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FOREWORD 

The Spray and Absorption Technology Program is coordinated by Oak Ridge National Laboratory for 
the AEC. The program involves research on all aspects of containment spray systems proposed for use as an 
engineered safety feature in pressurized water reactor containment buildings and investigations of certain 
aspects of the pool-pressure-suppression containment concept as applied to boiling water reactors. A 
document (ORNL-4360, Spray and Pool Absorption Technology Program) has recently been issued. 

This present document describes a numerical procedure which has been developed to calculate the time 
for a cold water drop to approach the temperature of the air-steam atmosphere which will exist in the 
containment building when the sprays are turned on. 

This is the sixth report in a series designed to present program information pertinent to actual plant 
design considerations. Additional reports in this series include: 

T. H. Row, L. F. Parsly, and H. E. Zittel, Design Considerations of Reactor Containment Spray Systems 
-Part I, USAEC Report ORNL-TM-2412,April 1969. 

C. Stuart Patterson and William T. Humphries, Design Considerations of Reactor Containment Spray 
Systems - Part II. Removal of Iodine and Methyl Iodide from Air by Liquid Solutions, USAEC Report 
ORNL-TM-2412, Part 11, August 1969. 
J. C. Griess and A. L. Bacarella, Design Considerations of  Reactor Containment Spray Systems - Part 
III. The Corrosion OfMaterials in Spray Solutions, USAEC Report ORNL-TM-2412, Part 111. 

L. F. Parsly, Design Considerations of Reactor Containment Spray Systems - Part ZV. Calculation of 
Iodine-Water Partition Coefficients, USAEC Report ORNL-TM-2412, Part IV. 

J. C. Griess, T. H. Row, and C. D. Watson, Design Considerations of Reactor Containment Spray 
Systems - Part V. Protective Coatings Tests, USAEC Report ORNL-TM-2412, Part V. 

Thomas H. Row 
Technical Coordinator 
Spray and Absorption Technology Program 
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DESIGN CONSIDERATIONS OF REACTOR CONTAINMENT SPRAY SYSTEMS - 
PART VI. THE HEATING OF SPRAY DROPS IN AIR-STEAM ATMOSPHERES 

L. F. Parsly 

ABSTRACT 

In a loss-of-coolant accident, cold water sprays are frequently used to reduce the containment pressure. It 
has generally been assumed that the drops would attain thermal equilibrium with the air-steam mixture in the 
containment atmosphere, but this has not been verified by calculations. A numerical procedure has been 
developed to calculate the time for a cold water drop to approach the temperature of the atmosphere. 
Calculations have been made for typical drop sizes (500, 1000, 1500, 2000, 3000, and 4000 p diameter) under 
hypothetical accident conditions. The results of the calculations confirm the assumption that the drops will 
essentially come to thermal equilibrium with the atmosphere in full-size reactor containment buildings. 

INTRODUCTION 

Spray systems are being proposed for the containment buildings of many power reactors being built 
today. In the unlikely event of a loss-of-coolant accident these are to serve the twofold purpose of removing 
heat from the containment atmosphere and knocking down airborne fission products. 

From reviewing safety analysis reports on reactors, it became apparent that no one had undertaken to 
calculate the rate at which cold water drops sprayed into an air-steam atmosphere approach the 
temperature of the atmosphere. I t  is well known that heat transfer by condensation is sharply reduced in 
the presence of noncondensable gases, and we felt that backup calculations should be made which would 
either confirm or deny the assumption that thermal equilibrium is attained. I t  seemed to us that it should 
be possible, although difficult, to solve the problem. 

The unique feature of the problem is that the major heat input comes from condensation of steam on 
the drop surface, although forced convection also plays a role. Since we could not see any way to handle 
the condensation problem analytically, we decided to solve the problem numerically. 

ASSUMPTIONS 

In order to solve the problem fairly readily, we had to make several simplifying assumptions. These are 
as follows: 

1. The drops are assumed to be falling at their terminal velocity. Actually they start a lot faster and slow 
down as they fall. 

2. The boundary layer on the drops is assumed to be fully developed. In reality there is no boundary layer 
when a drop is born, and therefore momentarily the heat and mass transfer are much higher. 

3. The drop is assumed to act as a rigid body, so that the only heat transport mechanism inside the drop is 
conduction. Any internal circulation would speed up heat transfer inside the drop. 

1 
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4. 

5. 

6. 

It is assumed that average values of the physical properties can be used. 

The effect of condensation on the drop diameter is ignored. Actually a drop will grow a maximum of 
about 6% in diameter. (This is based on approximately 20% increase in mass due to condensation, which 
assumes a 100"c temperature rise.) 

The temperature of the containment building atmosphere is presumed to remain constant during a 
drop's lifetime. 

ANALYTICAL MODEL 

The physical system with which we are dealing can be idealized to a rigid sphere (the spray drop) 
initially at some uniform temperature, exposed to surroundings at a different temperature (the containment 
atmosphere) and with surface heat transfer resistance (convective heat transfer through a gas boundary 
layer) and a surface heat source (latent heat released by condensation of steam). This is described 
mathematically by the classical partial differential equation of heat conduction with appropriate initial and 
boundary conditions. The equation, using dimensionless variables, is: 

The dimensionless variables are: 

r = (T,  - T)/(T, - T o ) ,  dimensionless temperature, 

0 = at/rg, dimensionless time, 

p = r / ro ,  dimensionless radius. 

Because the vapor pressure of water enters into the boundary condition involving steam flux to the 
drop (the driving force for mass transfer is the partial pressure of water vapor in the atmosphere less the 
pressure in equilibrium with the drop surface), the boundary conditions cannot be made dimensionless. 

For conversion to a finite difference problem, the drop was divided into ten regions - a central sphere 
and nine annuli. Differencing was carried out as suggested by Crank.' That is, the following finite 
difference approximations to the partial derivatives were used: 

f o r i >  1, 

I 

1 
[iri+ ,i - 2(i - l)rbi + (i - 2)ri- ,i] ; 

- i a  (p2 E )  = 
p2  ap ap (i- 1)6pz 

f o r i =  1, 

Here i refers to position step number and] to time step number; 1 refers to the center of the sphere. 

J. Crank, The Mathematics of Diffusion, pp. 186-99, Oxford Univ. Press, 1956, 
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The boundary condition was dealt with by writing a heat balance over the outermost annulus. The set 
of equations used for computation is: 

for i = 1 (center of drop), 

for 2 < i < 10, 

for i = 1 1  (surface of drop), 

In this last equation, the second term on the right accounts for conduction of heat into the drop, the third 
for condensation on the drop, and the last for forced convection heat transfer to the drop surface. 

The terminal velocity was calculated from an equation recommended by Lapple:2 

The mass transfer coefficient kg was calculated by the equation recommended by Ranz and Mar~ha l l :~  

The problem was programmed in FORTRAN IV and run on the IBM system 360 model 91 computer at 
ORNL. The time step (60) was taken as ‘Loo,  so that 68/6p2 would be ‘4 .  Provision was made for 5400 
time steps, with each case to be terminated sooner if the mean drop temperature became less than 0.0001 
(note that with the conversion to a dimensionless temperature, the drop temperature is 1.0 throughout 
initially and eventually becomes 0). The program is futed to give a printout of the results every 30 time 
steps. 

RESULTS 

The results of the calculation are summarized in Table 1, plotted in Fig. 1 ,  and given in complete form 
in Tables 3-16. We have also included in Table 1 the time reported by Brown4 for the case of no surface 
resistance. The table shows that heatup is appreciably slower with surface resistance and that it takes much 
longer to heat up large drops than small ones. 

2C. E. Lapple, Fluid and ParticleMechanics, p. 284, University of Delaware, 1951. 
3W. E. Ranz and W. R. Marshall, Jr., “Evaporation from Drops,” Chem. Eng. Prog. 48,141 -46, 173-80 (1952). 
4G. Brown, “Heat Transmission by Condensation of Steam on a Spray of Water Drops,” ASME, Proc. Gen Disc. Heat 

Transfer, pp. 49-52 (1951). 
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Table 1. Summary of p u l t s  - Atmosphere 
Temperature 130 C, Initial Drop 

Temperature 30°C 

Time(sec) to Attain 0 for 
Dimensionless Temperature of ~ 

I3 = 0.5 I3  = 0.1 I3  = 0.01 

Drop Diameter 
(P) 

Heat Transfer to Drop by Condensation and 
Convection (Present Calculations) 

500 0.055 0.146 0.265 
1000 0.155 0.45 0.86 
1500 0.3 1 0.95 1 .E3 
2000 0.52 1.64 3.3 
3000 1.04 3.5 7.0 
4000 1.75 6.2 12.2 

Drop Surface at T,(Calculations of Brownn) 

5 00 0.013 0.09 
1000 0.03 0.3 
1500 0.13 0.7 
2000 0.20 1.15 
3000 0.45 2.5 
4000 0.74 4.2 

%. Brown, “Heat Transmission by Condensation of Steam on 
a Spray of Water Drops,” ASME, Proc. Gen. Disc. Heat 
Tmnsfer, pp. 49-52 (1951). 

