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PREFACE 

The velocity of small liquid masses in film boiling on a heated, 

inclined surface has.been investigated. Droplet evaporation rate as a 

function of time on the sl,lrface and surface temperature has been.deter

mined. The results of theories in cur;rent literature have been compared 

to the results of the present experiments. 
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CHAPTER I 

INTRODUCTION 

The original reference to film boiling, published in 1756 by _J. G. 

Leiderifrost (7), gave an account of the behavior of water c;iroplets on a 

heated spoon. In honor of this original work, the term Leidenfrost 

Phenomenon has been appUed to the Olm boiling of small liquid masses 

on a heated surface. Recent studies have also included the_ film boUing 

· of large extended masses in l;'eferring to the Leidenfrost Phenomenon. 

In the film boiling regime, the liquid.masses are supported on a 

thin vapor film continuously generated by evaporation from the lower 

surface of the liquid. Th~ masses are supported by the pressQre gradient 

in- the vapor flowing underneath the droplet. Studies by Baumeister (1), 

Gottfried, et al. (5), Lee (6), and Wachters (9) concern the. analysis of 

the evaporation time for both small and extenc;led stationary masses in 

film boiling. These studies include models c;,f proposed mechanisms for 

heat transfer to the liquid, and for mass removal, and provide some 

.indication of the conditions for stabil:i.ty of the Leidenfrost Phenomenon. 

Figure 1-(a) shows the heat and mass transfer paths for a statiQnary 

.spherical droplet in film boiling (5). This model assumes that the 

vapor layer is generated by liquid evaporation fr.om the lower surface. 

Heat is transferred by radia.tion (Qr) to the entire outer su+face of the 

droplet, and ·by conduction (Qc) through the film. Mas-s removal occurs 

by evaporation into the vapor film on the, lower surface (W1) and by 

1 



{a) HEAT TRANSFER AND MASS TRANSFER PATHS FOR 
THE SPHERICAL DROPLET IN FILM BOILING. 

2 
A=rrR0 

(b) MODEL FOR DETERMINATION OF VEL.OCITY.:...DEPENDENT 
HEAT TRANSFER COEFFICIENT. 

Figure 1. Droplet Models 
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molecular diffusion on the.upper surface (Wz). The droplet is assumed 

:i,sothermal at its saturation temperature. The vapor film is assume.d to 

be.superheated to a temperature halfway between saturation and the plate 

surface temperature. Surface roughness appears to affect the heat trans

fer rate to the drop as well as stability of the Phenomenon (4). The 

temperature difference between droplet and surface which gives the maxi

mum evaporation time is presumed to be the minimum temperature at which 

stable film b.oiling can exis1:, and is termed.the Leidenfrost point. 

More recent studies have been concerned with the effect of relative 

motion between the liquidmass.and the hot surface. The most recent is 

that of Baumeister and Schoessow (3), in which the evaporation time.s for 

droplets in film boiling on a moving surface are estimated by a direct 

.integration of an energy b~lance on the droplet: 

(1) 

where the h.eat transfer coefficient, ht, and drop area A. are dependent 

on the liquid volume. The left hand .side of equation (1) is the mass 

evaporation rate times the latent heat of vaporization. Equation (1) 

was rewritten in terms of dimensionless quantities, giving 

dV~ 
( 2) 

Baumeister and Schoessow assumed that the mechanism for energy transfer 

to the droplet was conduction across the vapor film (in creeping laminar 

flow) and radiation to the entire droplet surface. Diffusion from the 

upper surface and sides of the droplet was neglected. In addition, the 

droplet shape was assumed to be independent of velocity. Thus only the 

heat transfer coefficient is assumed to be velocity-dependent. 

,t. 
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The model used by Baumeister and Schoessow for the derivation of 

the heat transfer coefficient is shown in Figure 1-(b). The drop is 

represented by a square shape, and a constant vapor film thickness is 

assumed beneath the drop. The resulting heat transfer coefficient is 

h * s (3) [c I --j- F) l/.2. - F] 'l:i. 

where Fis given by 

(4) 

U'l'( is a dimension,less velocity given by the expression 

u (5) 

Here, hs* represents 
GC~ -1)3 C~i5)Y~A~v~ 
the dimensionless heat transfer coefficient to a 

stationary drop in film boiling. hs'l'( and other dimensionless expressq 

ions for stationary drops were developed in an earlier work (2.). Before 

inserting the above expressions into the energy balance, the authors 

modified the F factor empirically, giving 

(6) 

The resulting expression for the total vaporization times of droplets in 

film boiling on a moving surface was 

77 (7) 

where 
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and 

B j 1 -1 _ Fh C. 2) 
· ~(I-. '+nY 

This expression was valid for droplets with initial volumes in the range 

0.8 .(. V*"(155. When applied to water droplets, with n = .25, Baumeister 

.and Schoessow found agreement within 7 per cent of experimental vapor-

ization times. 

Rester (8), in an initial study of which this work is a continua-· 

tion, investigated the varia.ble$ affecting the film boiling of a small 

liquid mass moving along .a heated surface. These studies centered pri-

marily upon determination of drag coefficients at terminal velocil;:y. 

The present work continues the studies initiated by Rester. The vari-

ables investigated a:i:-e initial droplet size and surface temperature, 

and their effect upon droplet evaporation rates is to be determined. 



CHAP'J:ER II 

EXPERIMENTAL APPARATUS 

The apparatus is essentially that constr1,1cted. by L. G, Rester (8). 

