen 1, and two 
values for water drops with specimen 2. In 
addition, four values of (Q,),,,were obtained for 
methanol drops with specimen 2, and three 
values for acetone drops with specimen 2. For 
each of these groups of values of maximum heat 
transfer per drop, the value of this parameter is 
approximately proportional to the cube of 
drop diameter. This means that the maximum 
heat transfer per drop is approximately pro- 
portional to the mass available for evaporation, 
for any one fluid and channel diameter. There 
were two values of maximum heat transfer per 
drop which did not conform to this relation, 
however. For the two experimental runs in 
question, the diameter ratio, (d/D), had a value 
of 1X)08. This means that the drop and channel 
came into contact only very slightly, and thus 
this is a limiting case. It was also observed that the 

values of (QDL, for water were approximately 
one order of magnitude higher than those for 
methanol and acetone, and that the values for the 
latter two substances were approximately equal. 

Two experimental runs were made with water 
at a drop diameter of 3.56 mm and a drop 
frequency of 195 drops per min: one with 
specimen 1 (D = 3.53 mm). and one with speci- 
men 2 (D = 2.5 1 mm). The values of heat transfer 
per drop obtained with the smaller channel 
diameter were roughly double those obtained 
with the large diameter. Thus heat transfer per 
drop increases with increasing drop diameter. 
and decreases with increasing channel diameter. 
Expressing it another way. heat transfer per drop 
has been shown to increase with the ratio 
(d!D). 

It became apparent during observations with 
specimens 1 and 2 that all appreciable heat 
transfer occurred while a drop was at or near 
the beginning of the channel. Thus, it is assumed 
that unless the channel were very short or very 
long, the length should have no measurable 
effect on the heat transfer per drop. Since this 
assumption is so crucial to correlation of the 
data and to a physical description of this study. 
it was decided to prove its validity experi- 
mentally. 

Given two channels of different diameters, 
and test conditions similar in all ways, one should 
observe the evaporation of equal percentages of 
fluid for equal values of saturation temperature 
excess for two separate runs. The experiment 
which was used to validate the above assumption 
consisted of making two separate runs. with 
similar test conditions in the two runs for all 
parameters except channel length. To establish 
similar conditions the values of the parameter 
(d/D) were set as nearly equal as possible for the 
two runs : however, the length of specimen 1 was 
7645 mm and the length of specimen 2 was 30.23 
mm. For complete dimensional similarity with 
specimen 1. specimen 2 was too short by a 
factor of about 1.7. 

The results of the two runs are shown in Fig. 
4. The ordinate is the ratio of actual heat 
transfer per drop, to the heat transfer required 
to completely evaporate a drop and raise its 
temperature to the film temperature. This is a 
measure of the percentage of the fluid which was 



HEAT TRANSFER TO LIQUID DROPS 1305 

0 dtkWmm, f = 333 drops/min 

0 d * 2.7’9 mm, f = 233drops/mln 

III 150 200 26Q 300 

Af,, *K 
FIG. 4. Effect ofchannez length on the curve of the percentage 
of liquid evaporated vs. saturation temperature excess. 

Water drops. 

evaparated. The abscissa is saturation tempera- 
ture excess. The two vertical bars indicate the 
limits of uncertainty For their respective data 
points, as determined by the methods of 191. 
One can readily see from Fig. 4 that the or- 
dinates are nearly equal for comparable values of 
saturation temperature excess. Thus it is pos- 
sible to make the conclusion that. for the channel 
lengths investigated, heat transfer per drop is 
independent of channel length. 

Four experimental runs were made with 
water and specimen 1 to determine the effect of 
drop impact velocity on heat transfer per drop. 
Drop impact velocity is defined as the velocity 
with which the drop first contacts the channel. 
Values of drop impact velocity were calculated 

by assuming free-fall under the influence of 
gravity alone. 

it can be seen in Fig. 5 that maximum heat 
transfer per drop is approximately proportional 
to drop impact velocity to the --Cl+6 power, for 
velocities between W371 m/s and 1,301 m/s. 

It has been shown that heat transfer per drop is 
independent of channel length, for the channel 
lengths investigated. One reason heat transfer per 
drop decreases with increasing drop impact 
velocity is that a high-velocity drop goes 
past this region of high heat transfer faster than a 
low-velocity drop. Another reason is that veIo,- 
city gradients in the vapor Urn will be larger, and 
the resultant larger shear stress will retard 
dispersion of the vapor film. 
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“, m/s 

FIG. 5. Effect of drop impact velocity on maximum values of 
heat transfer per drop. Water drops; d = 3.99 mm, D = 

3.53 mm,f = 259 drops per min. 