Fig. 1. Calculated T h e  to Heat Falling Drops Including Condensation and Convection. 
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Table 2 gives the calculated residence time for drops in the NSPP and in a large containment building 
under accident conditions. This shows that drops 1000 p and smaller will closely approach temperature 
equilibrium even in the NSPP. Larger drops may not attain equilibrium in the NSPP but should certainly do 
so in a large containment building. The results of the calculation appear to be consistent with the 
observation in the NSPP that the solution temperature does not quite attain the vessel atmosphere 
temperature. 

Table 2. Approximate Residence Times for Drops 
of Various Sizes in an AirSteam Atmosphere 

at 1 2 0 " ~  

Residence Time(sec) 
NSPP,H= 15ft  LargePWR,H=120ft 

Diameter (p) 

500 3.0 23 
1000 1.4 10.5 
1500 0.9 8.2 
2000 0.4 I .4 
3000 0.3 6 .O 
4000 0.2 4.19 

CONCLUSIONS I 

The above calculations justify the conclusion that water introduced into a full-size containment 
building as sprays will attain temperature equilibrium with the building atmosphere. On the other hand, 
coarse sprays will not come completely to equilibrium in pilot-plant equipment where residence time is 
appreciably less. Observations of spray solution temperatures in the Nuclear Safety Pilot Plant confirm this. 

NOMENCLATURE 
Diffusion coefficient for water vapor in air, cm2 /sec 
Drop diameter, cm 
Acceleration of gravity 
Outside film heat transfer coefficient, cal/(sec) (cm2) ("C) 
Thermal conductivity, cal/(sec) (cm2) ("C) 
Mass transfer coefficient, g-moles/(sec) (cm2) (atm) 
Heat of vaporization, cal/g-mole 
Mean molecular weight in gas film 
Partial pressure of water vapor in containment building, atm 
Vapor pressure of water at surface of drop (pressure in equilibrium), atm 
Mean partial pressure of inert in film, atm 
Radius of drop, cm 
Radius, cm 
Gas constant 
Temperature of atmosphere, "K 
Initial drop temperature, "K 
Temperature, "K 
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Time, sec 
Terminal velocity, cmlsec 
Thermal diffusivity, cm2 /sec 
Difference operator 
Viscosity of atmosphere, poises 
Dimensionless radius, r/ro 
Drop density, g/cm3 
Dimensionless temperature, (T, - 
Dimensionless time, at/ri 
Reynolds number, DpUtpa/p  
Schmidt number, p/(paDV) 



Table 3. 

CALCULAT I ON O F  EQU ILI BRAT ION OF A- COLO YAJER-DROP U-1 TH AN AIR-STEA-M A l H O S P H E I I E  

DROP DIAMETER = 0.0500 C H  
ATH-O3-P-WER€ T r M P m A w R F  - l ~ b ~ ~ ~ C M P E R A T  U K =  30  .o-DEG--- -- 

F R A C T I O N  O F  R A D I U S  
T H E T A  C.0  0.1 0.2 0.3 0 .4  0.5 0.6 0.7 0.8 

0.3500 0.1958 3.9949 0.9917 0 .9848  0 .9715  0.9478 0.9084- 0.-0475 0.7602 
L I . l C O 9  C.9071 0.9022 0.8875 0 . 8 6 1 9  0.8243 0.7734 0.7081 0 .6281  0.5340 
0.153C G.7396 0.7336 0.7158 0.6862 0 .6449  0.5923 0.5290 0.4563 0.3757 
0.2C00 0.5675 0.5621 0.5460 0.5197 0.4835 0.4385 0.3856 0.3264 0.2625 
0.25CO 0 .4204  0.4160 0.4030 0.3817 0.3528 0.3172 0.2760 0.2304 0.1820 
0.3000 0 .3042  0.3008 0.2909 0 .2746  0.2527 0.2258 0.1949 0.1611 0.1256 
0.3500 0 .2166  0.2141 0.2067 0 .1947  0.1786 0.1589 0 .1364  0.1119 0.0865 
9.4COG C.1525 0.1597 0.1453 0.1367 0.1251 0.1109 0.0949 0.0775 0.0595 o . b ~ c 3 -  _ _  _ _ _ ~ ~  -- 

_ _  - -______-__ ____  ~- 

0 .1065  3.1052 0.1014 0.0953 0.bnd ~ 0 ~ ~ 6 5 7 - ~ 0 % ? i - ~ 0 & m  
0 .5000  C.0740 0 . 0 7 3 1  0.9704 0 . 0 6 6 1  0.0603 0.0533 0 .0454  0.0369 0.0281 
U.5531) C.0512 3.0506 0.0487 0 .0457  0.0417 0.0368 0.0313 0.0254 0.0193 
3.6000 G.@354 0.0349 0.0336 0 .0316  0.0288 0 .0254  0.0216 0.0175 0.0133 
2 .6503  0 .0244  0 .0241  0.0232 0 .0217  0.0198 0.0175 0.0148 0.0120 0.0091 

..... 

0.9 
0 e6442 
0.4278 
0.20-94 
0 1 9 6 0  
0.1326 
0.0897 
0.0609 
0.0415 

0 . 0 2 8 F  

0.0133 
0 . 0 0 9 1  
0.0062 

0 . 0 1 9 4  

1.0 M E A N  TEMP 
6.5016 0 . 8 4 1 1 2 1  
0.3126 0 .643805  
b.2003 0 ; 4 7 i 0 9 1  
0 .1291  0 .345603  
0.0837 0 .246196  
0.0548 0.173315 
0 .0363  0 .121030  
0.0243 0 .084067  
0.6164 0 .058181  
9.0111 0.040174 
0 .0076  0 .027694  
0.0052 0.019070 
C - 0 0 3 5  0 .@13122  

T f Y E t  S F C  
0 . 0 1 9 4 2 1  
0 .038854  
0. C58281 
0 .077769  
C .09? 13 5 
6 .116562  
0 .135989  
0.155416 
0 .174843  
0.194270 .' 
0.213697 
0 .233125  
0.2SZ552 

_ _  0.7000 3.0168 0.0166 0.0160 0 .0150  0.0136 0.0120 0.0102 0.0083 0.0063 0 .0043  0.0024 0 .009025  0 , 2 7 1 9 7 9  
0.75GO 0 .0116  0.0114 0.0110 0 . 0 1 0 3  0 .0094  0.0083 0 . ~ 0 ~ 0 0 ~ ~ 0 ~ ~ ~ . 0 0 ~ 2 9 ~ ~ C ~ . 0 0 1 7  -F;OG6204 9 .291406  
C.8000 0 .0079  0 .0078  0.0076 0 .0071  0 .0064  0.0057 0,0048 0 . 0 0 3 9  0.0030 0.0020 0.0011 0 .004264  0 . 3 ! 0 8 3 3  

0.9000 c1.0038 0.9037 0.0036 0.0033 O . O C 3 0  0.0027 pO-.0023 0.0018 0.0014 0.0010 0.0005 9 .002013  0 .349687  
0 .9500  0.0026 0.0025 0.0025 0.0023 0.0021 0.0018 0 . 0 0 1 6 -  0.0013 6.0010 0.0007 0 . 0 0 0 4  OaG01383 0 .369114  
1.OCO0 9-.0018 0.0017 0.0018 0.0016 0 . 0 0 1 4  0.0013 0.0011 0.0009 0.0007 0.0004->.0003 0.900950 0 .388541  
1.0500 O.OcI12 9.0012 0.0012 0 . 0 0 1 1  0.0010 0.0009 O.OOC7 O.CO06 0.0005 0.0003 0 .0002  -0.000652 0 .407964  
1.1000 CI.OGO8 0.0008 0.0008 0.0007 0.0007 0.0006 0.0005 0 .0004  0.0003 0.0002 0.0001 0.00C448 0 .427395  

0.8500 C.0055 0.0054 0.0052 0 . 0 0 4 9  0.0044 0.0039 0.0033 0.0027 0.0020 0 . 0 0 1 4  0.0008 0 .002930  0 .330260  

- ~ ___ 

1.1500 0.0006 0.0906 0.0005 0.0005- 0.0005 0.0004 0.0003 0.0003 0.0002 0.0001 0.0001 0 .000307  0 .646822  

1.2500 0.0003 0.0003 O.OOti3  0.0002 0.0002 0.0002 0.0002 0.0001 0.0001 0.0001 0.0000 0 .000144  0 .685676  
1.2000 C.0004 0.0004 0.0004 0 .0004  0.0003 0,0003 -0.0002 0.0002 0.0001 0.0001 0.0001 C.000211 0 .466249  

1.3GCO C.0002 0.0002 0.0002 0.0002 0.0002 0.0001 0.0001 0.0001 0.0001 ~ 0.0000 0.0000 *- 0 .000099  - - 0.5051C3 _______  



Table 4. 