The heated surface is a longitudinally-split tube made from anrnaaled 

l;..inch OD, 14 BWG stainless steel tube. The tube is mounted on ttansite 

cra~iles, which can be elevated to change the angle between the tube and 

the horilontal. A 10 foot scale was. mounted alongside the tube to aid. 

in measuring distances. Complete c:letails of the tube mounting are. in 

reference 8. A schematic.diagram is shown in figure 2. 

The tub~ was modified by cutting out a. slot 2.-9/16 inches long by 

3 I 8 inches wide in the tupe 8 :l,.nches · from the lower end. This. ·slot was 

lon~ enoug~; that droplets. at terminal velocity dropped through without 

hitting the far end of the. slot, and could be caught in a plastic weigh

ing bottle for determination of final mass after .descent along various. 

lengths of heated suri;ace. 

The tube is resistance;..heated by current supplied by a Lincoln

weld SA .. 750 direct current generator. The tube circuit consists of the 

generator, the split tube (O.q33 ohm resistance at 30°C.), and a 0.065 

ohm water-cooled resistor in series with the tube. The field· circuit 

of the generator was modified by adding in series.a variable 93 OMl, 2 

ampei-e rheostat. The rheostat in conjunction with the generator output 

controller gave the desired cui-rent control iri. a range of 100 .. 350 

amperes. The generator and tube were connected by No. 4/0 electrical 

6 
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Figure 2. Schematic of Apparatus 
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leads.. A shunt .with 100 millivolt voltage drop at 1000 amperes was used 

with a Triplett Moc;Iel 625 DC ammeter to measure c;.urrent, Voltage was 

measured with a ~riplett Model 625 DC voltmeter. 

Tube temperatures were measured by ehwen 20 BWG :i,.ron-constantan 

thermocouples. These were silver-soldered to the outside center .of the 

tube, using a high-temperature silver solder with a melting point of 
' :_ :.., 

1500°F. Asbestos ~ape one-sixteenth of an inch thick was wrapped· around 

each thermocouple where contact was made with the tube.and continued 

'along the thermocouple for ·three-fourths of an i,nch. In order to deter ... 

mine the temperature drop ·across the tube wall, several liquids were low 

nucleate-boiled in the tube.· Comparison of the tube temperature and the 

boiling point of each liquid showed that the difference between tube and. 

liqu·id temperature ranged from 1 ° at .100°c t.o an estimated 10° at 500°C. 

These differences were assumed to be estimates of the thermoc:ollple 

errors for the temperature range considered. 

An additional thermocouple was plac;.ed by the slot to determine the 

extent of .additional heating caused by the greater current density at 

this point. The tube temperature along the slot varied .from 30° higher 

than the average tube temperature at 325°C to 60° higher .at 500°Cq How .. 

ever, one inch above the slot the tube temperature was only 5° higher 

than the average tube temperature. Temperatures could be read directly· 

by use of .a Leeds and Noirthrup Speedomax W.Multipoint Recorder. 

The droplet-for.ming mechanism was a 5 ml. burette with a standard 

syringe adapter tip. Size 13, 15, 18, and 21 needles were used to 

deposit droplets on the tube surface. The needles were filed to squa~e 

tips. Liquids used were distilled water and research-grade benzene, 

Initial droplet masses for each needh were found by calibrating 10 
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droplets·from each needle. Each droplet was weighed in a plastic weigh

ing bottle on a Mettler Model B6 Semi-Micro Balance. Balance accuracy 

was .± .02 mg. 



CHAPTER III 

EXPERIMENTAL PROCEDURE 

The principal variables considered in this investigation were 

surface temperature and. initial droplet size. Accordingly, .at the 

beginning of experimental work, the split tube was arbitrarily jlevated 
/ 

to an angle of 4.79 degrees measured from the horizontal. This angle 

was checked periodically by cathetometer measurements to ensure that the 

supporting mechanism had not slipped. 

Before heating, the tube was cleaned with emery paper, dusted, and 

then wiped with acetone-wetted Kimwipes. After starting coolin,g water 

flow in the water-cooled resistor, the DC generator controls were set for 

minimum output, and the generator was started. When the generator had 

been in operation for fifteen minutes 9 the electrode switch was turned 

to the 11 on 11 position. Power output was then gradually increased until 

the desired tube temperature was reached. This temperature was verified 

visually by observation of the recorder chart. Attainment of steady= 

state conditions required approximately thirty minutes. The tube temper= 

ature was found by averaging all thermocouple readings, with the excep= 

tion of the end thermocouples. Average temperature variation along the 

tube was approximately± 5°Co The approximate tube temperatures for 

these experiments were 325~ 400~ and 475°C. 

While the tube was heatingj the burette used for droplet formation 

was filled with the desired liquid 9 and the appropriate needle was 

10 
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selected. The pinch-clamp used for controlling the rate of droplet 

formation was then opened until droplets slowly formed on the needle ti,p. 

The rate of droplet formation was then gradually increased until the 

weight of several droplets, collected. and weighed at ran.dom, c;onformed 

to a calibration for that needle. In calibrating needles to determine a 

standard droplet size for each needle, the droplet size was found to be 

slightly dependent on the droplet formation rate. Consequen.t:ly, an 

arbitrary formation rate of one droplet every two seconds was used, an.d 

each needle was calibrated for that J;"ate. The calibrations are given in 

Appendix A. Standard deviations for these calibrations ranged from 1~ 

to 2 per cent. When .the rate of droplet formation had been set, the 

burette was then lowered into posit;i.on above the heated tube until the 

needle tip was perpendicular to and approximately one .. quarter inch above 

the tube surface. 

