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ABSTRACT 

The potential of a condensate method for sampling atmospheric 

trace gases is investigated. A theoretical approach to the collection 

of condensate by a cooled surface is presented, followed by an experi

mental procedure and verification of the method. 

Heat and mass transfer problems are solved to give distributions 

of temperature, velocity and mass concentration. From these distribu

tions, collection rates for water vapor, trace gases, and particulates 

are derived. It is shown that the collection of particulates is 

negligible in most cases when compared to the collection of gases in 

the condensate; highlY soluble gases are sampled with the greatest 

efficiency. 

Experimentally, a plate, cooled to below the ambient dew point 

temperature, collected condensate which was subsequently analyzed for 

various components. Atmospheric concentrations were determined from the 

corresponding species in the condensate. 

Several trace gases have been detected by the condensate method. 

Concentrations of two of these, ammonia and nitric acid, are compared 

with filter methods, with reasonably good agreement. Comparison is 

also made with concentrations of ammonia, formaldehyde, nitric acid 

and nitrous acid found by others under similar conditions. Typical 

daily variations of trace components in more remote areas surrounding 

Tucson, Arizona, are presented in an attempt to estimate background 

xiii 



xiv 

Southwest U.S.A. levels; these are as follows: 1.0 ppb for ammonia, 

o.s ppb for formaldehyde, 0.1 ppb for nitrous acid, 0.4 ppb for nitric 

acid, 1.1 ppb for formic acid, 0.9 ppb for acetic acid, 0.3 ppb for 

sulfur dioxide, 0.3 ppb for hydrochloric acid and 1 ppb for hydrogen 

peroxide. The diurnal variation of these gases and relationship between 

them is discussed. 

Possible sources of error in the condensate method of sampling 

are considered. The collection rate of water vapor is measured and 

compared to that theoretically predicted; explanations are presented 

for the discrepancy between the two. The sensitivity to errors in the 

measurement of the collection temperature and dew point temperature is 

determined. 



OiAPTER 1 

INTRODUCTION 

Atmospheric Chemistry seeks to measure, explain and predict the 

concentration of reactive trace constituents in the air. The recent 

rapid growth in the subject has been largely on the theoretical front; 

field measurements of the unpolluted atmosphere have fallen far behind. 

This is largely due to the inadequacy of techniques to measure the 

extremely low levels to be found. Concentrations for many substances 

of interest are in the 1 ppb (part-per-billion-by-volume) or I llg m- 3 

range or lower. Not surprisingly, those substances which are the most 

reactive in the atmosphere tend to have the lowest concentration; hence 

the more important compounds are often the most difficult to detect. 

As a result, many of these highly reactive substances have been pre

dicted, but not as yet detected with any reasonable accuracy, if at all. 

More problems occur when attempting to distinguish between 

particulates and gases at these extremely low concentrations. Gases 

are commonly thought to pass through filters, and particulates to be 

trapped by them. In fact, gases can be adsorbed by filters, and par

ticulates volatilized or produced on them, by reaction with other 

components. Results are often difficult to interpret and believe. The 

distinction between gaseous and particulate contribution to some 

measured concentration remains a serious problem in the subject. 

1 



The development of specialized and expensive techniques for 

particular components has made possible the quantitative determination 

of several of the reactive substances of interest in the air. Techni

ques include chemiluminescence, fluorescence, optical absorption and 

precoated or specialized filters. Nevertheless, in remote areas, the 

levels are often on the borderline of detectability. A more general 

method of collection and detection, which separates particles from gas, 

would have major and obvious advantages. Such a method, it appears, 

is the condensate method, the subject of the present work. 

2 

In the late 1940's, Cauer (1951) proposed a condensate method 

for the sampling of condensation nuclei. Cauer's experimental arrange

ment consisted of an egg-shaped collector that was cooled to between the 

ambient due point temperature and freezing. According to Cauer, the 

condensation nuclei were activated due to the supersaturation very near 

the sphere and then were deposited onto the surface, although he did not 

explain the collection mechanism. The condensate collected \vas then 

chemically analyzed. Cauer computed the volume of air sampled by 

measuring the volume of water collected and assuming the air had been 

totally stripped of water vapor. From the amount of contaminants in the 

water and the volume of air sampled, an atmospheric concentration was 

determined. 

Cauer's condensation experiment did produce some interesting 

results; however, there are serious questions about his interpretation. 

If water vapor was being collected by the cooled surface by diffusion, 

then one would expect that other gases in the atmosphere would also 

diffuse to the surface. The collection of particulates due to 



thermophoretic and diffusiophoretic forces must also occur. The deter

mination of the volume of air sampled is another problem. Cauer's 

assumption that the air was totally stripped of water vapor is clearly 

incorrect, since the vapor pressure at the water surface would not be 

small compared to the water vapor pressure of the ambient air. 

The Cauer method did, however, seem to hold much promise. If 

gases are diffusing to the surface along with water vapor and then 

incorporated in the condensate, the concentration of the resulting 

component could be as much as 100 times greater in the condensate than 

in the air, since the air is about one per cent water vapor. This is 

true so long as the volume sampled for the gases and for water vapor 

are similar. Such a statement cannot be made for the collection of 

particulates, since the mode of collection is different; thus collec

tion might be much less. As a result, there seemed a possibility that 

condensate methods preferentially collect trace gases from the atmo

sphere. Any method that can collect highly reactive trace gases from 

the air in a water sample directly, without interference from particu

lates, is a very powerful air-sampling tool. The potential of Cauer's 

method was therefore investigated. 
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CHAPTER 2 

THEORY OF CONDENSATE COLLECTION 

Consider an object that is cooler than the air surrounding it. 

The air close to the object, within some boundary layer, is cooled, 

becomes more dense and sinks. This process is referred to as free con

vection. If the temperature difference between the object and the air 

is small and the object is sufficiently smooth, the flow within the 

boundary layer is laminar. 

Consider now a condensable vapor, such as water, present in the 

air. If the temperature of the object is below the saturation tempera

ture of the vapor, the vapor will condense onto the surface. The con

densate formed will flow downward on the object under the action of 

gravity. If the surface of the object is sufficiently clean and ~mooth, 

the condensate will wet the surface completely; the process is referred 

to as film condensation. For this case, the condensate does not inter

fere with the convection process. If the condensate does not wet the 

surface, droplets are formed and will fall down the surface in some 

random fashion, changing the surface presented to the air. 

Rate of collection is determined by heat and mass transfer. One 

of the few geometrical configurations for which the transfer problems 

have analytical solutions is flat vertical surfaces. Both the theory 

and experiment will be restricted to film condensation onto flat 
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vertical surfaces. The heat transfer problem is first solved to 

obtain temperature and velocity distributions within the boundary layer. 

The mass transfer problem is then solved to determine the mass concentra-

tion distribution. 

2.1. The Heat Transfer Problem 

The solution of the heat transfer problem presented here follows 

Holman (1976). The complete details of the solution are presented in 

Appendix A. 

Consider a surface temperature Tw in an environment of tempera

ture Too' greater than Tw' A free convection boundary layer of thickness 

0T is formed as shown in Figure 1. The velocity at the wall is zero if 

the no-slip condition is assumed; it increases to some maximum value and 

then decreases to zero at the edge of the boundary. 