CALCULATICN OF EQUILIUKATIUN OF A COLD MATFR DROP WITH AN A I R - S T E A M  ATMOSPHERE 

DdOP D I A M E T E R  = O . 1 ' J r :  CM 
ATYCISPHEKt TEMPERATUNE = 130.3 D t G  C I N l T f A L  DROP TEMPERATURE = Jb.0 DEG C 

7.1 
3.9914 
0.9594 
3 .6270  - 

7.4323 
17.28?9 
3.192" 
LJ. 1245 
0.5t33c 
L .  c 5 4 4  
0.7356 
u.GZ33 
''.(I153 
u.71cc: 
3 'JL b 5  
z .G343 
3.Ol .28  
C . i r C 1 H  
3.cc12 
3.U3i9 
c.0535 
?. )Pn3 
C."9:;2 
3.0JL 1 

L .2 
0.9Hhl 
c .P293 
" . 6 G 5 3  
1'.4155 
C.2781 
0.1841 
J.1212 
G.0796 
c.('522 
C.r l34l 
c .  3 2 2 3  
\I -11146 
1 .OG96 
r .(IC62 
C .?"41 
3.dC27 
C.0017 
3 . C O 1 1  
3. c 0 0  7 
S.9?05 
0 .  90 I 3 

0. ! ; I C  1 
c.n0;2 

F R A C T I U N  OF R A D I U S  
0.3 c.4 0.5 0.6 
9.9748 0.9533 0.9156 0.8542 
0.7932 C.7410 0.6719 C.51160 
C.5695 0.5206 0.4599 0.3893 
V.3883 0.3518 0.3073 0.2568 
L.2592 9.2338 C.2033 0.1689 
0.1713 C.1543 0.1338 C . l l C 9  
i . 1 1 2 7  u.1014 3.0878 C.0727 

G.0485 0.0436 5.5377 0.0311 

C.02TH 0.0197 0.0161 0.0133 
'3.0136 0.0122 C.J l06  C.OC87 

C'.G74? C.@bb5 0.0576 0.0476 

Cer317 0.0285 0.0247 C.0204 

C . C O R 9  O.SC8? 0.0069 9.0057 
c.oo5a c.3052 0.0045 c.0037 

0 . ~ 3 2 5  c.0022 ~1.0019 0 . ~ 0 1 6  
L . C O 3 A  C.9034 3.0029 3.0C24 

0.0016 C.0015 @e0013 0.0010 
O.COl1 G.0013 9.0008 0.0007 
C.CO07 0.0006 0.0035 0.0004 
G.OC05 0.0004 O.OOn4 0.0003 
@.OGr)3 0.0003 6.0002 O.CO02 
3.cc02 0.0002 c.3301 c.cco1 
o.oco1 0.0301 0 . O O r ) l  O.GGO1 

0.7 
0 . 1 6 1 0  
C - 4 0 4 6  
C . 3 1 1 5  

0.1323 

C.0566 

C e0242 

0.2025 

C. e0865 

0,037C 

0.0158 
0.0103 
0.0068 
0.0044 
C .Or229 
0.0019 
0.0012 
0.0000 
0.000 5 
0.0003 
0.0002 
0.0001 
O . O C @ l  
O . O O G 1  

0.8 

c.3737 
i .2296 
0.1467 

n.6336 

C.095C 

C .C404 
Q.0264 
CeC172 
c.0113 
c.co74 
C.0040 
C.CO31 
0.0021 
@ e 0 0 1 3  
0.0009 
C.0006 

c.0002 
c .00c2 
O . C O C 1  
C . O C O 1  
O.@OOC 

0.0619 

c . n 0 ~ 4  

0.9 
0.4704 
0.2493 
0.1473 
G.0920 
0.0589 
0.03HG 
0.0247 
0.0161 
0.C105 
0.0068 
0.0045 
0 - 0 0 2 9  
0.0019 
0 .oo 12 
0.0008 
0.0005 
C .OOO3 
0 .coo2 
0.0001 
0.0001 
C.OP01 
O . O O O 0  
c.oono 

1.0 MEAN TEMP T I M E ,  SEC 
0 - 2 8 0 2  q. 756403 C . i?770R 

5.Oh86 C.330010 0.233124 
0.0407 9.223662 C.31C833 
0.C253 0.147073 C.3R8541 
0.0160 C.096509 0.466249 cr: 

0.1269 0.510671 C.155416 

0.9103 12.n63241 0.543957 
C.0066 GeC41404 n e 6 2 1 6 6 5  
0.0043 0.027091 C.699373 
0.0028 0.017719 3. 777081 
0.0018 0.011586 0.854789 

G.On0H C.004951 1.31c12C5 
C.0012 @ - 0 0 7 5 7 5  0.932498 

0.0005 0.033236 1,287914 
0.9003 G.CG2115 1.165622 
O.OOC2 C.CcL382 1.24333P 
C.OOO1 C.000903 1.321039 
0 -0001 C .COO590 1.398746 
0 . r ) O O l  0.'?50385 1.476454 
G.0000 0.0'70251 1.554163 
o.oooo o . c r c i 6 4  1.631869 

o.occo 0 . 0 0 0 ~ 6 9  1.797296 
C.0000 C.000107 1.709578 



Table 5. 

3c.o DFG c 

n. 9 
r ' . 3 9 1 b  
0.1953 
C.1143 
i .C.71? 
0.3452 
C.029Q 
C.0185 

C.C076 
O . O C 4 9  
c .PO 32 
0.C32G 
0.C3 13 

O.CdL5 
n.0003 
( ' .0002 
7.ooc1 
C . C ' ? Y l  
\-I. 0 0 2 1 

O.O@CC 

*>.ri 19 

c.rCrH 

3. ar oo 
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. 
'i 

c
 

a
0

 

- 
4
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Table 7. 

c . 7  
C . 644b  
C - 3 6 6 9  
0 .2245  
C .14C 6 
C.QB95 
0 . 0 5 5 8  
G .O352 
c .@2Z2 
0 . 0 1 4 c  
r .CCd8 
c . 005h  
C . O O 3 5  
V.GC22 
C.9C14 
C .OOf 9 
O . O O C h  
c .OCC4 
c .cf30z 
fi.onp1 
o.cco1 
0 .0001  

0.8 
C.4787 
C.2541 
0.1527 
C . C 3 5 1  
c.2597 
C.(_'376 
C.C23? 

T.CJ94 
1.0PbC 
< . C C i i @  

C . O C 1 5  
c . ac r9  
C.C9@5 
c.CCC4 
c .ccq2  

c . c i 5 0  

c .  c 3 7 4  

L' .onr 1 
c . r43b 1 
C . C i i l  
C . U P O C  

c.9 
" . 2 H h O  
(I. 1 4 2 0  

:.'I519 
" C 3 2 5  
C.,72"~4 
0 . c 1 2 9  
r .DO81 
C, .(?I51 
c .0032  
O.GCZO 
C . 0 C 1 3  
G .C358 
3 .CC 0 5  
3 .o,; 23 
O . C O C 2  
O . C " S 1  
o.ooc1 
0 . 0 0 0 1 

.GOCP 

c . n u 3 9  

i .c;nc 



Table 8. 

C A L C U L h r  I U U  ( I t  FvJlLI H d A T  tL1U 1)F A COLI )  WATFH DROP M I  T Y  AN A I R - S T E A M  ATMOSPHERE 

LIttOP L I I A M E T F s  = ".4C(;" (,M 
A l Y b i P ' h E H t  1 L " l P t Y A f U K t  = 130." I ) C G  C I b J I f I A L  O X O P  TEMPERATURE = 30.9 DEG C 

0.7 
O.hlP3 
0.3493 
P.2127 
0.1324 
C .C829 
0 .C52C 
0.0326 
0.02n4 
G.0128 
c .OOHO 
3 .G05C 
i - 0 C 3 2  
L .QC;Zc!  
c .oc12  
?.CS"R 

C.COG3 
0 .OC02 

+.0co1 

r .oco5  

c.ocni 

0.a 
0.4496 
C.2383 
0 1429 

c*.c554 
L .c 347 
G.C217 
C . C l 3 6  
0.00d6 
s .co54 
2 . O C 3 4  
O.CC121 

G . 0 C O d  
G . t C C i 5  
7.0nC3 
u.cco2 
0.c331 
o.cac1 
c .CL?r,t' 

:.re86 

~ . r n i 3  

c.9 
C a25 7 1  
Gel291 
C.Q764 
0.0471 
0.C294 
'J.6184 
0.01 15 
0 e00 72 
0 .0045 
?.C028 
C.CO18 
0 DC 1 1 
C .OOO7 
,3.C"4 
C . C C 3 3  
c .ooc2 
G.0001 
O . C G O 1  
0.0000 
3.cnoc 



Table 9. 