Droplets were selected at random and timed for several different 

distances to determine droplet velocities. An electric timer with a 

hand switch was used. The·timer was started as soon as the droplet con

tacted the tube surface, and was stopped when the droplet passed through 

the slot at the far end of the tube. Each droplet was timed for dis

tances of 15, 35, 60, 85, and 105 inches. 7:lme~distance data were taken 

for each initial droplet size and surface temperature. 

Droplet evaporation was determined by the following procedure: 'I.'he 

burette was set at the correct flow rate for the needle then in use. A 

dr.oplet traveling down the tube was selected at random and caught in a 

plastic weighing bottle as it passed through the tube slot. Ten droplets 

were weighed for each initial droplet size and tube temperature. In 

order to reduce weighing error, the weighing bottle was handled only by 



12 

forceps, and was cleaned and dried with Kimwipes and·then, :i:-eweighed be-· 

f.ore another droplet was caught. Initially, the burette was located at 

. the top of the tube and droplet evaporation :was measured for the full 
, . . . 

tube length (105 inches). The burette was then moved down ,the tube t;O- · 

ward the slot, and droplet evaporation was also measure-0 for dis;ances 

of 85, 60, 35, and 15 inches. Occasionally a droplet would move down 

the tube with a side-.to;..side motion. Weighit\gs for these droplets were·. 

discarded~ 

Upon completion of the velocity and partial-evapora.ti.on .e~p'Ear:1.ments, 

the split tu.be wa$ · lowered to a horizon~al position. Total evaporation 

times for stationary droplets were then found.for each init;i.al droplet• 

size and tube temperatt.1re to determi1,1e possible e.J;f.e:cts of greateJ:! surface 

r.oughness and radiation heat t:i:-ansfer. The surface roughness was mea-

sured with a profilometer and found to average 80 microinches. 



CHAPTER IV 

DISCUSSION OF RESULTS 

l'he effect of motion of a droplet in film boiling is an expected 

increase in evaporation rate by increasing both heat transfer to the 

bottom of the droplet and diffusional effects on the upper surface. 

Droplet evaporation was determined from experimental data for water drop .. 
1\ j! 

lets in motion for th!e' full tube length ( 105 11 ), and is shown in Figure 3. 

The curves presented in Figure 3 have· bee·n cort"ect:ed for an ,e·stirnated 

initial mass loss during impact of the droplet on the tube during 

deposition. The basis for this correction is shown in Figure 4. Drop .. 

let evaporation foi:- intermediate distances was measured and is shown as 

a function of time on the tube. Extrapolation to zero time shows a pro .. 

bable initial mass loss which decreases with increasing temperature. The 

loss varies from approximately 3 per cent at 325°C to a projected 1 per 

cent at 475°C. Visual observation supported this viewpoint. At the 

lower tube temperatu'res, a mist of very small drops was formed during 

impact. The.amount of mist was small, but was easily observable. 

Wachters (9) also observed this mist, and attributed it to small vapor 

bubbles which form during impact, move through the drop, and upon break .. 

ing through the upper surface form thin, unstable liquid jets which 

break apart, forming the observed mist. The maximum volume change dur-

·ing impact observed by Wachters was slightly less than 1 per cent for a 

polished gold.,.plated copper surface. However, he observed that by 

13 
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increasing the surface roughness, the maximum loss incr~ased substan~ 

tially. This corresponds to the results with the pres(lnt s,urface. 

The mist accounts for a portion of the estimated mass ioss upon 

impact. In addition, some extremely minor loss can be.attributed to 

initial formation of the vapor· fil!l).. 

The equations giv.en by Baumeister and Schoessow (3), <:Iiscussed in 

Chapter I, were re-integrated for an intermediate time interv,al to pro ... · 

vide a theoretical comparison for .the evaporation data now available. 

Again, the basic eq4ation is 

- dV* (10) 

For droplets with ini.tial and final volumes in the range O. 8 ( V* < 15~, 

the dimensionless terms are related to V* by 

J~ 0.8 (V~) 11 ~ ( 11) 

A* / . .15 (V"*) 5
}1p 

(12) 

hs"'* l. 0 7.5 (V"*)-Y0 
(13) 

h* is related to hs* by equation (3). Equation (10) reduces to 

. t~ . k Y\ \( L ] i -,If - d V r-~ + 8(V'*J'Y1,,] (V~)"/J = _1. 3 4 dt o.4i 

where~ is given by 

(15) 

Integration of equation (14) between initial volume, Vt, lii.nd final 

volume, Vf, and between time, O, and time, t*, gives 
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( 16) 

Velocities for calculation of the F factors were obtained f-0r each 

initial droplet size from slopes of distance-time curves (Figures 5;.8). 

These curves show that the effect of surface temperature on droplet 

velocity is minor. Equation (16) was used with experimental values for 

initial and final volumes to calculate the time each-droplet should have 

been on the tube. Figure 9 shows the results, both for .the theoretical 

value of n (n=l), and for ,the empirical value of O. 25. used by Baumeister 

and Schoessow. The predicted times are two to three times greater than 

the measured values. Trials with other values of n brought no signifi-

· cant improvement. 

In their .derivation of .the velocity-dependent heat transfer coef-

ficient, Baumeister and Schoes,sow used a sqt.Jal,"e-shaped droplet. · The 

data offered in support of their predictions consisted of droplets 

significantly. larger (V*> 3.'3) than those considered in the present 

work. For extended droplets, a square model might be valid, but the 

droplets studied in this work are spherical or very nearly spherical. 

Also, the authors neglected diffusion effects. In these experiments, 

where the droplet itself is in motion through heated air, diffusion 

· should have a more significant effect upon evaporation rates. 