Maximum values of heat transfer obtained 
during the velocity-variation runs exhibited two 
interesting anomalies, when compared to the 
other eight values of (Q,),,,obtained with water. 
The values of (QJmaxfor the former were about 
13 per cent lower than expected, and the average 
saturation temperature excess was 11 “K higher 
than expected. These anomalies are due to the 
fact that velocity-variation data were obtained 
approximately 10 months after the rest of the 
data. During this time interval it is likely that the 
nickel coating of specimen 1 oxidized, and be- 
came thinner after the oxide was removed for 
data taking. Thus, the nickel coating of specimen 
1 presented less thermal resistance for these last 
runs than the runs made 10 months before. 
Under this condition one would expect to see 
the anomalies described above. 

Reasons why a low thermal resistance causes 
these anomalies are presented in a detailed 
discussion of the effect on heat transfer per drop 
of a thin coating of scale on the heat transfer 
surface ; reported by Hebert [lo]. Very briefly, a 
drop striking a thin insulator (such as a coating of 
scale) causes a large enough temperature de- 
pression in the scale so that the liquid adjacent 
to the surface is momentarily in the nucleate 

boiling regime. Since nucleate boiling yields 
high heat fluxes, the heat transfer per drop is 
relatively large. It was also found that maximum 
values of heat transfer per drop occurred at much 
lower values of saturation temperature excess 
when the surface had a thin coating of scale. 

The nickel coating on specimen 1 which 
existed during the accumulation of velocity- 
variation data was thinner than for the data 
obtained 10 months previously: and it thus 
presented less thermal resistance. Thus. the 
maximum values of heat transfer per drop should 
be smaller in magnitude, and they should occur 
at a higher value of saturation temperature 
excess. 

Since these anomalies exist, the four data 
points of Fig. 5 cannot be included with the 
other data in a general correlation. However. 
Fig. 5 does establish a functional relationship 
between heat transfer per drop and drop impact 
velocity. 

It was decided to obtain an engineering 
correlation between geometry, fluid properties, 
drop impact velocity, and the maximum values 
of heat transfer per drop. The relevant geo- 
metrical properties have been shown to be drop 
diameter and channel diameter. Among fluid 
properties, liquid density and liquid surface 
tension are important because they determine 
the deformation of the droplet. The area of 
effective heat transfer is determined by these 
parameters. Vapor viscosity determines how 
fast the vapor film dissipates, and thus how long 
the droplet undergoes rapid evaporation. Vapor 
density determines the concentration of vapor 
immediately surrounding the heated surface. A 
high density creates an effective back pressure, 
and retards evaporation. Enthalpy of evapora- 
tion and vapor specific heat determine how 
much heat must be introduced into a drop to 
produce a given amount of vapor : that is, they 
determine the amount of heat which will be 
required to produce enough vapor to form an 
insulating film. Fluid thermal conductivity is not 
considered to be an important quantity for this 
correlation. It has been noted that heat transfer 
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to a drop took place very rapidly, just as the 
drop entered the channel. Thus, the amount of 
heat transfer would seem to depend more upon 
how much the drop deforms upon touching 
the channel than upon what happens after 
deformation. That is to say, heat transfer per drop 
would seem to depend more upon the dynamical 
properties of surface tension, viscosity, velocity, 
and density than upon the thermal property of 
thermal conductivity. 

A similitude analysis yielded the following 

~ = K(d/D)A (NJB (N,)’ (NJD ( WeY . 
d3&FPL 

(2) 

0*'5 

O-10 

008 

0‘06 

0.04 

0.02 

QOl! 
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In the expression in equation (2) the quantity 
d’ is a normalized drop diameter defined by : 

d’ = d(D,,,D) . (3) 

The value of D,,, used in this correlation was 
040353 m, which is the channel diameter of 
specimen 1. This normalization was done so that 
equation (2) would be valid for any channel 
diameter. The quantity A,, is a modified latent 
heat of vaporization. It is defined by the 
equation : 

T-T, A,, = h,, + (CP”) 2. ( > (4) 

0 Water 

0 Methanol 

0 Acrtonr 

0.02 0.04 0.06 008 O*lO 0’12 

FIG. 6. Correlation of maximum values of heat transfer per 
drop. 
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It is the energy required to evaporate a unit 
mass of saturated liquid at atmospheric pressure, 
and superheat the vapor to the film temperature. 
It represents the energy content of vapor 
generated in film boiling, and is appropriate for 
this study. All other vapor properties were 
also evaluated at the film temperature, Tr. 
Liquid properties were evaluated at 293°K and 
one atmosphere pressure. 