To solve the heat transfer problem, the differential equation of 

motion for the boundary layer and the energy equation for free convec: 

tion are needed. The temperature and velocity distributions are obtained 

from simultaneous solutions of these equations. The assumptions made 

are the following: (1) incompressible steady flow, (2) constant viscos-

ity, thermal conductivity, and specific heat and (3) negligible heat 

conduction in the direction of flow. 

The solutions for the temperature and velocity distributions are 

= (2-1) 
T - T 

00 

T - T w 00 

u 
= f(x) 

(2-2) 
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y 

x 

Figure 1. Coordinate System for Heat Transfer Problem. 
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where 0T(x) and f(x) are given by 

= -t r 20 )* 3.93 Npr l2T + Npr (2-3) 

f(x) = (
20 )-t [g(l-PoIPoo)jt t 

5.l7v -21 + N 2 X pr v (2-4) 

The temperature and velocity distributions are shmm schematically in 

Figure 2. 

2.2. The Mass Transfer Problem 

The solution to the mass transfer problem presented here follows 

Skelland (1974). The details of the solution are presented in Appen-

dix B. 

Consider a surface with a solute gas concentration PAw in an 

environment of solute gas concentration PAoo ' greater than PAw. Diffu

sion towards the surface will result in a boundary layer of thickness om 

being formed. The, boundary layer will have a similar shape to the 

thermal boundary layer in Figure 1; however, in general Om is not equal 

The solution is identical to the heat transfer problem; the 

equation of motion and the energy equation are again needed. The mass 

concentration and velocity distributions are determined from simulta-

neous solution of these equations. The velocity distribution is given 

by equation (2-2). The gas density distribution is given by 

= (2-5) 
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TOP 

~T 

Figure 2. Temperature and Velocity Distribution. 



where 0 (x) is given by m 

9 

o (x) m = (2-6) 

The expressions for the temperature and mass density boundary thickness, 

equations (2-3) and (2-6), are identical except for Nand N sc pro 

The boundary layer thickness for any gas in question can be 

determined by substitution of the appropriate value for N sc Since N sc 

is proportional to D- l , the greater the diffusion coefficient, the larger 

the boundary thickness. This is an expected result. 

2.3. Collection of Water Vapor 

The theoretical rate of collection of \vater vapor by a vertical 

surface can now be determined. From equation (2-5), the water vapor 

density distribution is 

= p + (p _ p ) (1 _ L) 2 
VOO vw voo 0 

v 
(2-7) 

where the subscript v refers to water vapor. The mass flux at the sur-

face per unit area, n ,is vw 

= 

Evaluation of the derivative gives 

(2-8) 

(2-9) 
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In the experiment to follow, a collector plate has two vertical 

surfaces, each 41.7 cm long and 10.5 cm high. To determine the total 

vapor flux, we need to integrate over the area of the plates. The end 

and edge effects cannot be included in the integration, so there is a 

cert.ain amount of error at this point. The total flux of water vapor, 

~ , is then given by v 

~v = 

(2-10) 

where B is defined by rewriting (2-6) as 0 (x) = B x~. B includes v m v v 

the Schmidt number appropriate for water vapor in air. 

2.4. Collection of Gases 

In exactly the same way as for water vapor, the flux of various 

trace gases can be determined. It is this fact that allows calculation 

of the atmospheric concentration of trace gases from the corresponding 

species in the condensate. To determine the ambient gas concentration, 

the solubility of the gas in water must be considered. 

2.4.1. Solubility of Gases in Water 

A gas dissolves in a liquid until the rate of escape of gas 

molecules from the surface is just equal to the rate at which gas mole-

cules enter the liquid phase. For dilute solutions, the solubility of 

a gas in liquid is given by Henry's Law, 

[X]aq = (2-11) 
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H is the Henry's Law constant, [Xl and [Xl represent the concentra-aq g 

tion of the gas in the aqueous and gaseous phases, respectively. Units 

for Henry's Law constants are moles ~-l atm- l . Values of H vary from 

-1 -1 10-1 much less than 1 mole ~ atm for permanent gases to 10 moles ~ 

-1 atm for HN03. 

Even if H is quite small, subsequent dissociation can produce 

a high effective solubility. An example is NH3: 

H = 200 moles ~-l atm- l (2-12) 

NH3 (aq) 
-l- + 
+ NH4 + OH 

-5 -1 K = 1.4. x 10 moles ~ . (2-13) 

The total dissolved ammonia is given by 

X = (2-14) 

From the definitions of Hand K, substitution in (2-14) yields 

X (2-15) 

Therefore the effective Henry's Law constant becomes the entire right 

hand side of equation (2-15). The value of this expression depends on 

the pH of the liquid; if a pH of 6 is assumed, the effective H for NH3 

becomes 2.8 x 105 moles ~-l atm- l . This is large enough to be con-

sidered highlY soluble. 



2.4.2. Determination of the Ambient 
Gas Concentration 

12 

In general, for a trace gas, the expression for the flux to the 

surface of the plate is identical in form to that of equation (2-10), 

<I>G = 
1297.3 DG(pep - PGw) 

BG 
(2-16) 

where BG contains the appropriate N for the trace gas. The concentrasc 

tion of the component in the condensate is then given by the trace gas 

flux divided by the water vapor flux, 

C = 
<I>G 

~ 
v 

(2 -17) 

Thus, knowledge of the chemical composition of the condensate, the plate, 

ambient and dew point temperatures, and diffusion coefficient of the 

species of interest allow determination of the ambient concentration. 

(a) Highly soluble gases. For the case of a highlY soluble gas, 

the gas concentration at the surface of the condensate will be negli-

gible; therefore PGw = O. The resulting expression for the ambient gas 

concentration is then: 

= (2-18) 

(b) Moderately soluble gases. For moderately soluble gases the 

P
Gw 

term is no longer negligible and the resulting expression is 

(2-19) 



The PGw term is determined from the condensate concentration and the 

appropriate Henry's Law constant. 

(c) Poorly soluble gases. For poorly soluble gases the PGw 

term in equation (2-19) becomes large. It is then necessary to invoke 

the steady-state nature of the collection of water vapor and gas. The 

condensate concentration is unaffected by the collection rate of water 

vapor. To see this more clearly it is best to rewrite equation (2-17) 

in the form 

13 

= (2-20) 

For a poorly soluble gas the left-hand side will remain constant; the 

vapor density difference has little effect since the condensate is 

saturated with respect to the gas. The ambient concentration is given 

by the concentration at the surface of the condensate, 

p = C/H Gw (2-21) 

Therefore the only purpose of the condensate method is to provide a thin 

water surface that is being constantly renewed. There are still some 

advantages: the vertical water film is not susceptible to contamination 

due to particulates falling on the surface; the water film temperature 

is easily monitored; there is discrimination against more insoluble 

gases. 

2.5. Collection of Particulates 

Since the collector plates are cooled to the point where they 

collect water vapor, both thermophoretic and diffusiophoretic forces 



act to promote the collection of particles. The resulting velocity 

towards the plate can be determined from an extension of the treatment 

by Waldman and Schmitt (1966). Details are presented in Appendix C. 

The resulting expressions for the diffusiophoretic and thermophoretic 

velocities towards the plate are 

1 0.302 0.226 (T+22737 3) 1. 81 
- Pv(1+0.00367T) 

x 

761. 79 + 1 

P (1+0.00367T) 1 
~v +1 

761. 79 
1523.58 

761.79 + 1 2 P x~(1+0.00367T) 
P (1+0.003671) v 

v 

14 

(2-22) 

where the variables T and P are functions of x and y and given by v 

equations (2-1) and (2-7), respectively. 

