
UTERANRE c m  
Altsybeeva, A. I. and A. G .  Morachevskii, “Phase Equilibria in and 

Thermcdynamic Properties of the Ethyl Methyl Ketone-Water Sys- 

Boyne. J .  A. and A. G. Williamson, “Enthalpies of Mixing of Ethanol 
and Water at 25“,”j. Chem. Eng. Data. 12, 318 (1967). 

Chu, J .  C . .  Vapor-Liquid Equilibrium Data, J. W. Edwards, Publisher, 
Inc.. .4nn Arbor, Michigan, 1956. 

Ellis, S. R. M. and J .  34. Tharaites. “A Small-Capacity Equilibrium 
Still.” Chem. and Proc. Eng., Oct., 358 (1955). 

Goodwin, S. R. and D.  M. T. Newsham, “A Flow Calorimeter for the 
Determination of Enthalpies of Mixing o€ Liquids: Enthalpies of 
Mixing of Water + N-propanol and Water + N-butanol at 30“C.”j. 
Chem. Thmmodynamics, 3, 325 (1971). 

Henson. D. 0. and M. V. Winkle, “Relation of Binary Heats of Mixing 
and Distribution of Ketone between Phases in some Ketone-Water- 
Solvent Ternaries,”J. Chem. Eng. Data, 5, 30 (1960). 

Kato, M .  %l. Konishi and M. Hirata, “Apparatus for Measurement of 
Isobaric Dew and Bubble Points and Vapor-Liquid Equilibria. 15, 
501 (1970). 

Lama, H. F. and C. Y.  B. Lu. “Excess Thermodynamic Properties of 
Aqueous Alcohol Solutions,’*j. Chttn. Eng. Data, 10, 216 (1965). 

tem,” ZH. NZ. KHIM.. 38, 849 (1964). 

Larkin, J. A., ‘Thermodynamic Properties d Aqueous Non-dectrdyte 
Mixtures,”j. Chem. Thermudynumia, 7, 137 (197s). 

Marquardt, D. W., “An Algorithm for Least-Squares Estimation of 
Nonlinear Parameters,”J. SOC. Indust. A w l .  Math., 11,431 (I=). 

Nitta, T., E. A. Turek. R. A. Greenkorn. and K.  C. Chao, “A Grow 
Contribution Molecular Model of Liquids and Sdutions,” AlChEJ,  
23, 144 (1977). 

Pemberton, R.  C. and C. J .  Mash, “Thermtdynamic Properties of 
Aqueous Non-electrolyte Mixtures,”]. Chem. Thermodynamics, 19, 
867 (1978). 

Prigogine, I . ,  “The Molecular Theory of Solutions,” p. 306, Intersd- 
ence, New York (1957). 

Romalho, H. S. and J .  F.  Drolet, “Vapor-Liquid Equilibrium Datafor 
the Ternary System Acetone-ZPropanoI-Water and Corresponding 
Binaries from Total Pressure Measurements,”j. Chem. Eng. Data, 
16. 12 (1971). 

Technical Data Book-Petroleum Refining, American Petroleum Instl- 
tute, Washington. D.C., 20037. chap. 9A, 3rd Edition, 1W6. 

Weflanfer, D. B., S. K.  Mdik, L. Stdler, and R. L. Coffin, “Nonpolar 
Group Participation in the Denaturation of Proteins by Urea and 
Guanidinium Salts. Model Compound Strrdies,”j. Am. Chem. Soc., 
86, 508 (1964). 

Monutr.ript r w e i w d  Nocernber S und accepted Nowmher 21. IYW. 