Thermophysical properties, obtained from 
[ 1 l-141, together with the 19 values of maximum 
heat transfer per drop, were used to solve for the 
constants in equation (2). The result is : 

= (0.232) (NJ”- (N,)- ‘.632 (&J-2=4 

= (wp)“‘295 _ (5) 

Equation (5) is represented by the solid line in 

Fig. 6. It has a slope of 1.0, and the numerical 
values of ordinate and abscissa are equal 
everywhere along the line. It can be seen that 
equation (5) represents the data points well, 
except for the two points for which (d/D) = 
lGO8. These two points are in the lower middle 
of Fig. 6. They represent the limiting case, that of 
very slight contact between drop and channel. 
For the other data points, the maximum devia- 
tion from the line is 16 per cent of the ordinate, 
and all others are less than 8 per cent. 

Normalization with respect to saturation 
temperatureexcess was accomplished by plotting 
the quantity 

QD 

(QDL 
as a function of A TX, for each data point in the 13 
runs used to obtain the peak value correlation 
of equation (5). Figure 7 shows the resultant 

‘.2r------ 
I.0 - 

OQ- 

0 0 

0 watw 
0 Methanol 

D Acetone 

0.3 ’ L I 1 I I 
63 100 150 200 250 300 

AT, + *I< 

FIG. 7. Normalized data: heat transfer per drop vs. satura- 
tion temperature excess. 



FIG. 8. Negative print of high-speed moving picture of drop interacting 
with heat-transfer surface (specimen 1). Frame rate is 3700 frames per 
second. Water drops; d = 3.89 mm, D = 3.53 mm, .f = 300 drops per 

min, T, = 550°K. 
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plot. Note that the peak value is 1.0, at a 
saturation temperature excess of approximately 
200°K. Normalization is quite good to the right 
of this peak value, with the exception of six 
data points. Scatter is more pronounced to the 
left of the peak value, particularly for the 
methanol data. There is no apparent trend to 
the scatter, so it is assumed that it arises due to 
uncertainties in the data. A total of 109 data 
points are included in Fig. 7, and about 20 can 
be said to deviate appreciably from the nor- 
malized curve. 

PHYSICAL DESCRIPTION OF THE MECHANISM 

Observations made during the course of this 
investigation make it possible to give a physical 
explanation of the trends in the data. Several 
attempts at an analytical solution were made, 
but all proved to be inadequate. The observa- 
tions mentioned above showed that any simple 
mathematical model will disagree with experi- 
mental results by several orders of magnitude. 

The sequence of interactions which take 
place when a drop of water receives heat from 
a channel is shown in Fig. 8. Figure 8 is a print 
of a high-speed movie film strip. It is printed in 
negative, and the viewer must keep in mind that 
actual dark and light areas are reversed in 
brightness. The two converging dark lines are 
actually strong reflections of light from the 45” 
beveled entrance section. The top opening of the 
channel is the small, light area at the bottom ends 
of the converging lines. The time interval between 
each frame is 0.00027 s. 

Counting down from the top left hand side, 
the observer can see that the drop first makes 
contact at frame 9. The drop is slightly off center 
and the side away from the viewer touches 
first. Starting with frame 12 or 13, the drop 
deforms, and part of it appears to be sticking 
to the entrance region wall on the far side. The 
drop elongates due to this effect, but it never 
breaks apart. What was originally the topmost 
part of the drop disappears into the channel 

about frame 22, but the trailing part does not 
disappear until frame 30. In other words, that 
part of the drop which first touched the wall 
of the entrance section was retarded in move- 
ment, while the remainder of the drop con- 
tinued its free-fall through the entrance region 
and into the channel. The drop did not separate, 
but elongated ; and the trailing part was pulled 
into the channel after the main part of the drop. 