(2-23) 

Using equations (2-22) and (2-23) and equation (2-4) for the 

velocity distribution within the boundary layer, a model was developed 
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to predict whether or not a particle initially at a specific starting 

position would be collected. The model determines the actual volume of 

air sampled. The model includes changes due to particle size and ther

mal conductivity as well as changes in the ambient air, plate, and dew 

point temperatures. 

The results are illustrated in Figure 3. Only a relatively 

small volume alongside the plate, typically 45 cm3 s-l, is sampled for 

particles. Table 1 shows the effect of large variations in the tempera

ture difference between the plate and ambient air, particle size and 

thermal conductivity. Except for thermal conductivity changes are 

insignificant. Moreover, in comparison to the volume sampled for gases, 

typically 350-400 cm3 s-l, the volume sampled for particles is small. 

Under relatively unpolluted conditions, the gaseous phase of a component 

in the atmosphere usually has a much higher mass concentration than the 

particle phase; the contribution of particle collection should therefore 

be negligible. 

The possibility of charges on particles enhancing collection due 

to attraction to their mirror image was also investigated. Velocities 

due to singly charged particles were several orders of magnitude smaller 

than velocities obtained from equations (2-22) and (2-23). Thus charges 

on particles have a very small effect. 

The condensate method therefore samples atmospheric gases almost 

exclusively. Highly soluble gases are sampled most efficiently, and 

with the highest concentrating effect. Even moderately soluble gases 

can be collected with a reasonable concentrating effect, and thus 

distinguished from poorly soluble gases. 
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Figure 3. Cross Section of Volume Sampled for Particles. 



Table 1. Volume Sampled for Particles Under Changing Conditions. 

Moist Conditions 

Ambient Temperature 
Dew Point Temperature 

= 27.2°C 
= 20.0°C 

Dry Conditions 

Ambient Temperature 
Dew Point Temperature 

Effect of Plate Temperature 

T w 

-2.5 
0.6 
4.3 
6.1 

R 

0.1 
1.0 

10.0 

k/k 
P 

0.1 
1.0 

10.0 

0.1 
1.0 

10.0 

Volume Sampled T Volume Sampled w 

45 3 -1 -4.4 45 3 -1 cm s cm s 
44 -2.0 44 
42 1.9 43 
42 4.7 42 

Effect of Particle Size 

Tw = -2.5 

Volume Sampled 

42 
45 
45 

Effect of Thermal 

T = -2.5 w 

Volume Sampled 

34 
45 
51 

Tw = 6.1 

32 
42 
47 

R 

0.1 
1.0 

10.0 

Conductivity 

k/k 
P 

0.1 
1.0 

10.0 

0.1 
1.0 

10.0 

T = -4.4 w 

Volume Sampled 

42 
45 
46 

of Particle 

T = -4.4 w 

Volume Sampled 

33 
45 
52 

T = 4.7 w 

30 
42 
49 
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CHAPTER 3 

ATMOSPHERIC SIGNIFICANCE OF THE SOLUBLE TRACE GASES 
THAT MIGHT BE DETECTED BY THE CONDENSATE METHOD 

The trace gases that have been detected by the condensate method 

to this point are ammonia (NH3), formaldehyde (HCHO), nitric acid (HN03), 

nitrous acid (HN02), formic acid (HCOOH), acetic acid (CH3COOH), hydro

chloric acid (HCl), and sulfur dioxide (S02). The concentrations of 

these gases have all been determined with reasonable consistency. Work 

is also progressing on other gases, though fewer and less consistent 

results have been obtained so far. These gases include hydrogen per-

oxide (H 202), methyl hydroperoxide (CH300H), acetaldehyde (CH3CHO), 

acetonitrile (CH3CN), acetone (CH3COCH3) and methanol (CH30H). A dis

cussion of the atmospheric significance of some of these constituents 

follows. 

3.1. Ammonia 

Fundamental deficiencies exist in the understanding of the 

sources and sinks, and temporal and spatial variations of tropospheric 

nitrogen species (see papers on tropospheric chemistry in recent volume 

edited by Levine and Schryer, 1978). Ammonia (NH3) is thought to have 

a variable surface concentration of around 1 ppb. It is one of the most 

poorly understood and most difficult to measure of the trace atmospheric 

gases. The uncertainties associated with the knowledge of tropospheric 

18 
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NH3 have been blamed on the absence of a rapid and reliable instrument 

to detect the low and variable levels of tropospheric NH3 (Dawson, 1977). 

NH3 is the only common gaseous base in the atmosphere; it is water 

soluble, and therefore reacts with acidic aerosols and rain. NH3 may 

also playa major role in determining the rate of formation of sulfate 

aerosols since it accelerates the oxidation of S02 through various 

heterogeneous reactions by controlling the acidity of the system (Lau 

and Charlson, 1977). 

The earth's surface appears to be the primary source of NH 3, 

with different processes controlling the production in different regions. 

In England, urine from domestic animals may be the major source of NH3 

(Healy et al., 1970), while in Western Europe, industrial activity may 

dominate (Ericksson, 1952). Volatilization of NH3 from undisturbed 

soils is undoubtably the natural background source of NH3 (Dawson, 1977); 

emission from fertilized soils is well known. In addition, coal conver

sion and combustion processes may produce significant amounts of the gas 

(Healy et al., 1970; Antizzo, 1978). In the near future, production of 

NH3 from anthropogenic activities is likely to increase, as the use of 

nitrogen agricultural fertilizer and coal is increased. 

3.2. Formaldehyde 

Formaldehyde has several potential atmospheric sources: the 

methane oxidation chain (Levy, 1971, 1972), anthropogenic sources 

(Cleveland, Graedel, and Kleiner, 1977), and atmospheric decomposition 

of short-lived plant emissions (Zimmerman et al., 1978). Rapid formal

dehyde photolysis in the troposphere (Cal vert, Demerjian, and Mcquigg, 
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1972; Moortgat et al., 1978) greatly diminishes any contribution of long 

range transport. At remote locations, formaldehyde should be derived 

from the methane oxidation cycle and should therefore be comparable to 

the prediction of "background" troposphere model calculations. Platt, 

Perner, and Patz (1979) report levels of 0.2 ppb at remote maritime 

locations. 

Formaldehyde is produced from CH4 by several pathways involving 

CH302 (Levy, 1972; Wofsy, 1976): 

CH4 + OH + CH3 + H2O (3-1) 

CH 3 + °2 + CH 302 (3-2) 

CH302 + NO + CH30 + N02 (3- 3) 

2 CH302 + 2 CH30 + °2 (3-4) 

CH302 + H02 + CH300H (3-5) 

CH300H + hv + CH
3
0 + OH (3-6) 

CH 30 + °2 + HCHO + H02 ( 3-7) 

If very 10\<J levels of NO exist, e. g., in a marine environment (McFarland 

et al., 1979), pathway (3-3) to (3-7) is slow and (3-5) to (3-7), with 

CH300H as an intermediate (Wofsy, 1976) may be favored in "background" 

air. 

The two channels of photolytic decomposition of formaldehyde are 

extremely important for atmospheric trace gas cycles. 