~ ~ ~~~~~~~~ ~ 

A Threshold Phenomenon in Coating Porous Surfoces with 
Aerosols. Applicotions to Antitranspiront Delivery. 
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Transpiration from the leaves of plants results in enurmous 
consumption &water supplies. The extent of irrigation needs in 
agriculture, and sometimes the feasibility of certain crop pro- 
duction in arid lands, is largely determined by this factor. Since 
W% d the water which enters a plant is transpired (Gale and 
Hagan, lW)--i.e., only 1% is retained to sustain the life 
processes-there is abundant incentive to  seek methods d re- 
d u d n g  this loss. Unlike many other water “lmses” in agrkul- 
ture, transpiration d water to  the air i s  irrecoverable in a given 
area a d  season. Therefore, in arid and semi-ad areas with 
limited water supplies, d h t  and cheap methods d r e d u d n g  
transpiration (preferably d t h  minimal impact on CO, and 0, 
exchange) are importPnt. This in 
jected water demands can exce P I a d y  currmt s u p p k s  when in many Fw 
regions of the world. 

Extensive experimentation has been d u c t e d  d t h  anti- 
transpirants (ATs) to supprtss passage d water vapor through 
stomata to  conserve water (Waggoner and Turner, 1871; 
Davenport. el aL, 1876) and improve plant water pottntial 
(Davenport, et af., 18741, although it is  recognized that pas- e 

common strate es i s  to  d u d e  the stomata with a thin physic4 

a spray or an aerrnd. Such strategies have had only limited 
succt:ss; the difficulty is apparently c a u d  by incomplete cuver- 
age d t h e  leafsurface. This isdue i n  part to the practical problem 
of delivering the AT to leaf canopies from ground rigs or aircraft. 
A more fundamental problem is that spray droplets may occlude 
stomata directly at the impact point, but since spreading appar- 
ently does no t  occur many stomata remain exposed (Fisher and 
Lyon, 1972). 

d o t h e r  gases will dm be dected by such methods. One dt ft, 
barrier to reta 3 diffusion, and such an AT is usually de l iverd  as 

Corrwpmdcncc ~nncrrning this p s p r  rhould he addrrrwd tci Michael C. William.. 

0(X1l-1541-R1-4386-03U952.00.OThr American ‘Inrfifutr of Chrmic sl Enginerrr. 1981. 

To facilitate rapid screening of ATs being designed for better 
spreading, a simple model system was constructed to simulate 
many features of the gas-exchange performance of red  stomata 
(Erickson, 1978). The p o u s  p d y c a r h a t e  membranes made 
by Nuclepore Corp. (Pleasanton, CA) have uniform cyclindrical 
pores of suitable dimensions. Membranes selected for this study 
had nominal pore diameters d = 0.8,5, IOpm, 4 t h  lengths 10, 
10, 8 )tm and pore (void) fractions 0.191, 0.U78, 0.078 respec- 
tively. Each membrane was mounted in a glass cell and tested 
for 4 t h  water vapor transport In a s t environment (Fig- 
ure la) or for CQz m 0, transport in a z n g -  environment 
(Figure Ib). The CO& study is a significant a r  vance over most 
previms AT invertigations, which have usually been Iimiced to 
measurements d water t ransgr t  mly. 

Membranes were tested h with and without drip. 
Cwating ofvarious liquids were 

nebulizer. Sflicones-ehosen bemurw d p r o m i d n g  rtsuIts with 
acdual plants (Angus and Helord, Isea)--4nd a pure vegetable 
oil (VO) consisting of soybean and cottonneed ds, w e i t  de- 
posited by this technique. A cornmmcdd AT, Wflt P d f r o m  
Nursen S p t d d t y  Products (Greenwich, cr) WM dso used but 
the nebdizer was less & d i v e ,  and a hand-opetated plant 
mister and multipleapplications were required to obtafn deposi- 
tion of films comparable to the 20 cs-silicone and VO u?id in 
most OE this work. 