As soon as part of a drop touches a hot surface, 
heat is transferred into the liquid, and vapor is 
formed. Some of the vapor forms an insulating 
film between the liquid and the hot surface, and 
some of it spreads into the surroundings. The 
trailing portion of the drop, that which touched 
first, effectively slides over the entrance section 
wall on a film of vapor. The viscosity of the vapor 
film causes this portion of the drop to lag behind 
the main body of the drop. This introduces a 
tumbling motion to the drop, and the tumbling 
motion will repeatedly expose relatively cool 
liquid, which is somewhat free of a vapor film, 
to the hot surface. 

With each instance of contact, however, vapor 
will be released into the surroundings. After 
first contact and subsequent tumbling, the next 
contact will take place in an atmosphere which 
is somewhat saturated with vapor from the 
first contact. Heat transfer here will be in- 
hibited. It is reasonable to assume that after a 
short interval of time the channel will be tilled 
with vapor, and any heat transfer which takes 
place after this will be steady-state Leidenfrost 
boiling of liquid moving relative to a heated 
surface. The latter phenomenon has already been 
shown to yield very low heat transfer rates. 

It is worthwhile to digress at this point to shed 
light upon one aspect of this investigation: the 
independence between heat transfer per drop and 
channel length. Heat transfer into the liquid 
takes place at a very fast rate, and it occurs at and 
near the entrance to the channel. After a drop 
has traveled a certain distance down the channel, 
enough vapor has been generated so that sub- 
sequent heat transfer is Leidenfrost boiling of 
liquid in motion relative to a heated surface. 
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FIG. 9. Model for analysis of vapor layer 

Thus, unless the channel were very long, no 
appreciable heat transfer would take place be- 
yond the point where this Leidenfrost boiling 
starts. Alternatively, for heat transfer to be 
independent of length, the channel must be at 
least long enough for the Leidenfrost state to 
become established before the drop leaves the 
channel. 

Although attempts to obtain an accurate 
analytical solution for heat transfer per drop 

were futile, it was possible to develop a func- 

tional relationship between vapor film thickness 
and the parameters upon which it depends. The 
development is given in detail in Appendix A. 
and will be only briefly described here. 

In Appendix A a model of a segment of the 
vapor tilm is described. The classical equations 
of Newton’s Second Law of Motion, Conserva- 
tion of Mass, and the First Law of Thermo- 
dynamics were applied to this model. After all 
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simplifying assumptions were made, four un- 
known variables were left : (1) vapor film thick- 
ness, 6, (2) contact area, n&z, (3) velocity of 
vapor leaving the lilm, W, and (4) time, t. It was 
possible to determine the relationship between 
vapor film thickness and time. This relation, 
developed in Appendix A, is given as : 

This equation, coupled with experimental results 
and observations, gives insight into the variation 
of heat transfer per drop with saturation 
temperature excess and with drop impact 
velocity. 

The instantaneous rate of heat conduction 
across the vapor film can be approximated by: 

q = k,,(xDn)F 

where zDn is the area of a ring representing the 
effective conduction area, as shown in Fig. 9. 
Equation (6) is an expression for S in terms of 
known quantities and time, but equation (7) 
cannot be integrated to yield heat transfer per 
drop without first obtaining an expression for 
IZ in terms of known quantities and time. 

It was not possible to obtain such an express- 
ion for the conditions of this investigation, but it 
is assumed that n is sensitive to drop impact 
velocity. It is reasonable to assume that this 
relationship will be of such a form that n in- 
creases with v. As n increases. more area is 
available for conduction, but the generated 
vapor must travel a greater distance to escape 
from beneath the drop. Since vapor viscosity will 
retard this motion, the vapor film will grow 
quickly, and the heat transfer per drop will 
decrease as drop impact velocity increases. 

A typical curve showing the variation of heat 
transfer per drop with saturation temperature 
excess has a pronounced peak. The existence of 
this peak can be explained by considering the 
phenomena governing the growth of the vapor 
film. McGinnis and Holman [8], having inte- 

grated an expression such as equation (7), 
pointed out that the peaking occurred due to the 
opposing effects of thermal driving force (AT.) 
and the critical contact time (z), as they applied 
to growth of the vapor film. 

As surface temperature increases, the thermal 
driving force causes the heat transfer to in- 
crease. This in turn causes vapor to be generated 
faster, at Ieast initially. However, some of the 
vapor thus generated forms a film between the 
remaining liquid and the hot surface, and some 
of it dissipates into the surroundings. 