HCHO + hv + H + HCO 

HCO + 02 + H02 + CO 

HCHO + hv + H2 + CO 

(3-8) 

(3-9) 

(3-10) 
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Reaction (3-8) contributes to the radical budget and will be important 

for the dynamics of atmospheric chemistry; together with reaction (3-9), 

(3-8) represents a source for CO (Levy, 1972). Reaction (3-10) is an 

important source of atmospheric molecular H2 and CO as suggested by 

McConnel, McElroy, and Wofsy (1971). 

Despite the great importance of formaldehyde for atmospheric 

chemistry in background as well as polluted air, relatively few formal

dehyde studies have been reported. Formaldehyde concentrations at 

several sites in Central Europe were found to range from 0 to 5.5 ppb 

in 1941-1944 as reported by Hadamczik (1947). Total aliphatic aldehyde 

concentrations in maritime air over Panama of 0.9 to 3.6 ppb were mea

sured by Lodge and Pate (1966) for the dry and wet seasons, respec

tively. Background concentrations of total aldehydes in Illinois and 

Missouri ranged from 1 to 5 ppb (Breeding et al., 1973). Much higher 

formaldehyde or aldehyde mixing ratios are reported for polluted atmo

spheres (Rayner and Jephcott, 1961; Altshuller and McPherson, 1963; 

Lahmann and Jander, 1968; Cleveland et al., 1977; Siddiqi and Worley, 

1977; Tuazon et al., 1978, 1980). Most recently, concentrations in 

remote marine air have been measured by Zafiriou et al. (1980); they 

reported values around 0.4 ppb. Platt et al. (1979) reported values 

of 0.2 ppb for similar conditions. Platt et al. (1979) also gave values 

for "typical" central European background air of 0.1 to 6.5 ppb from 

May through October. 

Attempts also have been made to estimate atmospheric concentra

tions of formaldehyde from concentrations in rainwater. Dhar and Ram 

(1933) found 0.15-1.0 mg HCHO/g H20 in rain during January - March in 
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Allahabad. Shearer (1969) reported 0.6 mg HCHO/g H20 during August in 

Fayetteville, Arkansas, while samples from November- March showed 0.9 mg 

HCHO/g H20. Klippel and Warneck (1978) found an average value of 0.11 

mg HCHO/g H20 in July in Ireland. McConnell et al. (1971) calculated 

a gas phase mixing ratio of 1.3 ppb formaldehyde from the summer data 

of Shearer (1969). Warneck, Klippel, and Moortgat (1978) estimated a 

mixing ratio of 0.12 to 0.39 ppb from their data. 

3.3. Nitric Acid 

Nitric acid is often the last species in the atmospheric cycle 

of odd nitrogen. Because of the critical role which NO and N02 play in 

tropospheric photochemistry, it is important to understand the chemistry 

of nitric acid. In some remote regions in the atmosphere, relatively 

long-lived HN0
3 

can serve both as a photochemical source of N02 and as 

the most important sink for NO (Crutzen, 1974, 1979). Thus, informa
x 

tion about the concentration of HN0
3 

and its ra~e of removal from the 

atmosphere are essential for understanding the tropospheric cycle of 

odd nitrogen. 

Tropospheric HN03 is produced by 

where M is a third body, and is destroyed by 

HN03 + hv + OH + N02 

HN03 + OH + N03 + H20 

(3-11) 

(3-12) 

(3-13) 
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Solution into cloud droplets and heterogeneous reactions with aerosols 

also constitute a significant removal mechanism for HN0
3 

and are 

believed to be the major sink of atmospheric odd nitrogen (Levy, 1972). 

Because HN03 is involved in so many heterogeneous reactions, 

it is somewhat more difficult to model than those species which exist 

primarily in the gas-phase. Its high solubility in water permits it to 

be washed out in the troposphere by precipitation (Fishman and Crutzen, 

1977). It can react with Cl in aerosols to release HCl vapor (Robbins, 

Cadle, and Eckhardt, 1959), and should be readily removed upon contact 

with either sea spray or the ocean surface, both of which are slightly 

basic. Dry deposition may be as important as wet deposition in many 

regions (Huebert and Lazrus, 1980). Except for North America and 

Europe, measurements such as these are scarce. Chameides (1978) has 

suggested that HN03, by virtue of its -longer lifetime (than NO and N02) , 

may be the form in which much of the NO is transported to rural areas x 

where it then serves as a photochemical source of NO and N02. 

Photochemical models of NO predict that there should be 3 to x 

100 times as much HN03 as N02 in remote areas, depending on the concen-

tration of OH (Crutzen, 1979). This equilibrium depends on the photol-

ysis rate for HN03 and the ~ate of conversion of N02 to HN03 by OH. 

Since the latter process gives an HN03 lifetime of about a day in the 

presence of 106 OH/cm3, the rapid dry deposition of HN03 probably pre

vents this equilibrium from being achieved near the earth's surface. 
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3.4. Nitrous Acid 

Nitrous acid is potentially a very important species for atmo-

spheric chemistry in two respects. The photolysis of nitrous acid, 

OH + NO (3-14) 

produces OH radicals as well as being an important reaction in the 

tropospheric cycle of odd nitrogen as a sink for NO and N02, 

(3-15) 

With the high photolysis rate for reaction (3-14) (Cox and Derwent, 

1977; Stockwell and Calvert, 1978) concentrations of less than 1 ppb 

HN02 will produce OH radicals at a rate similar to that of the dominant 

OH source, viz., photolysis of 03 followed by the reaction of the 

resultant 010 with H20. In view of this efficient destruction process, 

(3-14), it is not likely that daytime steady state concentrations of 

HN02 are large. Pemer and Platt (1979) calculate a maximum value of 

0.01 ppb during the daytime. 

Another consideration is the reaction of HN02 with amines, 

HN02 + RR-NH (3-16) 

yielding possibly harmful nitrosamines (Fahmy and Fahmy, 1976). Nitros-

amines are formed in dark reactions in mixtures of NO, N02 , HN02 and air 

with dimethy1amine (Hanst, Spence, and Miller, 1977), or with diethy1-

amine or triethylamine (Pitts et al., 1978). Apparently the diethyl-

nitrosamine was produced by reactions of the amines with the nitrous 

acid initially present. 
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Atmospheric concentrations of HN02 in the atmosphere have been 

reported so far by Nash (1974) for southern England, using a wet chemi-

cal method which distinguished between N02 and HN02 by differential 

absorption, and by Pemer and Platt (1979) by an optical absorption 

technique in the near ultraviolet spectral region. The high daytime 

values that Nash obtained, 0.4 to 11 ppb, are difficult to understand. 

3.5. Formic Acid 

Formic acid has been produced in smog chambers and occasionally 

observed in air during smog episodes. The rates or processes of gas 

phase oxidation of formic acid under typical atmospheric conditions, 

however, do not seem to have been reported. 