0.7 
c' .H473 
C .6326 
C .46dC 
c .3444 
~ . 2 5 2 @  
( . l e 3 0  
t . 1 3 3 . 2  
1, , 0 9 6 4  
2 .Ob96 
0.05C2 
C.0361 
? .026Q 
C . P I 3 7  
C.Cl35 
i .nil97 
O . O c ' 6 9  
c .3Cc,C 
c.  0 3 5 6  
5.0376 
: I .  : 9 18 
G.CC13 
L . C O 1 "  
* . C C < ' 7  

C.OOd4 
c .O@lr3 
c .!lor2 
2 .  O C C l  
8 ' .  oc 5 1 

C J . ~ I - I ~ , ~  

T i Y F ,  S F C  
c . r ,  1 ?Oh 9 
r . r 3 7 9 3 5  
r .  L 5 6 4 - 3  
9.6; 7 5 8 7c 
C ' . C 9 4 8 3 d  
9.113Hr> 
C. 132773 
0.151740 
P.l l ' r7 '9 
i. 189675 
0.2Cq643 r 

i.Z2761'? 
C.746573 
3.265545 
7.28451 3 
0 .  3031.Y0* 
?. 322443 

34 141 5 
^ . 3 6 f ' 7 9 3  
? .37  2350 
2.79Yf15 

".436253 
3.455221 

C - 4 9 3  15q 
C.512173 
';.531f'Qq 
cg - 5  5 0 C 5 9 

r . 4 1 7 2 ~ 5  

9.4741 v a  



Table 10. 

C A L C U L A T I ( 1 N  OF E O U I L I d R A T I d N  OF A CULU U A T F R  OROP WITH A N  A I R - S T E A M  ATMOSPHEKF 

DROP D I A M E T E R  = u . l l O C  C M  
i\TI(tJ)SPiiEHE TEMPFKATURf .  = 13P.C i ) t G  C I h I t I A L  DdOP T E M P F H A T U R E  = R O . C  O E G  C 

F R A C T I O N  OF R A D I U S  
3 . 3  G . 4  c4.5 0.6 
C.9748 Q . 9 5 3 4  ?.Y160 0 . 8 5 5 3  
P.7968 C.7461 Q.6791 0 .5961  
n.5Y05 0.5333 C.4746 0.4363 
U.4047 C.3640 n. 3254  0.2758 
C.2772 3.2519 n.2213 0.1867 
i . 1 8 8 4  0.1713 C.14Y9 G.1262 

i2.3862 2.C781 'I.ObR4 C.:574 
C.1775 G.LlSh 0.1713 6 .0352  

( ' .L581 C.2527 0 .5461  0.C387 
3.4392 L .3355  0 . C 3 1 1  0 .0261  
0.0264 0 . 9 2 3 9  0.OLC9 0.P176 
C.0178 C.0161 3.0141 0.0118 
L . C l Z ( I  C.01Cd 0.3C95 C.C'J8C 
@.c'rJ81 C.Od73 5.Q364 C.38754 
C.OC54 r.CC49 L.S?43 O a f 7 - 3 6  
p . 9 d 3 ~  0.0L33 3 e C 0 2 9  C.3324 
".9C25 C.01722 n e 0 9 1 9  C.CD16 
0.CZ17 ?.C015 C.0513 C.9 '211 

~ . 0 9 ! c 5  0 . r o o 5  C ) . C G O ~  0.6353 

C.0511 3.OC13 0 . 5 0 0 9  3.0007 
d e r 0 0 7  O . 9 C O 7  C.C?06 0.OOC5 

C.COd3 C.0003 C.0?73 G.OOC2 
L.3302 c.31rc2 c\.o;02 0.30c1 
C.3CQ2 9.0001 C.0001 0.3731 

0.7 
c .7h45 
o .49a2 
r . 3 3 ~ ~  
C e2223 
C 1495  
a .  l C C 8  
C.0674 
G.. 0 4  5 8 
0 . c 3 0 n  
0 .0zn7  
O.Sl+C 
0 .0094  
0.0063 
0 .0043  
c .DOL9 
r . 0 0 1 9  
O.CO13 
O.OOC9 
C. 0006 
C.OCG4 
G.OOC3 
0 .os02 

-0.oo~c 1 
c .ooo 1 

0.8 
C.63Y2 
C.3887 
'2.2511 
C . l b 6 4  

G.C748 
r . c s 0 3  
c .0339 
G.0228 
c . c i 5 3  
0.01c3 
GaC969 
C.OC47 
C.rO31 
? . t 0 2 1  
C.CC14 
c.co10 
C .C336 
O.GC34 
C.OCC3 
G.CC32 
O.CC01 
3.GC)(?1 
c.0001 

6 .1114  

0.9 

3 . 2 7 2 C  
2 .1704  
17.1113 
0.073Y 
0 - 0 4 9 4  
c . c 3 3 1  
0 . 0 2 ? 2  
0 . 3 1 4 9  
0.0100 
0 -0968 
0 .0?45  
0 . 0 0 3 1  
0 .0021  
0 .0014  
O . O b C 9  
9*C*)f!b 
C.CQ34 
0.0903 
0.0002 
0 . 9 0 0 1  
0.0301 
O . O ' J t l  
0.0030 

n .4a99  
1 . C  YFAN T E M P  

C .1542 n. 523728  
0.C325 Q.357147  
C.059n r . 2 4 2 4 2 9  
3 . 5 3 8 5  C. 1 6 4 0 9 9  
C .r)255 C .  110867  
C . O l 7 G  @.C74809 
0 . 0 1 1 4  5 .057435  
C .On76 3 .033983  
C.CC51 ' .0224SY 
C .9074 3.015417 
P.QC23 D.OlC375 

0.2980 9. ~ 5 9 9 5 6 ,  

c.0015 0 . n ~ 9 a i  
c.coir  o . o c 4 7 c o  
3.CC77 0 . p 0 3 1 6 3  
O.OCC5 n . 0 0 2 1 2 8  
3.0OC3 C . C O 1 4 3 7  

n .coo1 O.CCC647 
0 .9001  5.C03435 
C.0001 7 .000292  
0 ,0000  n .0?0196  

0 . 9 O ? C  3.97Q00ad 

c . m c 2  c . o c r 9 6 3  

C.QfinO 3,0OC131 

T I M E ,  SEC 
0." 7 5 8 7 ~  
0 .151740  
0 . 2 2 7 4 l C  
0.3C3480 
c . 3 7 9 3 s 0  
c.45571' )  
c .  531C9G 

C . 6 8 2 f l 3 P  p. 

0 .  7597TC 
83447P 

C .9 1 4 4': 
O.98431" 
l .C621R? 
1.1347557 
1 . 2  1392C 
1.28979P 
1 .365662  
1.44 153C 
1 . 5 1 7 4 r 1  
1 .593263  
1 .669139  
1.715C03 
1. A2389C 

Q. 47626i :  r 

, .  
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Table 12. 

C A L L U L A I I O I  11F E d U I L I ~ K A T I U i \  UF A COLD W A T E R  DROP WITH AN A I R - S T E A M  ATMOSPHERE 

Dtt i lP D I A M E T t R  = c ) . Z C P , ~  CM 
A T ~ ~ U S P H E < t  T E M P E R A T U R F  = 15t.C O E G  C TNITIAL DROP r € M P E R A T U R E  = 80.0 DEG C 

F R A C T I O N  OF R A D I U S  
r .2 0.3 0.4 0.5 C.6 
0.98ti1 C.9644 C.9352 ~3.8854 0.8068 

p.5480 C.5121 6.4635 0.4041 0.3364 
C.7868 0.7455 0.6870 0.6115 0.52P2 

C.3646 6.3592 0.3053 0.2645 0.2186 
C.2392 0.2222 C.1996 C.1725 0.1423 
"e1561 C.145C 0.1301 C.1124 C.0326 
J.1317 >.'I944 9.0847 0.Q731 C.OhP2 
2.C662 C.0614 0.0551 0.G476 C.0392 
0.2431 3.0400 3.0359 C.0309 0.0255 
G.:128C 0.0260 0.C233 @.0201 0.O166 
:t.jlH2 O.Cl69 0.0152 0.0131 O e O l C H  
9 . ~ 1 1 ~ 1  c l . i i i o  c.0099 0 . ~ 0 8 5  0 . 0 ~ 7 ~  