For the fluids used in this investigation, 
vapor viscosity rises sharply with temperature. 
This indicates that as the surface tem~rature 
increases, resistance to the flow of the generated 
vapor increases. Thus there will be a critical 
temperature, at which the effect of increased rate 
of vapor generation will be offset by increased 
resistance to the movement of the vapor, and 
above which enough of the swiftly-generated 
vapor will stay between the remaining liquid and 
the hot surface to offset the effects of the in- 
creased thermal driving force. Above a certain 
value of saturation temperature excess, the 
critical contact time will be shortened by the 
action of vapor viscosity to such an extent that 
heat transfer per drop will decrease with in- 
creasing temperature. 

Peaking of heat transfer per drop curves at a 
common value of saturation temperature excess 
was also reported by McGinnis and Holman 
[8], for water, ethanol, and acetone. It was 
attributed to the effect of the parameter (kyF/ 
pVFAVF) on the growth of the vapor layer, and 
the fact that this parameter had the same value 
and thermal variation for the fluids tested. The 
values and thermal variations mentioned above 
are similar for the fluids used in the present 
investigation as well. 

The results of the present investigation are 
shown by equations (5) and (6) to be affected by 
the action of vapor viscosity, as well as the 
thermal conductivity, density, and modified 
heat of vaporization of the vapor. Thus it is 
logical to assume that the location of the 
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maximum value of heat transfer per drop would 
depend upon vapor viscosity, as well as upon 
the parameter ~~~~~/~~~~~~~). It has now been 
shown by ES] and by this study that, under 
identical experimental conditions, different 
fluids will exhibit maxima in heat transfer per 
drop at approximately the same saturation 
temperature excess. 

CONCLUSIONS 

1. The heat transfer per drop exhibits a 
definite maximum with respect to the saturation 
temperature excess of the test surface. This maxi- 
mum occurred at a saturation temperature excess 
ofapproximately 2OO‘K for all three fluids tested. 

2. The occurrence of a maximum in the heat 
transfer per drop is a result of the effect of vapor 
viscosity on droplet contact time. As surface 
temperature increases, the increase in vapor 
viscosity retards dispersion of the generated 
steam, and allows more rapid buildup of an 
insulating vapor film. 

3. The heat transfer per drop curves peak 
within a small range of values of saturation 
temperature excess, for ali three fluids tested. 
The thermophysical properties which cause this 
are vapor thermal conductivity, vapor density, 
modified heat of vaporization, and vapor vis- 
cosity. 

4. Heat transfer per drop is independent of 
channd length, for the channel lengths in- 
vestigated in this study. 

5. The maximum values of heat transfer per 
drop were found to be related to fluid properties, 
drop impact velocity, and geometry by equation 
(5). The experimental results agreed with this 
equation within 16 per cent. Curves of heat 
transfer per drop versus saturation temperature 
excess were normalized with good results by 
plotting the quantity [QD/(QD),&j as a function 
of saturation temperature excess. 

6. The heat transfer received by the drops was 
the heat necessary to initiate film boiling. The 
amount of heat transfer per drop was rather 
small, but heat transfer rates as high as 2050 W 

were involved for short periods of time. Suh- 
sequent research is needed to find methods of 
extending this time period. 

:s. 

6. 

7. 

8 

9 

IO. 

It. 

12. 

13. 

14. 

15. 

REFERENCES 

T. B. DREW and A. C. MUELLER. Boiling. A.I.Ch.E. 
Trans. 33,449-473 ( 1937). 
K. J. BELL, The Leidenfrost phenomenon: A survey. 
C!ze??z. Errgnzg Prog. Symp. SPY. ii3 (79). 73 f 1366). 
W. S. BRADFZELD, Liquid-solid contact in stable iihn 
boiling, I/EC Fwzdame&is, 5.200-204 (I 966). 
D. AYLOR and W, S. BRADPIELD. Effects of electro- 
static force, relative humidity, heating surface tempera- 
ture, and size and shape on droplet evaporation rate. 
i/EC Fundamentah 8. 8 16 (1969). 
J. I(. &WMEISTEK and G. J. Sc~~~sow. Creeping flow 
solution of Leidenfrost boifing with a moving surface 
Tenth National ASME- AfCbE Heat Transfer Con- 
ference. Philadelphia. Pennsylvania, 1 t-14 August 
(1968). 
L. H. J. WACHTEKS and N. A. J. WESTERLING. The heat 
transfer from a hot wall to impinging water drops in the 
spheroidal state. Chpm. &ging Sci. 21, 1047-1056 
t 1966). 
L. H. J. W.4CHTIZs. L. Snn!r OFRS. J. R. V~aur-:tn..tin and 
H. C. KLIEWEG. The heat transfer from a hot watt to 
Impinging trust droplets in the spheroidal state. Chvm. 
Enging Sri. 21. 1231-1238 (1966). 