The following mechanism is proposed by Dawson, Farmer, and Moyers 

(1980) : 

HCOOH + ·OH -+ CO2 
+ H + H2O (3-17) 

H + 02 + M -+ H02 + M (3-18) 

H02 + NO -+ ·01-1 + N02 (3-19) 

N02 + hv -+ NO + ° (3-20) 

° + °2 + M -+ °3 + M (3-21) 

HCOOH + 202 -+ CO2 + °3 + H2O (3-22) 

-12 3 -1 
The rate constant for (3-17) is approximated to be 6 x 10 cm sec 

since it should be somewhat less than that for hydrogen abstraction by 

OH for formaldehyde (; 1.2 x 10-11 cm3 sec-I, Niki et al., 1978; 

Atkinson and Pitts, 1978). However, some of the different chemical prop-

erties of HCOOH may lead to its being lost by other processes of oxida-

tion, e.g., involving H202, H02 , R02, or 03' though reaction mechanisms 
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for these are not clear. Formic acid should not undergo photolysis in 

the troposphere (Calvert and Pitts, 1966). 

Production of formic acid from the oxidation of formaldehyde 

was proposed by Su et al. (1979) and from ozonolysis of terminal 

olefins by Su, Calvert, and Shaw (1980). The first mechanism is 

tested by Dawson and Farmer (in press) in a remote area. The results 

were not able to show whether or not HCHO is the major source for HCOOH 

under these conditions. The results with contaminated air require 

additional sources of HCOOH not associated with HCHO oxidation. 

3.6. Acetic Acid 

The presence of acetic acid in the troposphere does not seem to 

have been reported until its detection by Dawson et al. (1980). It is 

not surprising then that as in the case of formic acid, rates of gas 

phase oxidation of the acids under typical atmospheric conditions have 

not been measured. 

The following mechanism is proposed by Dawson et al. (1980): 

CH3COOH + oOH -+- oCH2COOH + H2O (3-23) 

° CH2COOH + O2 + M -+- oOOCH2COOH + M (3-24) 

oOOCH2COOH + NO -+- oOCH2COOH + N02 (3-25) 

° OCH2COOH + O2 -+- CHOCOOH + H02 (3-26) 

CHOCOOH + hv -+- HCO + CO2 + H (3-27) 

-+- HCHO + CO2 
(3-28) 

-+- CO + HCOOH (3-29) 



with possibly some contribution from: 

CH3COOH + ·OH 

a 
II 

CH3C - a 

27 

(3-30) 

(3-31) 

which gives the same products as (3-28)". The rate constant for the OH 

attack on acetic acid is more difficult to estimate than for formic acid. 

It was reported in Dawson et al. (1980) that preliminary work has indi

cated an order of magnitude value for the rate constant of 10- 12 cm3 

-1 sec Without a rate constant it is not clear whether formic acid 

could be produced at high efficiency from the oxidation of acetic acid 

(3-29). Acetic acid should not undergo photolysis in the troposphere 

(Calvert and Pitts, 1966). 

3.7. Hydrochloric Acid 

The presence of chlorine-containing species in both the gas and 

solid phase in tropospheric air over the oceans was reported as early as 

1957 by Junge (1957), and later by Duce, Winchester, and VanNahl (1965) 

and Chesselet, Morelli, and Buat-Menard (1971). In the case of the 

vapor phase these early experiments yielded only the concentration of 

total chlorine. It is generally assumed, however, that the bulk of the 

gaseous chlorine must be present as HCl (Eriksson, 1960). Chesselet's 

studies involved the removal of chlorine from the boundary layer of 

marine air as it passes over land (Chesselet, Morelli, and Buat-Menard, 

1974). This mechanism, together with washout in the lo\ver troposphere, 

is assumed to provide the natural sink for chlorine j,n the atmosphere. 
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Later work by Farmer, Raper, and Norton (1976) implied that the land may 

be an effective sink for Hel only in the immediate land .. air boundary 

layer. This would imply a longer lifetime for Hel in the troposphere 

than would have been anticipated from Chesselet's results. 

The vertical distribution in the troposphere from ground-based 

measurements have been performed by Farmer et al. (1976) and Marche 

et al. (1980). Their results imply that tropospheric Hel is insignifi-

cant as a source for Hel in the stratosphere. Most of the work on Hel 

has involved measurements in the stratosphere due to the possibility of 

severe depletion of the stratospheric ozone layer by the CIO cycle x 

(Molina and Rowland, 1974; Crutzen, Isaksen, and McAfee, 1978). The 

source of the stratospheric Hel is still in question. The direct injec-

tion of gaseous chlorine by volcanos or the introduction of chlorine-

containing compounds of anthropogenic origin are expected to be the 

major sources. 

Ground-level measurements of Hel are available only from the 

tropospheric profiles of Farmer et al. (1976) and Marche et al. (1980), 

with the results of Marche being more accepted. Farmer's value at the 

surface was approximately 1 ppb and Marche's values ranged from 0.01 

to 0.1 ppb. 

3.8. Sulfur Dioxide 

The presence of sulfur-containing compounds in the atmosphere 

has been documented in many texts and journals (for example, see 

entire volume edited by Husar, Lodge, and Pate, 1978). Sulfur dioxide 
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is probably the most important of the sulfur species. A brief descrip

tion of what is known about S02 follows. 

The single most important aspect of sulfur dioxide is the effect 

on the pH of rain. Raindrops in equilibrium with water and CO2 alone 

have a pH of 5.6. The addition of sulfate ions to these raindrops 

lowers the pH. The formation of sulfate particles from S02 and subse

quent collection by raindrops is one source of sulfate ions. The direct 

absorption of S02 by rain or the cloud drops followed by oxidation is 

another. The effect of the resulting acid rain on lakes, forests, wild

life, and buildings is becoming increasingly evident. There are, how

ever, regions in the world where acid rain can have a beneficial effect, 

e.g., the Southwestern U.S.A. or other agricultural areas where alka

linity of the soil is a problem. The acid rain problem is increasing 

as the shortage of oil requires the burning of more coal which contains 

somewhat higher amounts of sulfur. 

There are commercial techniques available to continuously deter

mine S02 ·concentrations in the air. Problems arise, however, for 

measurements of non-urban concentrations, where levels are typically 

less than 1 ppb. 

In the last several years, strong laboratory and field evidence 

for the photochemical gas phase oxidation of S02 has been obtained. 

This is believed to be an important oxidation route for S02 in the 

atmosphere. Reaction of S02 with OH, H02 , and CH 302 free radicals are 

the most significant. Rate constants for most of these reactions have 

been measured. 
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The major source of S02 by far is the combustion of fossil fuels; 

a minor source is volcanic eruptions. Some of the S02 is removed by 

contact with soils and plants. A large amount of S02 will be converted 

to particulate sulfate before either wet or dry deposition. Another 

important sink is the absorption of 502 by the oceans. 

3.9. Hydrogen Peroxide and Methyl Hydroperoxide 

The atmospheric abundance of OH and H02 radicals depends on the 

rates of formation and destruction of hydrogen peroxide (Crutzen and 

Fishman, 1977). H202 is formed in the atmosphere by reaction between 

two H02 radicals: 

(3-32) 

and is removed heterogeneously, by rainout or deposition on aerosols, 

photolysis, or reaction with OH (Keyser, 1980; Sridharen, Reiman, and 

Kaufman, 1980): 

H202 + hv + OH + OH 

H202 + OH + H20 + H02 

(3-33) 

(3-34 ) 

A similar set of reactions can be written down for the case of 

methyl hydroperoxide (Logan et al., 1981). 