L ' . o ~ ~ c  0 . ~ 3 4 6  0 . ~ 4 ~  0.0336 c . 0 ~ 3 0  
c?.CG77 2.5771 C.C364 C.3355 0.9C45 

C.0032 L.0030- C;C\C27 C.CL723 0.0019 
C."321 C . O c ) Z G  G.3C18 6.0015 O.CG12 
C.CC14 C.OG13 O.JO11 O.CO10 O . O C C 8  
~ . 0 0 0 3  u.CL738 C.OOC7 0.0006 O.CPC5 
C.OC'26  '?.COG5 C.GO05 0.0004 O.OOC3 
f .2034  C.OOC3 9.0003 0.C003 C.00C2 
i . s a i 2  0.0902 0.0002 0.CG02 0.CSil  
0.03C2 C.OCO1 5.0001 C . C G O 1  O.OCC1 

0.7 
0.6928 
C e4161 
0.2633 
0.1699 
c .1102 
0.0716 
0 e0466 
c .r)353 
0.0197 
C.0128 
C.OC83 
3 e0054 
C.OC35 
t .002 3 
0 eOG15 
L7 .oo 10 
C.3006 
0.0004 
G.OC03 
0 .@002 
a.0001 
0.OOc;l 

0.8 
0.542 1 
0.3036 
c .  1881 
0.1205 
0.C779 
0.C506 
C.0329 
0.C213 
C.0139 
0 . c o w  
3.0059 
0.00'38 
C.CO25 
C . C O l h  
0 . C . G l C  
0.03C7 
o.ooa4 

c,cccr  
C eCC03 
c .oil02 

c.occ1 C.OGC0 

0.9 
0.3 >C9 
0.1888 
0.1145 
5.0127 
9.0469 
C.0303 
0.0197 
C.Cl28 
O.CO83 
0.0054 
C.0035 
GeG023 
0.C015 
0 .oo 10 
CeG'306 
C.OOC4 
0.0003 
0.0002 
c .coo1 
0.0001 
c.0030 
0.0090 

1.C M F A N  T L M P  T I M k ,  S F C  
C.1649 9.693445 5.303489 
0.C786 0.448244 0.60696C 
5.0461 0.291477 C.91('441 
0.C288 '2.189762 1.213921 
q.0184 0.127523 1.5174C2 

O.CC.76 C.G52281 2.124362 m 
0 . 0 1 1 ~  a . r~ao375  1 . ~ 1 2 ~ ~ 6 2  

0 . ~ 0 4 9  n . c 3 3 ~ 9 9  2.427842 
0.0032 O.C.22105 2.731323 
0.0021 C . 0 1 4 3 7 1  3.n34R07 
('.GO13 O.CrJ9342 3.339284 
C.OC09 O.OC6372 3.641764 
P.COn6 C.633945 3.945245 
6.0004 C.?S25h5 4.249725 
O . O C 3 2  r .001666 4.5522pL. 

2 . C O O 1  0.09C7'73 5.159166 
9 . 0 3 ~ 2  ~ . C ~ ~ C A L  4.955685 

o . o c o i  3.900456 5.462646 
3.ocsc c . m n z 9 6  5.766129 

n.0000 3.90C12rl 6.373C87 
O.OCO0 r.000192 h.nh9608 

rJ .OC3C 0 . 9 0 O C R O  6.676565 

. .  



. .  
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Table 13. 

C A L L U L A T I U N  i)F E Y U I L I H K A T I d N  U F  A COLD 4 A T E R  DROP WITH 4hl A I R - S T F A H  A T M O S P H t R E  

l)gd,P O I A M E T E K  = 0.3G00 CM 
A T W S P H E R E  T E M P E H A t U R E  = 13C.O D F G  C I N I r f A L  DROP T E M P E R A T U R E  = 80.0 OEG C 

FRACTION OF R A D I U S  
r H e r A  o . ~  0 .1  n. 2 0.3 0 .4  0.5 0.6 c.7 0.8 

C.053d Q.3873 0.9847 5.9759 C.9574 0.9236 0.8666 0.7794 0.6537 C.4931 
Z . l C n c )  0.7‘975 5.7889 C.7628 C.7192 C.6579 0.5796 C.4862 0.3813 0.2698 
0.15r0 0.5474 -3.5339 0.5178 C.48lR 6.4335 C.-3748 C.3C84 0.2374 0.1652 
C.2C9, ~ - 3 5 7 e )  3.3527 ’?e3374 C.3129 ‘2.2802 0.2409 0.1971 0.1509 OelC44 
G.25d5 0.2307 5.2273 9.2174 0.2013 0.1803 C.1546 G.1267 G.CY64 ‘‘!e0666 
C . ~ C : = I L  3.14i-31 S.145C C.1395 C.1292 0.1155 d.C’991 C.0339 0.0617 0.C426 
L7.353t i . u ‘ 9 5 2  C.3936 C.0335 c a C 8 2 d  3.0743 C.0635 0.0518 C.0395 C.0273 
,.4JCC 0.3633-9 9.0603 0.C573 C.0531 ~ Gee474 G.0407 Ce(3332 0.0253 GaC175 

2.5900 L.025L‘ 3.3245 C.0235 Z.3.218 0.0195 0.0167 0.0136 0.01C4 C.CG72 
C.5323 2.5162 ‘ - 0 1 5 9  C . 7 1 5 1  Le0139 0.0125 0.01P7 G.0087 G.0066 C.OC46 

Cl.450- P . 0 3 9 C  C . O i ) 3 &  ’?.G’3h7 ( / . ? 3 4 C  Oi6304 0.0-2bC C.C212 0.0162 C.0112 

2.6C“J 3.3112 3 . J l C l  3.Cl96 C.;O89 3.CO80 C.9068 C.OC56 0.0043 G.OC29 
i.653G O.CC66 q e ~ U 6 5  C.PS62 ?e3057 0.0051 0.5344 0.0036 0.0027 G.CC19 
C . 7 0 3 ‘ 2  (’-3242 0.’?41 0.0’24? Ceca37 i . 3 0 3 3  G.0028 0 .0023 O.OCl7 (l.OCL2 
C,. 7530 r.31227 O . n l ( 7 2 6  0 . C 3 2 5  C.dO23 C.0621 0.@018 0.0915 C . O c ? l l  C.OC138 
S.r)S.’S u.UI17 G.nC17 2.C; lb  7.0315 0.0013 6.0311 0.0039 -@.OOC7 0.0005 
2 . ~ 5 c ‘ C  11.7311 0.0011 C . C ? 1 3  i.3JlC L.0009 0.9007 0.9006 G.00C5 C.CG03 
C ) . ~ O W  c~.r)do7 (r .sco7 3 . ~ 7 r 7  c . w o 6  c .0005 c.ooc5 0 . ~ 0 4  0.0003 c.o302 
0 .9520  U.0005 0.08>?4 ”.L‘254 C.5004 C.6004 O.OOC3 O.CO02 O.OC32 O . C O O 1  
l e C t ’ 0 3  C.7003 O.OC”3 O.C”C3 C.OOC3 3.CC02- 0.0302 -0.OG32 O.O@CL O.GOC1 
l.cJ5JO C.5292 t~.ac)I)2 0.1792 C.0’392 9.9G01 0.i301 O.CCpJ1 O.CGO1 O.OCG1 

0 a 9  

0.3063 
0.1583 
c.0954 
C.0599 
0.0381 
C.0244 
0.015h 
0.0100 
0.0064 
0.0@41 

0.0017 
0.0026 

G . C G 1 1  
0.00G7 
0.0904 
C.3033 
0.0002 
o.ooc1 
G.0001 
3.0000 
C.0000 

1.C MFAN T E Y P  T I Y F v  \ E C  
C.1119 n.659R81 C.hH283r 
C.0535 3.416177 1.36566r 
C.0314 C.265HPh 2.C484Q1 
0.C195 i .170239 2.73132’ 
C.0123 0.1CqC74 3.414151 
:.5078 0.1169879 4.r964fii  
0 . 0 0 5 ~  0 . ~ 4 4 7 6 ’ 3  4.77981 1 

9.0~113 c . ~ i i 7 5 a  6 . 4 2 ~ 3 ~ 7  

C.GO32 r.02867P 5.4626342 
3 .002@ 3.C18362 6.145473 

C.OOC8 0.‘07579 7.511133 
F.0005 C.CO4871 H.193qt l  
C.OC03 q.OG3CR7 8.8763734 
0.0002 0 . 0 1 ~ 9 7 6  9 . 5 5 9 6 ~  
o .a001 c .oc 1265 i r .  242455 
o . m c ; i  g . o o r ~ c 9  i r . 925282  
9 . o r o i  0 . 0 ~ ~ ~ 1 7  i i . w a i ~ 9  

0 .  nqcc n . oc c 21 1 12.1737 72 
Q . O O r C  0.nqr)331 12.?96945 

0 OC r! 0 C C P ?  1 3 5 1 3 6 5 660 8 
C .On00 C.PCC@96 14.3 39475 



Table 14. 