Surface roughness was not considered in the above derivation. A 

·,well .. polished surface has. an rms roughness on the order of 2-4 micro-

· inches. This roughness. is about 1 per cent of the vapor fil~ thickness 

for a stationary droplet. The average surface :i;'oughness for the split 

tube used in these experiments was 80 microinches. The effect of 
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surface roughness should be more significant when relative motion exists 

between droplet and heated surface, where the expected effect of such 

motion would be. a decrease in the effective vapor film thickness. 

Total evaporation times were also determined for stationary water 

droplets on the split tube in a horizontal position (FigUt"e 10). These 

are approximately 25 per cent less than those reported by Lee (6). 

This difference can be attributed to. the increased surface roughness 

over that reported by Lee, and to increased radiation heat transfer due 

to the increased view factor offered by the walls of the heated tube, 

compared to a flat plate. 

The tube length was too short to allow measurements of total 

evaporation times formoving droplets. However, these could be rough

ly estimated by assuming a mean evaporation rate for total evaporation. 

The estimated times for water droplets in motion were 15-20 per cent of 

the equivalent evaporation times previously reported for stationary 

droplets (6)0 These estimates are also included in Figure 10. A 

· 'limited amount of data wa.s taken for benzene as a measure of the con

sistency of the water data (Appendix C). 

All of the experiments involving evaporation of moving droplets 

were conducted under unsteady state conditions, with each droplet start= 

ing at rest and accelerating to its terminal velocity. The measured 

evaporation rates should be somewhat less than those for a droplet 

moving at the terminal velocity for the full time interval under 

com; id era t ion. 
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CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

The following significant conclusions are supported by these 

experiments: 

(1) Droplet evaporation rates are significantly increased when 

relative motion exists between droplet and heated surface. 

(2) The heat transfer coefficient for a moving droplet appears 

to be more dependent upon surface roughness than that for a 

stationary droplet. 

The following reconunendations are made after considering th1= 

results of this investigation: 

(1) Surfaces with various roughnesses should be used for a 

complete study of the effect of surface conditions on heat 

transfer to a moving droplet. 

(2) A model should be developed which includes the effects of 

diffusion and surface roughness. 

(3) A method of measuring the vapor film thickness for a moving 

droplet should be developed. 
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NOMENCLATURE 

A area of droplet, cm2 

A* dimensionless area of lower surface A* = ( ~) 
. e I- '3 

Cp specific heat at constant pressure, cal/ (g)(°K) 

F 

f 

g 

dimensionless function defined by equation (4) 

dimensionless function defined by equation (6) 

r:; + .;2._ \.-i~ C::.. M ,,{ ·T) J ~ radiation factor l/1_2- 4-Y\<'--(1 + :fa ,.. :-

acceleration of gravity, 980 cm/sec2 

gravitational constant (conversion constant between mass and·force 
units); 1.0 gm-cm/(sec2)(dyne) 

conductive heat transfer coefficiint 
cal/(sec)(cm2)(°K) 

h* dimensionless heat transfer coefficient 

radiation heat transfer coefficient 
cal/ (sec)( cm2) ( °K) 

= c L ~ (} p ~ - T..s L/.) 
hr L1 T . 

dimensionless heat transfer coefficient for a stationary droplet 

total h.eat transfer coefficient, cal/(sec)(cm2)(°K) 

thermal conductivity of vapor, cal/(cm)(sec)( °K) 

l* 

1 

dimensionless.average drop ,thickness 

average drop thickness 1 = ,r Y a 
n-.:a.x 

n ·empirical correction exponent 

Pr Prandtl Number Cp}L/k 
T temperature, °K 

Tp plate or tube temperature, °C 

.Ts saturation temperature, °C 

27 
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T temperature difference, Tp. Ts, °C 

t time, sec 

t* dimensioriless time 

U velocity of plate relative to drop,. cm/sec 

U* dimensionless velocity 

V volume of drop, cm3 

V* dimensionless volum~ of drop V*. ~ \//[~~~] .3/,2.., 

Greek Letters 

~ vapor film thickness, cm 

€ L. liquid emissivity, dimensionless 

)) latent heat of vaporization, cal/g 

"?\~ modified heat of vaporization \-,'f ~. (\6 +}0 Cl;; T J3
cal/g 

jJ- viscosity of vapor, g/(cm)(sec) 

ea vapor den$ity, g/(cm3 ) 

e L liquid density, g/ (cm3) 

V- surface tension, dyne/cm 

r Boltzmann constant, 4.876 10-9 cal/(cm2·)(hr)( °K)4 
A+ . 

~ latent to sensible heat ratio g>:;. C:? &T 
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APPENDIX A 

CALIBRATIONS 
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TABLE I 

NEEDLE CALIBRATIONS WITH WATER 
(73 op) 

Needle Drop Deviation Needle Drop Deviation 
Size Mass From Mean Size Mass From Mean 
Gage gms Per Cent Gage gms Per Cent 

13 0.03940 +1. 70 15 0.02845 -1.66 
0.03935 +1.57 0.02935 +1.45 
0.03855 -0.49 0.02900 +o.24 
0.03895 +o.54 0.02835 -2.00 
0.03950 +1.95 0.02870 -0.80 
0.03905 +0.80 0.02910 +o.59 
0.03875 +0.03 0.02860 -1.14 
0.03790 -2.17 0.02925 +1.11 
0.03795 -2.04 0.02895 +o.07 
0.03930 +1.45 0.02955 +2.14 