CH 300 + H02 + CH300H + 02 

CH
3

00H + hv + CH
3
0 + OH 

CH 300H + OH + 01 3°0 + H20 

(3-35) 

(3-36) 

(3-37) 



The importance to the odd-hydrogen cycle in the atmosphere is 

apparent for both sets of reactions. Reaction (3-35) combined with 

reaction (3-36) also represents a major path for removal of CH
3
00 in 

the troposphere. 
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Most of the work on HZOZ has been performed by the use of 

impingers (see Kok et al., 1978; Kelly, Steadman, and Kok, 1979). The 

results obtained in that work are in question; in situ production in 

the impingers has been demonstrated. To date there is no reported work 

on the detection of CH 300H. 

H20Z could have a significant impact on the aqueous chemistry 

of S02 in the atmosphere, as well as in the condensate. The apparent 

solubility of SOZ is greatly increased in the presence of HZ02 as the 

aqueous S02 is oxidized as fast as it dissolves. As a result, an 

inherently moderately soluble gas is collected as though it were highly 

soluble. The reaction lowers the concentration of the HZOz in the con

densate. In general, the concentration of HZOZ in the condensate will 

depend on the concentration of oxidizable species. This needs to be 

accounted for in the determination of atmospheric concentrations of H20Z' 

3.10. Other Gases 

There are other gases that could possibly be detected by the 

condensate method. Included among these are the four organics men

tioned before; acetone, acetaldehyde, acetonitrile, and methanol. In 

most cases, the presence of these gases in the atmosphere has been 

attributed to anthropogenic sources to this point. The extremely low 

levels in non-urban areas make their detection extremely difficult. 



The possible detection of CH 3CN in the stratosphere has been 

reported by Henschen and Arnold (1981). They suggest that likely 
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sources are fires and industrial emissions, since CH 3CN is a widely 

used solvent. Loss processes will be photolysis, reaction with OH 

radicals and incorporation into aerosols. From laboratory studies 

(Harris, Kleindienst, and Pitts, 1981) the reaction with OH radicals 

appears to be slow. This is also the case with photolysis. No concen

trations have been reported ~or the troposphere. 

The only values available for CH 3CHO and CH 3COCH3 are from 

results of a model for the prediction of peroxyacetyl nitrate (Singh 

and Hanst, 1981). They suggest that the source for CH3CHO is oxidation 

of ethane and the source for CH3COCH 3 is oxidation of propane. Both 

CH
3

CHO and CH 3COCH3 are precursors of PAN (Cox and Roffey, 1977; Hendry 

and Kenley, 1977). The model predicts concentrations for a non-polluted 

troposphere of 22 ppt for CH 3CHO and 111 ppt for CH 3COCH3. 



CHAPTER 4 

EXPERIMENTAL METHOD 

4.1. Collection of Condensate 

The method, as first proposed by Cauer (1951), made use of a 

sphere as the collector shape. However, there are many problems with 

such a shape: the theory of collection of water vapor and trace gases 

(only numerical solutions are possible), the collection of condensate 

from one precise point and the exact location of this point, the con

struction of the collector, and the attainment of a reasonably uniform 

temperature over the entire surface. The vertical flat plates were 

developed with the above factors in mind. The size of the plates was 

arrived at mainly from the amount of material that was readily available 

at the time of construction of the original plates, although these dimen

sions were not changed when more plates were made later. 

The collectors were 41.7 cm long, 1 cm thick, and 10.5 cm high 

with a shape such that the condensate dripped off from a precise point. 

Collection of the condensate into a container was therefore easy (see 

Figure 4). The surface of the collectors was plated with either chrome 

or nickel. The plates were enclosed in a housing to protect against 

effects of wind and sun and the possibility of particulates or other 

small debris falling on them. The original housing contained four 

plates spaced approximately 30 cm apart with the sides of the housing 
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being 30 cm high. The entire unit was quite large, with overall dimen-

sions of approximately 50 cm deep, 125 cm wide and 60 cm high. For this 

reason it was not easy to move from one location to another. The hous-

ing currently in use (Figure 5) contains two plates located 20 cm apart. 

The overall dimensions are 45 cm deep, 50 cm wide and 70 cm high; this 

makes the unit much more portable than the original. 

Cooling of ~.he plates was by means of a circulating temperature-

controlled refrigeration system. Flow of coolant was such that there 

was a reasonably uniform temperature over the entire surface of the 

plate (Figure 6). The flow rate was large enough to assure small temper-

ature differences between the incoming and outgoing coolant. 

For film condensation to occur, the plates must be clean. The 

cleaning process consisted of an initial boiling of the plates in a 

large bath that was constructed for this purpose. In operation the 

plates remained cold continuously and therefore, stayed wet. A soap 

and water wash every few days kept the plates sufficiently clean. Great 

care ,,,as taken after the wash to make sure the soap solution was rinsed 

off. The plates were then left to collect condensate for approximately 

one h~ur to ensure that the water on the plate was from condensate only. 

Periodic rinsings with deionized water were also used to clean the 

plates of any large particulates or debris. Again sufficient time was 

allowed afterward to ensure against contamination due to the rinse water. 

Condensate was usually collected for periods from thirty minutes 

to two hours. The length of the collection time was determined by the 

number of constituents for which the condensate was to be analyzed. 

-1 
Typical collection rates of water vapor were from 10 ml hr to 15 
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-1 . -1 ml hr , equivalent to an air sampling rate of 20-30 ~ mIn , depending 

on the atmospheric conditions. The condensate was collected in a 

graduated cylinder; collection rate was closely monitored. In most 

cases, the plate temperature was adjusted so that the collection of 

water vapor was not any faster than needed. The faster the collection 

rate, the more dilute the condensate, resulting sometimes in levels lost 

in the "noise" of the analytical method. 

At the end of the collection run, samples were placed in both 

plastic and glass bottles to be returned to the laboratory. Samples 

were kept on ice or under refrigeration until analysis. 

During condensate collection, the plate and de\~ point tempera-

tures were monitored very closely since the method was most sensitive 

to variations in these quantities. This sensitivity is looked at more 

closely later. All of the important meteorological conditions were also 

monitored, including air temperature, wind speed, wind direction, cloud 

cover, visibility and rainfall total, along with the time of the rain. 

The dew point temperature was monitored by wet-bulb depression; plate 

and air temperatures were measured by thermometers until the summer of 

1981 when they were measured with thermistors. The total volume of con-

densate collected was recorded and compared with the predictions of 

theory. 

4.2. Laboratory Analysis 

Samples contained in glass sample bottles were analyzed for 

ammonia, formaldehyde. acetate and formate. Samples in the plastic 



bottles were analyzed for chloride, nitrite, nitrate and sulfate ions 

as well as any other inorganic ion found. 

The condensate usually had concentrations around 1 ~g ml- l 
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(1 part-per-million, ppm). Formaldehyde concentrations were determined 

by Nash's spectrophotometric method, using a 25 mm pathlength cell 

(Bausch and Lomb). Ammonia concentrations were determined by means 

of a specific ion electrode (Orion) and pH meter (Orion). During some 

periods, e.g., equipment problems, ammonia was measured by the indo

phenOl colorimetric method. Detectability of 0.05 ppm in the condensate 

with good reproducibility was attainable by the above methods for 

formaldehyde and ammonia; with great care, lower levels were shown to 

be reproducible, "especially in the case of formaldehyde. 