C A L C U L A I  I O N  (IF t L ! J I L I  d K A T  I O N  OF A C O L O  A A T E H  D R O P  WITH AN A I R - S T E A M  A T C O S P H t R E  

i)RclP D I A M E T t K  = C.403p C Y  
AIYU5PHtRt T t M P E R A T U R E  = 1 3 C . i  O E G  C I N f f l A L  D;([lP T E M P t K A f U K E  = 80.0 DEG C 

l t i L 1 4  
?.O 5Ji' 
0 .  1'350 
c. 15.;t1 
c .2030  
0 . 2 5 G G  
L 3600 
0.35CIo 
C.4C93 
0.4520 
0.5;'rs 
0 . 5 5 0 ~  
0.6206 
0 . 6 5 0 3  
3.7i30 

L I . H C i 2  
0.85C3 
u.9C30 
0 . 9 5 6 0  

1. ci 5 50 

0 . 7 5 0 3  

1.OC 70- 

0 .n 
0.3855 

c.2 
r . 9 7 2 ~  
9.7478 
3.5cc3 
0.3224 
!.'.2356 
0.137d 
0.9031 
d .  352.7 
u .-0 3 5- 
C.G213 
0.C135 
C.3386 
L.JC54 
C.3035 
0 .(?a22 
O.UC14 
(1 . 0 ,o " 9 
!-, . nr. '36 
( .05C4 
(1.ljJL2 
-I. 0 0  0 1 
~. -- ._ 

F R A C T I d N  OF R A D I U S  
c. 3 0.4  c.5 G.6 
0.9523 0.9153 0.8537 0.7598 
c . 7 ~ 3 ~ )  0.6403 0.5608 0.4668 

c.2983 9.2664 0.2282 c.1856 
C.4645 5 .4166-  0 .3585-  ' 2 .2931 

L.1901 0.1696 0.1450 '2.1178 
0.1209 0.1078 0.0921 C.074A 
3.0768 Cl.0685 0.0585 0.C475 
7.0488 c.0435 c.0372 0 . 0 3 ~ 2  
0 - . G 3 l O  Oi0276 G.P236 0.0191 
2.0197 0.0175 C'.O150 0.0122 

G.OC79 C.OC71 0.0060 C.0049 
2.0125 0.0111 C.0395  C.GP77 

L.0050 O.OC45 0.C338 0.C031 
9.0332 0.0028 C.!Y'124 C.0020 
c.oa2c-  o .oo i8 -  0.3015 0 . ~ 0 1 3  

c.csctl  0.0cn7 0 . ~ 0 3 6  Q.COIE, 
"aOG13 O.OC11 O.OC13 C . O C O 6  

3.C9C45 0.0005 0.@004 0.0003 
0.0303 0.0003 0.0002 0.C3C2 

- C.c)002 0.0002 C.GGO2 0.0301 
c .oco i  C.ocoi o.rcn i  c.0031 

0.7 
C e6292 
G.362C 
0.2235 
C .  1406 
0 -0893 
C e0566 
0.0360 
0 .C228 
0.0145 
c.0092 

0 .C037 
0.0024 
0.0015 
c) .OOL\9 
0.0006 
0.0004 
0.0002 
0.0002 

-0 .0001 
C.0OCl 

c . 0 ~ 5 a  

3.8 
0.464 1 
C.2517 
3.1531 
0.0961 
C.C6C8 
0.2385 
C.C245 
P.Cl55 
L.0099 
G.CO63 
O.CO46 
C.C925 

O.COlG 
O.CO06 
C.COC4 
C.0003 
c .go02 
c .ooc1  
0.00(?1 
c .0000 

C.0016 

0.9 
0.2761 
0 1425 
CaC856 
0.0534 
C.0337 
CeC214 
C.0134 
O.CCl86 
0 e00 55 
0 -0035 
0.9022 
0.oc 14 
0 .  r) Pi1 9 
C .G206 
C.OCS4 
0.3?02 
5.0001 
<a. 0 0 5 1 
0.0001 
0.3030 
0.ocr)o 

T I M F ,  S E C  
1.21 392 I 
2.42 7 r  $1 
3.641 764 
4.855685 
5 .Ch96CR 
1 . 2 8 3 5 2 4  F 

9.71 1 3 6 7  
10.92 5791 
12 .13921  5 
1 3 . 3 5 3 1 3 1  
14.567('56 
15.79048(! 
16.994d Y A 

19.422 7) 9 
? C .  h 3 6 6 5 8  
21. Y5C5 7 1  
2 3.064499 
24.778427 
75.49? 3 2  5 

8.497453 OC 

i ~ . 2 ? 9 9 1 7  

. .  
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Table 15. 

C J L L U L A T I O N  O F  E O U I L I H R A T I O h  OF A C O L D  WATER DROP W I T H  A N  A I R - S T E A P  ATMOSPHEKF 

Jl(0C‘ O I A M F T C K  = 0.100(! LM 
A T M U S P H t R E  T F M o E K A f U K F  = 1CLl.C D E G  C f N ! T I A L  D R O P  T E M P E R A T U R E  = 30.0 DEG C 

r w  T A  
b.GbCE 
0 . 1 C C O  
3T15 t’ 0 
0.2c00 
3.2550 
L .  30cL‘ 
0.35ci0 
0.4C2U 
OT+5 00 
0.5C00 
0.5F,C 7 
l r . b r 3 c  
0.650C 
C.7C’)O 
0.750L 
0.80L\C 
0.8500 
0.9C90 
0.9500 
1.OCIGC 
l.05SC 
1.lCCO 
1.1503 
1.2000 
1 .250 i  

r .(I c.1 
c.9944 0.9932 

0.5163 
0.3743 
C -2682 
C .  191C 
0.1354 

C.0676 
c .a477 

0 .O236 

. - - - - - . c .  ci95e 

c~ .3 33 6 

3.5109 
c.37c3 
0 .L652 
0.1886 
9.1339 
3.39471 
3.C6hR 
0.0471 
0.C332 
C.0214 

0 . 2 1 6 6  2.-C1%4 
C -01  17- C .C116 
3.C3132 
0 .  r’u 58 
G.G?41 
L . I3029 
i . 3 c 2 0  
C . 2 0 1 4  
C.3010 
c.  ?Q07 
i.COG5 
C. 0003 

0.0081 
3.0257 
3 .CC4G 
i) .OC’2d 
CI.Sb2C 
C .Ob14 
J . O @ l C .  
O.OL37 
0.0005 
O.OC03 

F K A C T I O N  OF R A D I U S  
0 . 2 c .3  0.4 0.5 0.6 
3.9810 3.98CC 0.9629 0.9326 0.8832 
0.8613 ‘2.8313 0.7A76 0.7293 9.6560 
p.6693 2.6377 0.5945 c.5391 0.4742 
p.4950 0 ,4689 c.4336 c.3900 0.3396 
7.3581 C.3384 0.3116 0.2792 C.2419 
‘2.2563 c7.2419 0.2224 0.1987 0.1716 
Gel824 0.1719 C.1579 0.1499 C.1214 
be1293 C.1218 0.1118 ’3.G996 0.0858 
&.mi4  \j.-m6i n . 0 7 ~ 0  o;oic3 c.ohij5 
C.C645 C.0607 0.0557 0.0496 12.0426 
C.0455 C.0428 0.0393 C.0349 C.0300 
9.C1.20 0.53C2 0.0276 0.0246 0.0211 
0.0220 C.0212 0.C195 0.0173 0.0149 
C.Cl59 0.0149 0.0137 0.0122 O.OlC5 
C.3112 (3.6-105 G.0096 C.0086 O.CO74 
G.OC79 B.OC74 C.0068 0.G060 0.0052 
0.0055 c.0052 o.qo4a 0.0042 0.0036 
c.9039 0 . ~ 3 7  0.0033 o . 0 ~ 3 0  0 . 0 ~ 2 6  
9.0027 0.0026 0.0024 C.0021 0.0018 
0.0019- 0.0018 0 + E l 7  020015 -Olgc)l3 
0.0G13 C.CO13 O.GO12 0.001C O.CO09 
0.0009 CI.@OCS 0.9008 C.OC07 0.0006 
c . 0 ~ 0 7  0.0006 0.0006 0 . ~ 0 0 5  0.00~4 
G.OOC5 C.ODC4 0.0004 0.0004 C.0003 
C.SOO3 0.0003 0.0003 0.0003 Cia0002 

0.7 
0.8082 
0.5682 
0.4012 

0 .2c11  
0 1422 
0 1004 
0.07n8 

0 . 2 ~ 4 1  

0;0499 
C.0351 
0.0247 
0.0174 
0.0122 
C.0086 
O.OC60 
0 mCC’43 
0.0030 
0.0021 
G.0015 
0 .oo 1c  
c .ami 
C .0005 

- _.. 