0.03874 0.02893 
Standa.rd deviation 1.47% Standard Deviation 1.19% 

18 0.02160 +2.22 21 0.01395 +1.97 
0 .02135 +1.04 0.01355 -0.95 
0.02065 -2.27 0.01330 -2.78 
0.02070 -2.03 0.01355 -0.95 
0.02125 +0.57 0 .01390 +1.61 
0.02155 +1.99 0.01330 -2.78 
0.02125 +0.57 0.01385 +1.24 
0.02085 -1.32 0 .01380 +o.88 
0.02070 -2.03 0.01375 +o.51 
0.02145 +1.51 0 .01380 +0.88 

0. 02113 0.01368 
Standard deviation 1. 68'7o Standard deviation 1.65% 
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TABLE II 

NEEDLE CALIBRATIONS WITH BENZENE 
(72 op) 

Needle Drop Deviation Needle Drop Deviation 
Size Mass From Mean Size Mass From Mean 
Gage gms Per Cent Gage gms Per Cent 

13 0.01460 +0.14 15 0 .01130 - 1. 57 
0.01470 +0.82 0. 01145 -0.26 
0.01400 -3.98 0.01160 +1.05 
0.01460 +o.14 0.01145 -0.26 
0.01490 +2.19 0.01185 +3.22 
0.01425 -2.26 0.01165 +1.48 
0.01445 -0.89 0.01135 .. l .13 
0.01460 +0.14 0.01160 +1.05 
0.01470 +o.82 0.01120 .. 2.44 
0.01500 +2.88 0 .01135 -1.13 

0.01458 0.01148 
Standard deviation l.91% Standard deviation l.6l'ro 

18 0.00825 +1.43 21 0,00600 +l.86 
0.00850 +l.55 0.00585 -0. 68 
0.00835 -0.24 0.00585 .o. 68 
0.00820 -2.03 0.00580 -1.53 
0.00870 +3.94 0.00610 +3 .56 
0.00830 -0.84 0.00560 -4.92 
0.00815 -2.63 0.00595 +1.01 
0.00840 +o.35 0.00570 -3 0 22 
0.00825 -1.43 0.00595 +1.01 
0.00860 +2.74 0.00605 +2.73 

0.00837 0.00589 
Standard deviation 2.03% Standard deviation 2. J.4';/0 



APPENDIX l3 

ERROR ANALYSIS 

32 



VarJable Measured 
or Calculated 

Tube Incli~ation 

Droplet Mass 

Tube Temperature 

Distance 

Droplet Evaporation 

Droplet Timings 

Terminal Velocity 

Total Evaporation 
Time for Stationary 

Droplet 

Calculated Time for 
Droplet on Tube 

Surface 

TABLE III 

ERROR ANALYSIS 

Maximum 
Relative 
Error. 

0.12° 

0.00014 gm. 

9°C 

1/32 in. 

0.00026 gm. 

0.06 sec.· 

6 cm/sec. 

2 sec. 

0.4 sec. 

Magnitude of Variable 
.at Condition.of 

Maximum Relative Error 

4.790° 

0.00560 gm. 

475°C 

15 in. 

0.00393 gm. 

2.19 sec. 

135 cm/seco 

55 sec. 

5.45 sec. 

Maximum Relative 
Error, % 

2.5 

2.5 

1.9 

0.2 

6.6 

2.7 

4.6 

3.6 

7~3 

l,.) 
l,.) 
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The effects of errors in the measured variables were considered in 

the calculations previously discussed. Errors in initial and final 

droplet masses, surface temperatures, and terminal velocities had a 

cumulative effect upon the calculated times, resulting in the relatively 

greater errors for these ci;tlculations, (Table Ui). Errors involved in 

measuring tube inclination, distance traveled along the tube, and the 

time each, droplet was on the tube surface, .had no effect on other 

measured or calculated values. 

The errors shown for initia.l and final droplet masses, and for 

droplet evaporation were evaluated statistiGally, and in each case 

represent the greatest standard deviation observed for that variable. 

Ten droplets were weighed.for each initial and final mass, and the 

resulting values for droplet evaporation should represent a reasonably 

good statistical picture. 
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Mass, gm. Distance Average Time, 
0.03874 inches sec. 

Temp., °C 15 0.97 
325 - 35 1.49 

60 1.99 
85 2.50 

105 2.80 

0.01368 15 0.93 
35 1.61 

327 60 2.24 
85 2.80 

105 3.16 

0.02113 15 0.95 
35 1.55 

400 60 2.10 
85 2.61 

105 - 2.96 

0.02893 15 0.97 
35 1.51 

473 60 2.02 
85 2.54 

105 2.90 

TABLE IV 

WATER DISTANCE-TIME DATA 
(4.790°) 

Mass, gm. Distance, Average Time, 
0.02893 inches sec. 

Temp., °C 15 0.99 
325 35 1.51 

60 2.02 
85 2.52 

105 2.90 

0.03874 15 0.98 
35 1.48 

400 60 2.02 
85 2.51 

105 2.83 

0.01368 15 0.96 
35 1.60 

400 60 2.15 
85 2.70 

105 3.01 

0.02113 15 0.96 
35 1.55 

473 60 2.11 
85 2.60 

105 2.93 

Mass, _gm. 
0.02113 

Temp., °C 
325 

0.02893 

401 

0.03874 

473 

0.01368 

473 

Distance, Average Time, 
inches sec. 