Aerosol particle sizes were quite uniform, the number- 
distribution having a sharp maximum at 1.1 e m  as measured 
with a Climet optical analyzer. Except for Wilt Pruf coating, 
membranes remained in the settling chamber until the desired 
degree of deposition D (in kglm’ of membrane area) had oc- 
curred, a s  determined by weighing. Membranes of known D 
were then loaded into test cells and evaluated for H’O, C 0 2 ,  and 
O2 transmission. For the uncoated case (D = 0). a special set of 

a large flow-through chamber 
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Figure 1. (a) Water permeation. Cell is fil led 90% with water, covered with test membrane, and placed in a desiccator. Weighings over several hours 
determine water loss rate. The apen-pore fluxes are comparable to the performance of  actual leaf surfaces: the 5-pm pore membrane flux averaged 3 x 
1 t 2  kg/m2 hr, while the natural range (Meyeretal., 1960) is 5-25 x 1 C 2  kg/mz hr. (b)CO,/O,permeotion. Wi th  the membrane dividing two chombersof 
the cell, gos streams of standard composition are forced through the chambers at desired rates. The upper stream is 10.1% CQ in N,, the lower stream 
5.2% 4 in N,, sa CO, diffuses from the upper chamber to the lower one and Q vice versa. Flow rates are separately adjusted to assure that both chambers 
are at the same pressure, so no pressure-driven flow occurs through the pares. Exiting stream compositions are monitored by Beckman infrared CO, analyzer 
and palarographic O2 analyzer, and entering flow rates are measured by ratameters and controlled by needle valves on the downstream side. Open-pore 
fluxes for the 5-pm pare membranes averaged 9.0 and 16.7 x 1 0-2 kg/m2 hr for 0, and CO,, respectively, when bulk flow rates were - 0.1 Umin on both 

sides of the membrane (as they were also for al l  data shown here). 

runs for H20 permeation in a flow environment yielded results 
in good agreement with the mass transfer predictions of Keller 
and Stein (1967). Coatings were normally tested within a day of 
being deposited. Variations in this delay time did not affect 

performance; tests over a 4-day period showed no changes in 
permeability. Performance on real leaves, growing and exposed 
to sunlight, could be expected to show progressive deterioration 
after the first day (Anderson and Kreith, 1978). 

I 
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Fig. 3. Performance curves for water vapor permeation with deposition of 
vegetable oil. (a) 0.8 p m  pores, with D,. = 25 X 1 t4 kg/m2. (b) 10 p m  

pores, with D,. = 2 x kg/m2. 

Performance curves, plots of percent flux reduction (relative 
to uncoated membranes) vs. D ,  are given for 5 p m  pores in 
Figure 2. A critical threshold value of D, designated D,, is seen 
in the range D kg/m2 in all plots, and to be 
manifested similarly by silicone and VO coatings. The H,O flux 
(stagnant) dropped by about 65%, while the CO, and 0 2  fluxes 
(convected) dropped by about 80% and 90%, respectively. The 
greater drop of the latter two is undoubtedly a hydrodynamic 
effect; in a convected system the relatively smaller boundary 
layer resistance gives added importance to the resistance offered 
by pore occlusion. Both silicone and VO films were somewhat 

5-8 x 

more permeable to CO, than to 0,, but generalizations are 
hazardous because this experiment involves three-component 
counterdiffusion with possibly concentration-dependent diffu- 
sion coefficients. Nevertheless, real leaves experience the same 
phenomenon. Wilt Pruf was far less effective than silicone and 
VO as a vapor barrier and exhibited a less dramatic threshold, 
perhaps because its deposition was sequential rather than con- 
tinuous. 

The existence of a deposition threshold phenomenon has not 
previously been reported for coatings on any type of porous 
membrane. Its existence would seem to explain part of previous 
difficulties with aerosol AT delivery (Fisher and Lyon, 1972), 
since the condition D < D, would have negligible effect on 
transpiration. Whereas real leaves have other impediments to 
AT spreading (cuticular hairs, raised guard cells around stomata, 
etc.) the threshold deposition would still have to be achieved. 

To elucidate possible influences of pore diameter, tests were 
made with VO for water permeation with d = 0.8 and 10 p m  
(Figure 3). The smaller pores had a threshold at D, 
kg/m*. Data for the larger pores were not conclusive, but it 
appears that D, = 2 x kg/m*. Here the large flux reductions 
seen in Figures 2 and 3a are not achieved and data are far more 
scattered. 