C 0004 
G.OOC3 
0.0002 

? . t i  
0.7031 
3.4676 
C 3223 
G.2254 
G.  1584 
C.1115 
0.0785 
0.C552 
C.0389 
C.0273 
CeC192 
0.C135 
O.C@95 
O.CO67 
a.co47 
c.0333 
0.0023 
GeC016 
ct . 00 1 1 
O.COG8 
O.COO6 
GeC004 
C.0003 
0 . G O 0 2  
0.00Cl 

0.9 
0.5674 

P.2403 
0.1656 

G.0807 

0 .0397 
0.0279 
0.0196 

O.nO97 
0 .OD68 

0 .0034 
C.0024 
0.0017 
0 .oo 12 
0.ooot) 
0.0006 
0.0054 
C.0003 
c) .GO02 
0.0001 
o.oco1  

0.3576 

0.1154 

0.0566 

0.0138 

0.0048 

l . C  H F A N  T E M P  
0.4C65 0.802769 

G. 1593 3.424499 
0.1070 0.3035Q2 
0.0735 0.215986 
?.0510 0.153118 

C.0248 C.(\76443 
0.*3173 G.i)53dQ9 
O . C l Z 1  C.037972 
C.COR5 g.026735 
C.006C C.OlR815 
0.0042 n.013237 
0.0029 d.C99311 

O.OC15 ci.C34bC5 

0.2428 0.538573 

I .0355 0.1382~2 

C.0021 C .cI>2654’3 

u . o u i o  o . rn3238 
0.0007 O.CC2277 
9.0005 C.OG1601 
O.OOC4 3.p?1125 

0.?@02 C.@C)0556 
0.0001 O.C.00391 

(?.0001 O.OOC193 

0.CC02 OeC30791 

O . O O C 1  C.000275 

T l W F .  S E C  
O.C777?6 
0 ,155416 
C.233124 
n. 31C83? 
n.398541 
0.465249 
0.543957 
C. 521655 
3.699373 
0.777681 
C.R547RQ 
C.9324QP 

1.(  87914 
1.1656?7 
1.24333’2 
1.321c.38 
1.398746 
1.476454 

1.631RhQ 
1. ?Po578 
1.787786 
1. Rh4Q94 

1 . o i c ? r 5  

10554163 

1.9427~ 7 
- 1.30Gb -C&OU2 O . O L C 2  O.CO02 O.OOC2 0.0002 O.OC02 0.0002 0.0001 G . O O C 1  0.0001 0.00OC 0.C2C136 2.C2C41C 

1.3520 c.0002 0.00~2 c .ociiiz-0.0002 ,.OOoi~-O.oOoi --c.oooio;oo-o-i o.oooi -0.00oo c.oooc c . c 3 c c 9 5  2 . ~ 9 8 1 1 ~  



Table 16. 

C P L C U L A T I C V  OF E O U I L I B R A T I O N  UF A C O L D  M A T E R  DROP W I T H  A N  A I R - S T E A M  ATMOSPHERE 

ONOP C I A N F T E R  = p.1000 CM 
41MC)bYHtNE T F M P E K A f U K t  = 1OO.C -EEG C I N i T l A L  DROP T F M P E R A T U R E  = 50.0 DEG C 

T H E T A  
C.05CO 
0.1005 
6 . 1 5-c 2 
0 .7 I; c 11 
c.253c 
li.30cr) 
c .  3550 
0.4030 
C.4500 
c .  5000  
0.5503 
2.6COS 
0.6549 
3.7G9C 
c.752c 
0.800C 
C.b5?0 
0.Y003 
C.Q5C3 
1 .000d 
1 eO5Or) 
1. 1COC 
I. 15OC 
1.2CG3 
1.25CO 

- 1.3000_ 
1 35G3 
1.4000 

L .3 0.1 
c ,9944 c1.3932 
C.8857 0.98CU 
0.6 ')d7 - 0 .  6 Y 2 4 
C.522Y 3.5176 
C.3828 r .3797  
C . 2 7 7 4  C.2744 
e.zoou C.1978 
C.1438 n.1422 
C .  1031 5 .  lOLr 
C.G739 0 .0731 
C.3529 JeC523 
0.fi378 0.0374 
G.0270 3.O2h7 
8 .0193 0 .0191 
c . c i 3 8  oKo137 
3G.019Y O . L ' O 9 8  
f . 037(  3.nr)70 
C e C 5 5 ~  C.OO5C 
C.3076 0.0036 
C .OC26 2 . 0 C 2 5  
C.0618 C.0319 
C.3( 13 0."013 
G.nGdY C.O(lC9 
C.C'q07 O . O C C 7  
G . C U O ~  0.3~35 
C.90n3 G.0003 
C.ObO2 0.0002 
G.OOG2 3.0002 

c.2 
C.9891 
C.8627 
C.6736 
9.51; 19 
C. 3 b 6 7  
C.2655 
0.1914 
".1375 
0.09B6 
q.07C6 
C' . L 5 66 
0.0362 
0.0258 
3 .Cl85  
? .Ul jZ  
3 .  UP94 
O.C:67 
0.GJ48 
L .O034 
9.0525 
C . 0 c . l d  
3.0317 
0.000Q 
c'."CC6 
0.0365 
0 0003 
G.CGC2 
0.0002 

. - __. __ 

F R A C T I O N  OF R A D I U S  
0.3 r . 4  0.5 0.6 
C.98C1 C.9631 9.9332 0.8H41 
C.8331 0.7900 C.7326 0.4603 
0,&4z4 0 .5994 0.5455- c . 4 ~ 1 5  
c.4762 0.4414 r . 3 ~ 8 4  0.3486 
0.3472 0.320R 0.2885 0.2513 

O.ldC8 0.1667 0.1494 C.1297 
C.1299 C . 1 1 9 7  0.1072 0.0930 
0.0431 C.08-5B 0.0768 0.9665 
C.0667 0.0614 0.5550 0.0476 

r e2511  C.1317 2.2079 C.1807 

0.0477 0.0439 OeC393 0.01140 
0.0341 0.0314 0.0281 0.0243 
G.0244 0.0225 C.OZC1 0.0174 
0.0174 0.0160 5.0144 0.0124 
6.0-175 C.0115 0.0103 0.CO89 

0.0C64 O.CC58 O.OC52 O.QG45 
0.308'l 0.0082 O.CO73 0.0063 

0.0L45 0.0C42 2.0037 O.OC32 
C.0032 0.0030 0.0027 0.0023 
02ilG23 Y.OC21 0.0329 0.9016 
c.0017 c.0015 3.0014 o .oo iz  
0.03lL e.oe11 c.oo1c 0.01)88 
0.OG08 0.0008 C.0907 G.G?Cb 
b.OCC6 0.0006 OeC005 0 .0J04  
0.0004 0.0004 0.0004 0.0003 
de0003 0.0003 0.0003 0.0062 
0.0302 O . O G 3 2  -0.30r2- -0.0~2- 
0.0002 0.0001 0.0001 0.0001 

_ _  

. 4  

c.7 
0.8099 
c. 5739 
0.4G96 
C.2937 
C.2107 
0.1511 
.3.1 G 8 3 

G .0554 
0.9775 

0.0396 
0 a0283 
0.0202 
C.0145 
0.0103 
0.PC74 
0.0053 
0.0038 
0.0027 
0.0019 
0.0014 
o.oc10 
0.0007 
0 .00n5 

-0.OC04 
0.0003 
0.0002 
o.0001 
O.OP01 

.- 

O.B 
C.7061 
c.4749 
0.3319 
13.2 3 56 
C .  1681 
P.1202 
0.0859 
0.C614 
0.0439 

0.6224 
t .0160 

0.@313 

O.6114 
G.OC82 
0.6058 
C .GO42 
0 . 0 ~ 3 ~  
G.OC21 
C.3015 
0 .c011 
C.0008 
O.OC96 
6.0004 
C.0003 
O.OOP2 
0.0001 
0.Coci 
o.coc1 