The other constituents, acetate, formate, chloride, nitrite, 

nitrate and sulfate ions, were analyzed by ion chromatography. Levels 

of 0.01 ppm for acetate, formate, chloride and nitrite were detectable 

with good reproducibility, while the lower limit for nitrate and sulfate' 

was from 0.02 to 0.03 ppm. In most cases, levels in the condensate were 

well above the lower limit of analysis. The only exception was the 

nitrite ion, which often went below detection limits in condensate 

samples collected during the daytime. 

The ion chromatograph used for the analysis was constructed 

especially for this purpose. The principle of operation is relatively 

simple. An eluent is pumped at high pressure through a column contain

ing a low capacity ion exchange resin. When a sample is injected into 

the stream, the different anions (negative ions) in it experience dif

ferent retention times in the column, and come out separated into a 
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series of peaks of concentration. The peaks are detected by changes in 

electrical conductivity after removing cations in a suppressor column. 

A simple schematic is presented in Figure 7. Both carbonate and borate 

eluents have been used; a typical chromatogram for each case is given 

in Figure 8. Borate separates the organic ions, formate and acetate. 

The carbonate eluent separates chloride, nitrite, nitrate, and sulfate 

ions. Standards are used to quantitate the analysis. 

Further work is being performed on other methods of analysis. 

A chemil uminescen.ce method developed by Kok et al. (1978) for hydrogen 

peroxide has produced reasonably good results with very high sensitivity. 

This method has been extended to analyze the condensate for methyl 

hydroperoxide with some limited success. The very low levels in the 
.-

condensate appear to be near the detection limit in most cases. Gas 

chromatography is also being used to analyze the condensate for several 

organic species. 

4.3. Sample Calculation of 
Atmospheric Concentration 

Most of the work done to this point has involved high 1 Y so 1 ub 1 e 

gases. To compute the atmospheric concentration, PQD' from the aqueous 

concentration, equation (2-18) is used 

= 

where 

= 

C DV BG(Pvoo - pvw) 

DGBv 
(2-18) 

( 4-1) 
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Figure 8. Ion Chromatograms Obtained with Carbonate and Borate Eluent. 
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and B is determined by replacing N for gas G with the N for water 
v sc sc 

vapor. As an example, the atmospheric NH3 concentration is determined 

from the NH3 concentration in the condensate as follows. Assume: 

plate temperature = SoC 

dew point temperature = 10°C 

air temperature = 20°C 

total NH3 species 1 
in condensate = 1 ppm (1 ~g ml- ) 

Substitution of the appropriate values for Dv ' D
NH3

, Nsc of water vapor 

9 -1 and NH 3, g, Po' Poo' and v results in a value of 1.92 x 10- g of NH3 g 

of air. To convert this result to parts per billion by volume, one 

divides by the ratio of the molecular weights of NH3 and air and multi

plies by 109 The result is 3.28 ppb. 

This calculation is done by a computer, and includes all temper-

ature and pressure dependencies required. The program is short enough, 

however, to fit on some hand-held programmable calculators. 



G1APTER 5 

RESULTS AND COMPARISONS 

5.1. Direct Comparison 

Direct comparison of the condensate method with other acceptable 

methods for ammonia and nitric acid has been performed in Tucson and 

Sells, Arizona and EI Nido, California. Sells, Arizona is located about 

65 miles \'lest-southwest of Tucson and 115 miles south of Phoenix. The 

sampling site was in -a remote area with desert-type vegetation lo~ated 

on the property of the Papago Tribal Utility Authority, three miles west 

of Sells on the Papago Indian Reservation. The sampling at this site 

was performed after the passage of frontal systems in winter. El Nido, 

California is a small farming community located about 50 miles northwest 

of Fresno and 120 miles southeast of San Francisco. It is located in 

the heart. of the agriculturally rich San Joaquin Valley. The sampling 

location was approximately 10 meters from the end of a recently planted 

cotton field and about 200 meters downwind from a nearly mature wheat 

field. The data from Tucson were taken on the roof of the Physics and 

Atmospheric Sciences Building on The University of Arizona campus. 

The comparison for ammonia used impregnated filters. The 4.7 

cm diameter Whatman No. 41 filters were first soaked in deionized water 

for 30 minutes to one hour and then transferred to a I M NaHS04 and 5% 

glycerol solution. These filters were placed in an ammonia-free environ

ment while still in the solution, then transferred onto a drying rack. 

44 
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The drying period was usually 12-15 hours. After drying and while still 

in the ammonia-free environment the filters were transferred to 49 mm 

disposable petri dishes manufactured by the Millipore Corporation. 

These filters were stored in an ammonia-free environment until use. 

Three filters were placed in series in a filter holder: the first was 

a 0.5 ~m teflon prefilter to remove particles; the second and third 

were the impregnated filters. The flow rate through the filters was 

held at 20 liters per minute for a period of 3-4 hours. Filters were 

removed from the holders, added to 5 ml of deionized water and placed 

in an ultrasonic cleaner for 30 minutes, to dissolve ammonia from the 

filters. A blank filter was also analayzed to subtract ammonia con

tamination in the preparation of the filters. Analysis procedure was 

identical to that for the condensate. Typical efficiency of collec

tion of ammonia on the first filter stage was 75% or greater. 

The selective filter technique of Huebert and Lazrus (1978) was 

used in the comparison of nitric acid. The method utilizes the prop

erties of nylon filters (4.7 cm diameter) manufactured by the Ghia 

Corporation. Two filters were placed in series, preceded by a 0.5 ~m 

teflon filter to remove particles. The flow rate through the filters 

was held at 20 liters per minute for a period of 3-4 hours. As in the 

case of the impregnated filters for ammonia, the filters, along with a 

blank filter, were placed in 5 ml of deionized water and agitated in an 

ultrasonic cleaner for 30 minutes. The resulting solution was then 

analyzed for nitrate ions by ion chromatography. Typical collection 

efficiencies of HN0
3 

on the first nylon filter stage were greater 

than 90~o. 
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The results from the direct comparison for ammonia are presented 

in Figure 9 and for nitric acid in Figure 10. In both cases there was 

a wide range of values and reasonably good agreement throughout the 

entire range. The high values of ammonia at El Nido, California were 

most likely due to application to the adjacent cotton field of an aqua

ammonia fertilizer approximately two weeks before the sampling period. 

In addition, the soil was cultivated during the measurement period. The 

vertical bars represent the standard deviation of the four to six values 

obtained from the condensates 'during the collection time for anyone 

filter run. Generally, filters require a much longer sampling period 

than the condensate method. The heavy line represents perfect agreement 

between the condensate and the filter methods. With the exception of 

three cases on the HN03 plot, most comparisons are very good. For NH 3 , 

the square of the correlation coefficient is 0.95 with a slope of 1.08 

and an intercept of 0.23. The 95% confidence limits for the slope are 

0.98 and 1.18, and for the intercept are -0.38 and 0.85. Ignoring the 

three values for HN03, the square of the correlation coefficient is 

0.90, with a slope of 1.01 and an intercept of -0.03. The 95% confi

dence limits are 0.85 and 1.17 for the slope, and -0.22 and 0.17 for 

the intercept. Including the three points, the square of the corre

lation coefficient is 0.69 with a slope of 0.74 and an intercept of 0.33. 