15 0.94 
35 . 1.59 
.60 2.16 
85 2.73 

: 105 3.11 

15 0.98 
35 1.52 
60 2.05 
85 2.54 

105 2.89 

15 Q.98 
35 1.49 

- 60 2.00 
85 2.48 

105 2.81 

15 0.96 
35 1.59 
60 2.15 
85 2.68 

105 2.99 

l,J 

°' 



Mass, gm. 
0.01458 

Temp., °C 
326 

0.00589 

326 

Distance, Average Time, 
inches sec. 

15 0.95 
35 1.53 
60 2.03 
85 2.53 

105 2~97 

15 1.03 
35 1.65 
60 2.33 
85 

105 

TABLE V 

BENZENE DISTANCE-TIME DATA 
(4. 790°) 

Mass, gm. 
. 0.01148 

Temp., °C 
326 

Distance, Average Time,· Mass,gm. 
inches sec. 0.00837 

15 1.00 Temp., °C 
35 1.54 326 
60 2.11 
85 2.70 

105 -

Distance, Average Time, 
inches sec. 

15 1.01 
35 1.59 
60 2.21 
85 

.. 105 

l,.) ..... 



TABLE VI 

WATER EVAPORATION DATA FOR FULL TUBE LENGTH ( 105 H) 

Initial Final Initial Final Initial Final 
Mass Drop Mass Drop Mass Drop 

gm. gm. gm. gm. gm. gm. 
0. 03874 0.02893 0.02113 

Temp., °C 0.03110 Temp., °C 0.02340 Temp., °C 0.01650 
323 0.03050 324 0.02400 324 0.01670 

0.03140 0,02315 0.01642 
0.03140 0.02325 0.01620 
0 .03145 0.02350 0.01660 
0.03120 0.02290 0.01675 
0 .03150 0.02335 0.01680 
0.03120 0.02354 0.01635 
0.03090 0.02398 0.01650 

0.03874 0.02893 0.02113 
0.03090 0.02340 0.01635 

400 0 .03125 400 0.02325 400 0.01625 
0.03120 0.02305 0.01615 
0.03050 0.02330 0.01650 
0.03070 0.02305 0.01595 
0.03085 0.02345 0.01610 
0.03075 0.02375 0.01625 
0.03105 0.02280 0.01640 
0.03070 0.02310 0.01630 
0.03100 0.02300 0.01645 

Initial 
Mass 

gm. 
0.01368 

Temp., °C 
323 

0.01368 

401 

Final 
Drop 

gm. 

0.01010 
0.00990 
0.00985 
0.01045 
0.01010 
0 .01040 
0.01005 
0.01010 
0.00975 

0.00980 
0.01000 
0.00975 
0.00990 
0.01010 
0.00970 
0.00985 
0.00990 
0.00965 
0.01015 

l,.l 
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Table VI (Continued) 

Initial Final Initial Final Initial 
Mass Drop Mass Drop Mass 

gm. gm. gm. gm. gm. 
0.03874 0.02893 0.02113 

Temp., °C 0.02980 Temp., °C 0.02250 Temp., °C 
472 0.02975 4'12 0.02220 472 

0.02990 0.02265 
0.02960 0.02205 
0.02955 0.02235 
0.02940 0.02245 
0.03000 0.02205 
0.02980 0.02250 
0.02965 0.02225 
0.02985 0.02260 

Final Initial 
Drop Mass 

gm. gm. 
0.01368 

0.01595 Temp., °C 
0 •. 01570 472 
0.01580 
0.01555 
0.01540 
0.01535 
0.01555 
0.015q5 
0.01560 
0.01545 

Final 
Drop 
gm. 

0.00950 
0.00935 
0.00940 
0.00925 
0.00920 
0.00950 
0.00945 
0.00930 
0.00935 
0.00970 

w 
'° 



TABLE VII 

BENZENE EVAPORATION DATA 

Initial Final Initial Final Initial 
Mass Drop Mass Drop Mass 

gm. gm. gm. gm. gm. 
0.01458 (105 11 ) 0.01148 (85H) 0.0093 7 

Temp., °C 0.00475 Temp., °C 0.00525 Temp., °C 
325 0.00510 324 0.00508 324 

0.00495 0.00470 
0.00475 0.00492 
0.00545 0.00519 
0.00460 0.00530 
0.00480 0.00508 
0.00500 0.00486 
0.00470 0.00497 
0.00515 0.00536 

Final Initial 
Drop Mass 

gm. gm. 
(60 11 ) 0.00589 

0.00375 Temp., °C 
0.00430 324 
0.00415 
0.00410 
0.00390 
0.00425 
0.00440 
0.00405 
0.00395 
0.00435 

Final 
· Drop 

gm. 
(60 11 ) 

0~00255 
0.00240 
0.00240 
0.00230 

. 0.00260 
0.00270 
0.00225 
0.00255 
0.00240 
0.00235 

+" 
0 



TABLE VIII 

WATER EVAPORATION DATA FOR INTERMEO:;[ATE TUBE LENGTHS 

Initial Final Initial Fi!),al Initial Final Initial Final 
Mass Drop Mass Drop Mass Drop Mass Drop 

gm. gm. gm. gm. gm. gm.- gm. gm. 
0.03874 (85 11 ) 0.03874 (60 11 ) 0.03874 (3511) 0.03874 , ( 1.5") · 

Temp., °C 0.03270 Temp., °C 0.03420 Temp., °C 0.03515 Temp., °C 0.03605 
325 0.03255 324 0 •. 03430 323 0.03500 323 0.03580 

0.03275 0. 0341.5 0.03495 0.03630 
0.03245 0.03405 0.03535 0.03575 
0.03240 0.03445 0.03520 0.03600 
0.03280 0.03395 0.03510 0.03615 
0.03275 0.03410 0.03530 0.03590 
0.03265 0.03400 0.03500 0.03610 
0.03270 0.03420 0.03505 0.03595 
0.03250 0.03425 0.03525 0.03620 