t:. K. MCGINNIS. III and J. P. HOLMAN. Indivniual 
droplet heat-transfer rates for splattering on hot sur- 
faces. Inl. J. Heat MLW Tr~~trsfir 12. 9S-$08 f19hY). 
S. J. KLI;M and F. A. MC&INT~CK, Describing un- 
certainties in single sample experiments. Me&. &ging 
75, 3-s (19.53). 
J. J. HnBEK’r. An experimental investigation of heat 
transfer to liquid drops from a small diameter channel 
at temperatures in the film boiling range. Ph.D. Thesis. 
Southern Methodist University (1970). 
D. D. HO~GMAN. (ed).. ~~~d~~~k of’ &~~~~~.~t~~ und 
fhysirs, 39th ed. Chemical Rubber Publishing Co, 
Cleveland, Ohio f ISSS). 
0. P. KHARBANDA, Thermal conductivity charts for 
gases, Chem. Engine 62 (7). 236 (1955). 
N. A. LANGE. (ed). Handbook cf Chemistry. McGraw- 
Hill, New York ( 1907). 
R. C. WSAST. (ed), Handbook of’ Chembvtry and Phy,rics. 
48th ed. The Cbemicat Rubber Co. Cleveland. Ohio 
i 195-J). 
H. LAMB, ~y&o@n~~nii-s, 6th cd. Dover Publications, 
New York (1945). 

APFEND’IX 

Figure 9 isa sketch ofthe model used to analyze the vapor 
film in the context of this study. While heat is beipg trans- 

ferred across the vapor film it is assumed that the effective 
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conduction area can be represented by a ring of area II&Z, 

where n is time dependent. It is also assumed that vapor 

leaves this conduction area from both sides with average 

velocity w which is also time dependent. The vapor layer 

thickness, 6, is assumed to be time dependent also. The 

classical equations of Newton’s Second Law of Motion. 

Conservation of Mass, and the First Law ofThermodynamics 

are used to find a relationship between vapor layer thickness 

and time. 

The following additional assumptions are made: 

(I) Upon contact the drop will spread out while heat is 

being conducted into the hquid. The contact area is approxi- 

mated by nDn; ,I varies with time, and n has some finite 

value when vapor begins to form. 

(2) Vapor layer thickness does not vary with location. 

(3) Vapor properties are constant throughout the vapor 

layer, and they are evaluated at the film temperature. 

(4) Velocity in the z-direction, w, has a parabolic distri- 

bution with respect to ~1, has a linear distribution with respect 

to z. and has a value of zero at z = 0. 

(5) Velocity in the y-direction. I varies linearly between a 

maximum at J = 6 and zero at ~1 = 0. 

(6) Velocity is zero in the U-direction. 

:7) A small segment of the conduction area ring can be 

approximated by a rectangle dfI wide and n long. 

(8) Heat flux into the liquid across the vapor film can be 

approximated by : 

Q/A = k,,AT,/b (A.1) 

The velocity distribution in the z-direction, at an arbitrary 

cross-section, will be: 

where w0 is the maximum velocity at the cross section; and : 

Equation (A.6) becomes: 

This equation relates the time-dependent quantities ct: n 

and 6 to time. Two more such equations will be developed by 

applying Conservation of Mass and the First Law of 

Thermodynamics. 

Conservation of Mass as applied to the entire volume : 

. 
4” - mm = m*ain (A.9) 

When the above quantities are evaluated equation (A.9) 

becomes : 

(A.lO) 

The First Law of Thermodynamics as applied to the entire 

volume : 

(A.ll) 

The terms in equation (A. 11) are to be evaluated according 

to the assumptions and the following equations: 

(A.12) 

d Pde (1 
m = P - (volume) = ~~ 

dt 2 dt 
(n6). (A.13) 

2w,: 
“o = ~ . (A.3) n 0 is due solely to viscous dissipation, since all heat being 

transferred from surface to liquid is across the vapor film 
where W, is the maximum velocity at z = n/2. and not to it. Thus, from Lamb [ 151: 

Let us designate W the average MJ at an arbitrary cross- 

section. and Wthe average 10 at ; = n/2. Then: 

2 2wz 
w=-~a~=-_:and 

3 n 
(A.4) (A.14) 

(A.5) 
All the terms of equation (A.ll) have thus been accounted 

for. When these terms are substituted into equation (A.1 1). 