25 x 

Fig. 4. (a)Membraneswith 0.8and 1 0 p m  pores, a t D  5 D,condition. Each 
drawing is to scole, although the two scoles differ slightly. (b) Membrane 
with 0.8 pm pares when D t D c .  Occlusion is abrupt and complete. (c) 
Membrane with 10pm pores whenD 2 D,. (top)andD > D ,  (middle)andD 
>> D,. (bottom). Occlusion is  gradual and randomly distributed. Bottoms 
of filled pores are drawn concave-in to agree with SEM pictures (Erickson, 

1978). 
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In discussing the threshold, we begin by noting that a calcula- 
tion (Erickson, 1978) of the shape and volume of deposited 
droplets indicates that coalescence across the solid surface must 
have occurred at D-levels well below D,. in each case-e. g., see 
Figure 3a. Nonetheless, flux data suggest that fluid failed to 
enter or cover the pores until D 2 D,. Scanning electron mi- 
crographs (Erickson, 1978) also support this conclusion and, 
moreover, indicate that 5 p m  pores were essentially completely 
full at D 2 D,. One is led, then, to envision cases for D > D,. and 
D < D,. as drawn schematically for small and large pores in 
Figure 4. These diagrams help to explain why the 0.8 p m  pores 
would yield an abrupt drop in flux, while with d = 10 p m  only a 
gradual flooding of the pores would occur as D > D,. In the latter 
case, one expects that complete pore conclusion would occur 
only when D >> D,, and that local occlusion could occur in 
random fashion so that repeatability would be poor; both these 
predictions are borne out by Figure 3b. 

Despite the qualitative success of this picture, there is still no 
satisfactory explanation as to why the unexpected threshold at 
D, should exist at all. It is, perhaps, worth noting that the 
product d x D, is nearly constant; its value ranges only from 20 
to 30 x kg/m in Figures 2-3, while d varies 12-fold and D, 
gIfold. This observation has important implications, in general, 
for the filling of porous surfaces by aerosol liquid deposition. It 
means that small-pore surfaces (e.g.. when plant stomates are 
small or nearly closed) will be difficult to occlude, and very high 
D will be necessary to achieve significant flux reduction. In 
practice, the use of spray droplets larger than d would occlude 
pores if a direct superposition occurs, but spreading into 
neighboring pores still might not result. This is probably the 
case for most agricultural film-forming AT’S in the past. 

We suggest that further research with AT surface chemistry 
should be productive, inasmuch as D, is surely sensitive to these 
properties. It is also likely, because of d-dependence, that suc- 
cessful products and delivery systems may have to be spe- 
cifically matched to the stomata sizes of individual crops. Fi- 
nally, as an immediate practical matter, it may be important that 
VO works well as an AT and is cheap enough (Erickson, 1978), 
and its films stable enough, so that it may be directly usable as an 
environmentally acceptable AT at the present time. 
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NOTATION 

AT = antitranspirant 
d 
D 

D,. 

VO = vegetable oil 

= diameter of pore in membrane; pm 
= deposition density of AT on membrane surface (an 

average); kg/m2 
= critical, or threshold, value of D above which some 

reduction of transmission of vapor i5 noted; kg/m2 
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Couette Flow Crystallizer 

INTRODUCTION 

MAW-LING WANG 

HEN-TON HUANG 
Department of Industrial 

Chemistry and Chemical Engineering 
National Tsing Hua University 

Hsinchu, Taiwan, ROC 

and 

JOSEPH ESTRIN 
Department of Chemical Engineering 

Clorkson College of Technology 
Potsdam, New Yo&, USA 

ing the phenomenon of secondary nucleation. Recent develop- 
ments based on the results of single crystal experiments have 
revealed that secondary nucleation by collision breeding is the 
dominant nucleation mechanism (Botsaris and Denk, 1972; 

Maw-Ling Wang is presently visiting scholar at the Department of Chemical Engi- Strickland-Constable e t  al., 1969, 1972; McCabe and Co- 
workers, 1971, 1972; Larson and Bauer, 1974). The methods of 
the population balance, as formulated by Randolph and Larson 

Because of its importance in suspension crystallization pro- 
cesses, much recent effort has been directed toward investigat- 
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