0.01368 (85 11 ) 0.01368 (60 11 ) 0.01368 (3 511 ) 0.-01368 (151i) 

0.01060 0.01135 0.01190 0.01240 
326 0.01075 326 0.01160 325 0.01170 326 0.01255 

0.01055 0.01145 . 0.01200 0~01235 
0.01050 0.01125 0.01175 0.0124-0 
0.01065 0.-01150 0.01195 0.01245 
0.01055 0.01155 0.01180 0 .01231) 
0.01045 0.01120 0.01190 0.01250 
0.01080 0.01140 0.01185 0.01235 
-0.01070 0.01130 0.01190 0.01245 
0.01065 0.0.1135 0.01205 0.01238 

~ .... 



TABLE VIII (Continued) 

Initial Final Initial Final Initial 
Mass Drop Mass Drop Mass 

gm. gm. gm. gm. gm. 
0.03874 (85 11 ) 0.03874 (60 11 ) 0.03874 

Temp., °C 0.03230 Temp., °C 0.03380 Temp., °C 
400 0.03245 400 0.03395 400 

0.03220 0.03360 
0.03200 0.03355 
0.03235 0.03365 
0.03215 0.03350 
0.03210 0.03345 

· 0.03240 0.03385 
0.03205 0.03375 
0.03225 0.03390 

L 
'.) 

Final 
Drop 
. gm. 

(35 11 ) 

0.03475 
0.03515 
0.03485 
0.03470 
0.03510 
0.03475 
0.03495 
0.03480 
0.03500 
0.03505 

Initial 
. Mass 

gm. 
0.03874 

Temp., °C 
400 

Final 
Drop 

gm. 
(15 11 ) 

0.03600 
0.03625 
0.03585 
0.03595 
0.03610 
0.03615 
0.03595 
0.03610 
0.03590 
0.03605 

~ 
N 



Liquid H20 

Initial 0.03874 
Mass, gms. 

Average 82 
Time, sec. 

Temp., °C 325 

Li-quid H20 

Initial 0.03874 
Mass, gms. 

Average 63 
Time, sec. 

Temp., °C 475 

TABLE IX 

TOTAL EVAPORATION TIMES FOR STATIONARY DROPIETS 
(HORIZONTAL TUBE) 

H20 H20 H20 H20 H20 

0.02893 0.02113 0.01368 0.03874 0.02893 

75 64 54 71 65 

325 325 325 400 400 

H20 H20 H20 C6H6 G6ll6 

0.02893 0.02113 0.01368 0.01458 0.00589 

55 46 41 18 13 

475 475 475 325 325 

H20 

0.02113 

55 

400 

H20 

0 .01368 

46 

400 

.i:,
l,.) 
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0.01400------------------------------------------------. 

0.01200 

0.01000 

0.00800 

0.00600 

0.00400 

0.00200 

O Mi =0.03874gm. 
O Mi=0.02893gm. 
D Mi=0.02113gm. 
6 .Mi =0.0 I 368gm. 

I DENOTES STD. DEVIATION 

200 250 300 350 

Figure 11. Evaporation of Wate:i:- Droplets (Uncorrected) 
(Distance traveled - qo11) 
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TABLE X 

WATER EVAPORATION DATA FOR FULL TUBE LENGTH ( 105") 

Initial Mass Initial Mass Initial Mass Initial Mass 
Mass, Evaporated Mass, Evaporated Mass, Evaporated Mass, Evaporated 

gm. gm. gm. gm. gm. gm. gm. gm. 

0.03874 0.00774 0.02893 0.00553 0.02113 0.00463 o. 01368 0.00358 
0.00824 0.00493 0.00443 0.00378 

Temp., 0 G 0.00734 Temp., °C 0.00578 Temp., °C 0.00471 Temp., °C 0.00383 
0.00734 0.00568 0.00493 0.00323 

323 0.00829 324 0.00572 324 0.00490 323 0 .00323 
0.00729 0.00543 0.00453 0.00358 

std. dev. 0.00754 std. dev. 0.00603 std. dev. 0.00438 std. dev. 0.00328 
4.74% 0.00724 6.02% 0.00558 4.29% 0.00433 6.64% 0.00363 

0.00754 0.00539 0.00478 0 .00358 
0 .. 00784 0.00495 0.00463 0.00393 

-0.00764 0.00550 0.00463 0 .00357 

0.03874 0.00784 0.02893 0.00553 0.02113 0.00478 0.01368 0 .00388 
0.00749 0.00568 0.00488 0.00368 
0.00754 0.00588 0.00498 0.00393 

400 0.00824 400 0.00593 400 0.00453 401 0.00378 
0.00804 0.00560 ·o.00518 0.00358 
0.00799 0.00518 0.00508 0.00398 

2.84% 0.00789 4.55% 0.00613 3.39% 0.00488 4.12/o 0 .00383 
0.00769 0.00583 0.-00473 0.00378 
0.00774 0.00588 0.00483 0.00403 
0.00804 0.00548 0.00468 0.00353 

0.00785 0.00571 0.00486 0.0038-0 
~ 

°' 



TABLE X (Continued) 

Initial Mass Initial Mass Initial Mass Initial Mass 
Mass, Evaporated Mass, Evaporated Mass, Evaporated Mass, Evaporated 

gm. gm. gm. gm. gm. gm. gm. gm. 