0.9 
0.5723 
0.3b68 
0.2510 
0.1762 
0.1250 

0.0634 
0.0452 
0.0323 

0.0164 

0 0889 

0.0230 

O.Ql17 
"e0084 
0.0060 
0.0043 
C.0031 
c .0022 
C.OC16 
0 .0011 
9 .COO8 
0.0006 
O.OGL4 
0.0003 
G.OOG2 
0.0001 
0.0001 
o.03oi 
0.0001 

l . C  M E A N  T E M P  
C.4139 0.834738 
3.254C 0.594047 
C.1761 C.432533 
C.1178 0.312871 
0.0828 C.725428 
C.0586 G. 1620C2 
0.0416 C.116211 
C -0296 C -083255 
6.0210 ".'?59590 
0.015C CeC42624 
0.01C7 C.C 3C473 
C.0076 C,p?1779 
0.0054 3.015562 
G.OC39 0.C11117 

c).0020 Q.775672 
0 .OO 1 4  @ . C94C 5 1 
0.001C C.?7:2893 
C.0007 0.092C66 
0.0005 0.051475 
0.0004 O.nOlQ53 
0.OCmO3 C.050752 

0.0020 n.C?7941 

0.0Oc)Z OeOOC537 
0.0001 0.000383 
G.0001 0.000274 
0.0001 0.0'30195 
0.0000 0.000139 
0 .0000 fi .OOOO99 

T I H F t  S F C  
C.C77 109 
0.1542 1 8  
9.231327 
C .  309436 
0.385546 
C .462h55 
c.539764 
C.  616872 
C.693982 h' 

C .  771n91 
C .R482CC 
9.9253C'Q 
1 O C  241 F. 
1.879527 
1.156676 
1.233746 
1.310855 

1.465973 
1.542182 
1.619289 
1.696399 
1 77 35C8 
1. d506 17  
1.927728 
2.004835 
2.081944 
2.15W54 

1 3 e 79 6 , ~  
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APPENDIX 

This section contains a listing of the computer program. The program is written in FORTRAN IV level 
H for the IBM 360. The program consists of the main program and the following subroutines: 

WRPRS - Calculation of Vapor Pressure of Water 
A T M R W -  Calculation of Atmosphere Density 
VISMIX - Calculation of Viscosity of AirSteam Mixture 
DIFF - Calculation of the Diffusivity of Steam in Air 
TERMV - Calculation of Terminal Velocity of Water Drops in AirSteam Mixture 
KG - Calculation of Mass Transfer Coefficient of Steam Through Air Film 
HTC@EF - Calculation of ForcedConvection Heat Transfer Coefficient 
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- 3URROUTINF VPRPR S (  A B S T V  P )  
T H I b  C A L C I J L A r t S  THFr VAPOR PaESSURt  OF THE ATMOSPHERE ANI) THE DROPS 

x = h 4 T . 2 7  - AIjST 
TOP = 3 . 2 4 3 7 d 1 4  + ( 5 . 8 6 9 2 h E - 3 1 * X  + ( 1 . 1 7 0 2 3 7 9 F - B ) * ( X * * 3 )  
DtNOM = 1. + ( 2 . 1 8 7 8 4 6 2 € - 3 ) * X  
P H I l X  = TOP /DENOM 
P d I 2 X  = ( 2 . 3 r 2 5 8 5 * X * P H [ l X ) / A B S T  
P H l P  = E X P ( P H I 2 X )  
P = 2 1 8 . 1 6 7 / P H I P  
RFTURN 
€ND 

- 

- J O E R O U T I ~ - A T M R H o l A B S T t  P I  RHOATM) 
RHOAIR = C.dOll85 
TAU = l . /ABST 
TAUS0 = l A U * * 2  
C l l A U  82.546*TAU - ( l . h 2 4 6 F 5 ) * T A U S O  
G2TAU = 0 . 2 1 8 2 8  - ( L . L 6 9 7 E 5 ) * T A U S Q  
G3TAU = 3 . 6 3 5 t - 4  - ( 6 . 7 6 8 € 6 4 ) * ( T A U * * 2 4 )  
BZERO = l . 8 Y  - 2h41 .6*TAU* (10 . * *~80870 . *TAUSQ) )  
d = 8 Z E H O  + ( B Z t R U a * 2 ) * ( G l T A U * T A U * P )  + ( O Z E R I l * * 4 ) * G Z T A U * I ( T A U * P I  

V = ( 4 . 5 5 5 0 4 * A t l S T ) / P  + 8 
RHOSTH = 1 . /V  
RHO-4m = RHOAIR + K H O S T M  
RETUHN 
END 

- 

1 * * 3 )  + ( d Z E R U * * l J ) * C 3 1 A U * ( ( T A U * P ) * * 1 2 )  
I 

_ _  

--TCJFR-OUTTN E-VTSR I X L A 6  S l V  P t E T  A MI X t P 1 rlT AL t FR STM 9 FRA I R 1 
TAU = l . / A t j S T  
DENOM = I. + 6 8 C . l * T A U  
TOP = (l.dSlF-5I+(ARST**C.5) 
E T A 3  = TOP/DENOM 
F l U F P  = P * ( l . E - 4 l * 1 0 . 0 3 1 0 3  -P * 3.65E-51 
ETA = - € l A O - +  F l U F P  
P A I R  = 1.*AMST/29R.16 
P T O T A L  = P + P A I R  
E T A A I H  = ( 1 . 7 S 9 ~ - 4 ) * ( ( A ~ S T / 2 7 3 . 1 6 ) 4 * ~ . 7 6 H )  
F H A I H  = P A I K / P T U T A L  
f-RSTE Y = P/PTOTAL 

DLNUM = F R S T E  M*SORT(LS.) + F R A I K * S O d T ( 2 9 . )  
ETAMIX = Tc)P/Dti\tOY 
KETURN 
E N D  

-- 

- 
TOP = F L S T F  M*ETA+SUKT( 1 R . I  + FRAIK*ETAAIK*SQRT129. )  

i 
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SUijRUUT I NE 0 I FF ( AI3 S T  t PTOTAL t DSlJHV 1 
C T H I S  CALCULATES THE D I F F U S I V I T Y  OF S T E A M  I N  A I R  

E P S l K  = 97.C 
FPS2K = 3 b 3 .  
E P S l 2 K  = S J H T ( F ? S l K * E P S Z K )  
C O L I N 1  = 0 . 3 6 7 4  + ( ~ . 3 4 7 8 * ( F P S l ? K / A R S T J  _ _  _ _ _ _  
KATR-G 7 . 6 1 7  
RW = 2.655 
KWAIR = n . 5 * ( R A I I (  + K W )  
FOFM = S d K T ( 1 . / 1 8 .  + 1. /29.)  
B = ( 1 0 . 7  - 2 . 4 6 * F J F M ) * l . E - 4  
PFUNT = At3ST**1.5 

DENUM = P T U T A L * ( R W A I R * * 2 ) * C ( l L l N T  
DSUHV = TOP/DENOM 
KFTUHN 
END 

_ _  . 
T 0-F -= b* P F UN T * FO F M 

S-U B RuOnnJ E TF R M V 1 T L I 6,. D 9 R HO A T M t  E T A M I X V T E 3 9 R E Y N 9 9 

XPGC = 9 8 0 . * + 0 . 7 1 4  
XPDP = D**1 .142 

R ti0 L I Q __-  - 
C T H I S  CALCULATES T H E  TERMINAL VELOCITY OF T t 4 f  DROP 

V L I O  = l . P ' o 1 8  + . 0 0 @ 2 6 1 5 * ( 1 L I ~  - 2 3 . )  + (3.219F-O)*((TLIO - 20.J** 
1 2 )  __ - - . - .- 

RHOL I O-=- 1. v~ I o 
DFLRHi l  = R H U L I Q  - RHOATM 
XPHHOA = RHOATM**C.LRG 
XPD[IHU = DtLRHU**O. 7 1 4  
XPETA = ETAMIX**? .42R 
V T F K  = c .  153+XPGL*XrDP*XPDKHO/(  XPWH(IA*XPETA) 
REYND = (D*VTER*RHOATY) / E T A M I X  
IF(2EYNU.LT. l3<?P. )  GO T O  10D 
V I E R  = 1 . 7 4 + ( S ~ % T ( ( 9 ~ t . * 0 * D E L R ~ U ) / ~ H O A r ~ l J )  
REYNU = (U*VTEK*RHUATMJ/ETAMIX 

t N D  

_ _  

1 J C  KETUkN 

- 

____ 
S-Ub ROUT I hE HT CO F F ( V T E K 9 E 1 A M  I X t i) 

8 KEYNO = D *VTER*KHUATM/ETAMI 1( 

9 R HOA T C t f R S 1 M t F R A I R 9 I i  
C CALCULATES U U T S I D F  F I L M  HEAT TRANSFFH C O F F F I C I E N T  

PRNO = 0 76 
ANUNO = 2.3 + O . h * ( S ~ K T ( R E Y N O ) J * I P R N O * * ~ . ~ )  
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