Newton’s Second Law of Motion as applied to an incre- 
and the resultant equation has been simplified somewhat. 

mental volume (6dBdz): 
the result is: 

- ~wa,, (dedz) - ~~~~~ (dedz) = m g + is $ (A.6) 

? IV mb,W~ 
T wall = Tdrop = PVF 2; wa,, 

=6n-’ 
(A.7) (A.15) 



1314 J. .I. HEBERT and D. C. PRICE 

Equation (A.lO) can be subtracted from equation (A.15) to When equation (A.18) is substituted into equation (A& the 
yield : result is a differential equation involving 6 and I only. 

Dividing each term in equation (A.16) by (Wz/&,) yields: 

= 62(W.h?) I (A.17) 

Since n is some finite vahte when 6 is starting from zero, the 

quantities (u~,,_/W)~ and (6;/n)’ can be assumed to be very 

small ~umbersduring the periodofinterest. Iftheseyuantities 

an assumed to be negfigibfe, equation fA.17) simplifies to: 

(A.18) 

The variables can be separated in equation (A. 191. and it can 

he integrated to yield an expression for vapor film thickness 

as a function of thermophysjca~ properties. *amration 
temperature excess. and time. The resuh of this integration is 

(A.?()) 

Thus, it can be seen that vapor film thickness is a function 

of vapor thermal cond~~et~v~ty. vapor density. modified heat 

of vaporization, and vapor viscosity: as well as saturation 

temperature excess and time. 

TRANSFERT T~~RMIQW~ A DES GUUTTES LIQUIDES PAR IX’! CONDUIT DE PETIT 
DIAMeTRE A DES TENP&ATURES DANS LE DOMAINE DE L’fiRULLITIUN EN FILM 

R&sum~ Qn determine par une etude experimentale les valeurs du transfert thermique i chaque goutte 

pour des petites gouttes d’eau, methanol et acetone qui tombent dans un conduit chauffe et de faible 
diametre. Les temperatures du conduit sont comprises entre 118°K et 269°K au-dessus de la saturation 
et les diametres du conduit sont plus petits que la diamttre des gouttes. Les valeurs du transfert thermique 
a chaque goutte revele un maximum pour un exces de 200°K par rapport a Ia temperature de saturation, 
ceci pour les trois fluides. L’occurence d’un maximum est suppos&e &tre due a t’effet de la viscosite de la 
vapeur sur Ia croissance du film de vapeur. L’existence des maximums ii une vateur commune de I’exch de 
temperature par rapport a la saturation est reliee a I’effet sur la vitesse de croissance du film de vapeur de la 
conductivite thermique de la vapeur, de la masse volumique de la vapeur, de la chaleur Iatente de vaporisa- 
tion et de la viscosite de la vapeur. 

II a Cte trouve que le transfert thermique par gout& est independant de la longueur Jn conduit. Des vues 
a grande vitesse et des observations visuelles conduisent B l’idee que Ie transfert thermique se produit duns 
une tres courte periode de temps qui suit te premier contact entre la goutte et le conduit. 

Les valeurs maximales du transfer? thermique par goutte ant Cte trot&es reliees aux proprictes du 
fiuide, a ia vitesse d’impact de ta goutte et a la gkom&rie par la relation suivante: 

Zusammen~u~ung-Der WIrmetibergang am Ein;lehropfen wird experimentell bestimmt fiir kleine. frei 
fallende Tropfen von Wasser, Methanol und Aleton in einem beheilten Kanal kleinen Durcbmessers. 
Die Kanaltemperatur betrug 118 K bis 269 K tiber Slttigungs7ustand. und die Kanaldurchmesser waren 
kleiner als die Tropfendurchmesser. Die Warmetibergangswerte erreichten bei allen drei Fliissigkeiten ein 
Maximum bei einer obertemperatur von etwa 200 K. Das Auftreten eines Maximums wird dem Einlhtss 
der Dampfviskositait auf das Wachsen des Dampffilmes zugeschrieben. Die Maxima bei normalen Uber- 
temperaturen werden den Eintluss der W~rme~e~tf~bi~ke~t des Dan&es, der ~nlpFd~chte, dcr verander- 
lichen YerdampfungswGme und der DampfviskoyitBt auf die Wachstumsrate des Dampfftimes 7uriickge- 
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tlochpcl~u indi~~~i~~l’il~n,~ult~,~hmcn and ~isucllc Bcob,~cl~~t~ngcn fiihrtcn /II der ,4nnahmc. dass de1 
Hauptw&rmeiibrrgang in der sehr kurTen Zeitspanne ert’olgt. nach der ersten Beriihrung des Tropfens 
mit dem Kanal. 