0.03.874 0.00844 0.02893 0.00643 0.02113 0.00518 0.01368 0.00418 
0.00899 0.00673 0.00543 0.00433 

Temp., °C 0.00884 Temp., °C 0.00628 Temp., °C 0.00533 Temp., °C 0.00428 
0.00914 0.00688 0.00573 0.00398 

427 0.00919 472 0.00658 472 0.00558 472 0.00443 
0.-00934 0.00648 0.00578 0.00448 

std. dev. 0.00874 std. dev. 0.00688 . std. dev. 0.00568 std. dev. 0.00418 
1.89% 0.00894 3.14% 0.00643 3 .10% 0.00553 3.22% 0.00423 

0.00909 0.00658 0.00558 0.00438 
0.00889 0.00633 0.00548 0.00433 -.-
0.00901 0~00655 0.00552 0.00428 

.p-
"'-J 



TABLE XI 

WATER EVAPORATION DATA fOR INTERMEDIATE TUBE LENGTHS 

Initial Mass Initial Mass Initial . Mass Initial Mass 
Mass, Evaporated Mass, Evaporated Mass, Evaporated . Mass, Evaporated 

gm. gm. gm. gm. gm. gm. gm. ·gm. 
(85 11 ) (60 11 ) (35 11 ) ( 1511) 

0.03874 0.00604 0.03874 0.00454 0.03874 0.00359 0.03874 0.00269 
0.00619 0.00444 0.00374 0.00304 

.Temp., °C 0.00599 Temp., °C 0.00459 Temp., °C 0.00379 Temp., °C 0.00244 
325 0.00629 324 0.00469 323 0.00339 · 323 0.00299 

0.00634 0.00429 0.00354 0.00274 
0.00594 0.00479 0.00364 0.00259 

std. dev. 0.00599 std. dev. 0.00464 . std. dey. 0.00344 std. dev • 0.00284 
2.17% 0.00609 3.10% 0.00474 3.61% 0.00374 6.63% 0.00264 

0.00604 0.00454 -0.00369 0.00279 
0.00624 0.00449 0.00349 0.00254 

0.00612 0.-00458 0.00361 0.00273 

0.01368 0.0030.8 0 .01368 0.00233 0.01368 0.00178 0.01368 0.00128 
0.00293 0.00208 -0.00198 0.00113 
0.00313 0.00223 0.00168 0.00133 

· 0.00318 0.00243 0.00193 0.00138 
326 0.00303 325 0.00218 326 0.00173 326 0.00128 

0.00298 0.00213 0.00188 0.00123 
std. dev. 0 .. 00~03 std. dev. 0.00248 std •. dev. 0.00178 std. dev. 0.00118 
· 3 .43io 0.00313 5.39% 0.00228 6.36% 0.00183 5.64% 0.00133 

0.00323 0.00238 0.00198 0.00123 
0.00288 0.00233 0.00163 0.00130. 

0.00306 0.00229 0.00182 0.00127 
.p-
CX> 



TABLE XI (Continued) 

Initial Mass Initial Mass Initial 
Mass, - Evaporated Mass, Evaporated Mass, . 

gm. gm. gm, gm. gm. 
(85") (60 11 ) 

0.03874 0.00644 0.03874 0.00494 0.03874 
0.00629 0.00479 

Temp., °C 0,00654 Temp., °C 0.00514 Temp., °C 
400 0.00674 400 0.00519 400 

0.00639 0.00509 
0.00659 0.00524 

std. dev. 0.00664 std. dev. 0.00479 std. dev. 
2.21% 0.00634 2.91% 0.00489 3.99% 

0.00669 0.00499 
0.00649 0.00484 

0.00652 0.00499 

Mass Initial 
Evaporated Mass, 

gm. gm. 
(35H) 

0~00399 0.03874 
0.00359 
0.00389 Temp., °C 

.0.00404 400 
0.00364 
0.00399 
0.00379 std. dev. 
0.00394 4.30% 
0.00374 
0.00369 

0 • .00383 

Mass 
Evaporated 

··gm. 
( 1511) 

0.00274 
0.00249 
0.00289 
0~00279 
0.00264 
0.00259 
0.00264 

- 0.00279 
0.00284 
0.00269 

0.00271 

.j::'

"' 



Initial Mass Initial 
Mass, Evaporated Mass, 

gm. gm. gm. 

0.01458 ( 105 11 ) 0.01148 

0.00983 
0.00948 

Temp., °C 0.00963 Temp., °C 
325 0.00983 324 

0.00913 
std. dev. 0.00998 std. dev. 

2.51% 0.00978 3.10% 
0.00958 
0.00988 
0.{)0943 

0.00966 

TABLE XII 

BENZENE EVAPORATION DATA 

Mass Initial Mass 
Evaporated ·Mass, · Evaporated 

gm. gm. gm. 

(85 11 ) 0.00937 (60 11 ) 

0.00623 0.00462 
0.00640 0.00407 
0.00678 Temp., °C 0.00422 
0.00656 324 0.00427 
0.00629 0.00447 
0.00618 std. dev. 0.00412 
0.00640 4.76% 0.00397 
0.00662 0.00432 
0.00651 -0.00442 
0.00612 0.00402 

0.00641 0.00425 

Initial 
Mass, 

·gm. 

0.00589 

Temp., °C 
324 

std. dey. 
3 ~92io 

Mass 
Evaporated 

gm. 

(60 11 ) 

0.00344 
0.00349 
0.00349 
0.00359 
0 .00329 
0.00319 
0.-00364 
0.00334 
0.00349 
0.00354 

0.00344 

IJ1 
0 
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