Es wurde getlnden. dass die Maximalwerte I’% den Wkmeiibergang van den Fiiissigkeitseigenschaften. 
van der Tropfenauftret’t’geschwindigkeit und van der Geometrie abhlngen nach folgender Beziehung: 

TEIIJIOOBMEH MEKaY HAHJIHMLI XEMAKOCTM I4 ICAHAJIOM MAJIOrO 
AMAMETPA R AbIAHA30HE TEMHEPATYP HJIEHOYHOI-0 ICLIHEHBH 

hUIOTtLI(MJZ--aKCnepMMeHTaJIbHO OnpeJ(eJIRnHCb 3HaVeHLIH KOE$l@fqIJeHTa TenJIOO6MeHa AJIfI 

OTxeJIbHbIX He6O.TtbIIlMX KaneJIb BOnbI, MeTaHOJIa M aqeTOHa, naJ(aIOwllX B HarpeTOM KaHaJIe 

MaJIorO RMaMeTpa. TeMnepaTypa KaHaJIa, OTC'IRTbIBaeMaZI OT TeMnepaTypbt HaCbIIUeHHJI, 

kmMeHfInaCb OT 118°K ~0 269”K, a AHaMeTpbI Kanenb npeBbIruann AHaMeTpbI KaHana. )QIR 

BCeX TpeX WIaKOCTeti 3HaYeHIWI KO3++4L(HeHTa TenJIOO6MeHa KanJIA 6bIJIIf MaKCRManbHbIMM 

np~ TeMnepaType, npMMepH0 Ha 200°K npeBbIIIIalO~efi TeMnepaTypy HaCbIIIJeHIUI. npefl- 

nOJI3raeTCR,9TOMeCTOnOJIO~eHAeMaKCIlMyMaRBnReTCRCne~CTBneM BJIINIHRRBR3KOCTLlnapa 

Ha pock njIeHKn napa. MecTononome~~e MaKcmxyMa Koa@@fuI4eHTa TennooheHa npli 

06bIYHOM npeBbIlueHElliTeMnepaTypbIHaC~~eH~~O6~RCHReTCRBjI~FlHCleMTenJlOnpOBO~HOCTCI, 

nJIOTHOCTIlIIBR3KOCTM napa,aT3K~eCKpbITO~TenJIOTbIna~OO6pa30BaH~~Ha~HTeHCMBHOCTb 

pocTa nneHKx napa. 

HaikneHo, 'IT0 TeII.TIOOf,MeH KaIIJIR He 3aBPCHT OT AJIIIHbI KaHZLl3. CKOpOCTHaA C'I&Ka II 

Bki3yWIbHbIe Ha6JIEO~eHHR n03BOJIRIOT CAeJIaTb npennO;rOWeHkie,'ITO TeIlJIOO6MeH B OCIIOBHOM 

npOMCXO~i%T B OqeHb KOpOTKHti npOMe?KyTOK BpeMeHM Cpa3y We nOCJIe KOHTaKTa KanJIH C 

KaHa..?OM. nOJIyYeH0 CJIeZyIOII(ee COOTHOIIIeHMe AJIfI OIIl4CaHIlR 3aBIICHMOCTEl MewRy MaKCIl- 

MaJIbHbIMII 3HaYeHIIRMSI TenJIOO6MeHa KaIIJIIl M CBOticTBaMll HFII~KOCTEI, qaCTOTOii II3;leHIlfl 

Kane.x I1 reoMeTpkiqecKoi? KoH@mrypaqnefi: 

(QLJmax(d/W*OR8 
d3h 

= O,232(N,) 0,25”(N,)- 1,632(No) - 1,264(1\Te)“,~i5 
VFPL 