Moreover, the difference in the values for the condensate method as 

compared to the filter methods for either NH3 or HN03 were well within 

any error or variation inherent with the filter methods. 
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5.2. Comparison with Values of Others 

Data that have been collected at a total of four different 

sites (including two mentioned earlier, Saguaro National Monument 
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and the Thurber Ranch) have been compared to values obtained by others 

using specialized techniques. It is important to note that all the 

gases are sampled simultaneously by the condensate method, while the 

specialized techniques sample only one gas. The results are presented 

in Table 2. Saguaro National. Monument is located approximately 15 miles 

west of Tucson, separated from Tucson by a small mountain range. 

Sampling at this site occurred during the winter and the summer. The 

weather pattern during winter was dominated by the passage of frontal 

systems, while during summer the dominant weather pattern was convective 

thunderstorms. The vegetation in the area is desert type and the eleva

tion is about 2500 feet. The high atmospheric concentrations obtained 

at Saguaro National Monument at times during the summer indicate some 

contamination from the Tucson area. The Thurber Ranch sampling site is 

located approximately 30 miles southeast of Tucson and 10 miles north of 

Sonoita, Arizona. As in the case of Saguaro National Monument, 

Thurber Ranch is also separated from Tucson by a small mountain range. 

The vegetation in this area is grassy with some trees and the elevation 

is about 5000 feet. Sampling at this site has been performed during the 

summer months only. 

It can be seen from Table 2 that concentrations observed fell 

within the range previously reported by others. No comparative data 

are available for acetic and formic acid; the condensate method is the 

only one to have detected them thus far. Table 2 gives the lowest and 
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Table 2. Comparison of Condensate Values to Those Obtained by Others. 

Values from Condensate ~k!thod Values Ohtained by Others 

Number of 
Range Average Samples Range Average Remarks Reference 

NH3 (1) 0.17-7.19 3.5 40 12 April Peyton et a1., 
(2) 0.00-2.30 0.9 52 0.2 June-August 1977 
(3) 0.30-1.50 0.8 60 
(4) 0.60-3.00 1.5 20 10 April lIoe 11, Harward, 
(5) 2.00-34.0 11.1 64 1.3 June-August ~ Williams, 1980 
(6) 0.00-2.20 1.0 101 

HOIO (1) 0.20-2.39 1.5 41 0.2-0.5 0.3 c1enn air Platt et a1., 
(2) 0.30-1. 70 1.2 53 0.9-6.5 2.0 poll uted ai r i979 
(3) 0.19-1.06 0.4 51 
(4) 0.10-1.00 0.5 28 0.2-0.6 0.4 wet season Zafiriou et al., 
(5) 0.20-2.80 0.9 54 0.7-5.1 1.9 polluted 1980 
(6) 0.00-0.87 0.4 137 0.4-3.8 1.7 rural Neit:ert ~ Seil~r, 

0.2-1.0 0.5 s. Arrica 19111 
Coast 

HN0
2 

(1) 0.00-0.67 0.2 ·13 <0.1-0.8 0.2 moderately Perner and Platt , 
polluted 19i9 

(2) 0.00-0.20 0.1 54 <0.1 "background 
(3) NIA S/A N/A nir" 
(4) 0.02-0.26 0.05 20 0.4-11 3.8 S. Enghnd Sash, 1974 
(5) 0.80-2.70 1.3 48 
(6) 0.00-0.51 0.08 123 

H.~03 (1) 0.:0-4.40 1.5 43 <0.2-5 1.5 rural site Kellyctal., 
(2) 0.05-0.78 0.3 56 1-10 5 Los An h" I<,s 19i9 
(3) 0.10-0.45 0.3 IS 1-8 3-4 St. J.ullis Spi cer, 1977 
(4) 0.08-2.50 0.5 31 0-2 1 (Jayton, Ohio 
(5) 0.30-3.100 I..' 82 0.2-8 1.5 Tu~yo OU ta, ~Iorimotu, 
(6) 0.00-2.03 0.5 125 0.0-2.1 0.5 "rL~rnotc area" ~ I :ama, 197<> 

<0.0:-0.3 NIA cleall air 1I11d,ert & l.a!rus, 
0.4-0.9 NIA urhan-in rl. ai r 1 ~)7S 

0.04-0.54 0.16 free t rol'o- 1I11"~l'rt & La:rus, 
sphere 1980 

<0.03-0.8b 0.31 boundJr)' layer 

IICoolI (I) 0.97-5.63 3.5 44 
(2) 0.37-2.10 1.3 57 
(3) 0.40-0.90 0.7 43 
(4) 0.50-1.40 1.0 42 (I) Saguaro National ~I.mumcnt (.Iul), - Au~. , HIS(l) 
(lI) 0.00-3.20 1.2 133 (2) Thurber lIanch ll\II~!l1St .. St.'pt .• I ~ISO) 

( 3) Sclls, Ari:ona (.'an. - ~brch, I',ISO) 

013CooII (1) 1.44-8. IS 4.5 44 (4) Sa~lIaro SJt iOlla I H.Jnllrnellt (.Ian. , 1%11; 
(2) 0.20-3.50 1.3 57 (5) EI Sido, Cal i rornia (Apri I - ~I.,y, 1!1~1 ) 
(3) 0.30-0.71 0.5 35 (6) Thurber Ranch (.Iul y - Sept. , 19SI) 
(4) 0.20-0.90 0.5 42 
(6) 0.00-3.35 1.3 130 



highest concentrations observed, the average value, and the number of 

samples. 
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The sometimes large NH3 values obtained in El Nido, California 

are much larger than the peak concentrations found by Peyton et al. 

(1977) and Hoell et al. (1980). They explained that their high levels 

were due to the agricultural fertilization in the area in which they 

were sampling. The closeness of the sampling site to the field in EI 

Nido is probably the main reason for the very high concentrations found. 

However, the average value obtained for this location compares very well 

with their results. 

The concentrations obtained by the condensate method for HCHO 

have a wide range; however, the lowest was O.Z ppb. This was also the 

lowest level obtained by Platt et al. (1979) and Zafiriou et al. (1980). 

The O.Z ppb value is predicted from the methane cycle in an unpolluted 

atmosphere (Platt et al.,1979). 

The sometimes high levels for HNOZ were possibly due in part to 

the presence of peroxyacetyl nitrate (PAN) in the atmosphere. If PAN is 

collected in the condensate, hydrolysis under the basic conditions of 

ion chromatography into acetate and nitrite ions and oxygen would pro

duce erroneously high HNOZ concentrations from the nitrite ion. This 

was most evident in El Nido where HN02 levels were quite high most of 

the time. Peroxyacetyl nitrate is more likely to be found in the El 

Nido area since it is much more polluted than any of the other sites. 

Spicer (1977) found peak values for PAN in the afternoon; therefore, 

nitrite ions in the condensate due to PAN would be highest in the after

noon. This seemed to be the case in the EI Nido data; however, the 
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results did not seem to be'conclusive. The possible interference of PAN 

is discussed again later. 

5.3. Typical Daily Variations 
in. Locations Around Tucson 

Sampling of gases by the condensate method has been performed 

on a continuing basis during the summer months in and around Tucson. 

Sampling during other times of the year has been sporadic, except for 

some of the winter data taken at Saguaro National Monument. The data 

are presented in Figures 11 through 17. They were collected from'three 

sites, Thurber Ranch, Saguaro National Monument, and Mount Lemmon. 

Mount Lemmon is located about 30 miles northeast of Tucson with an 

elevation of approximately 9000 feet. It is a forested area with a 

variety of pine trees along with grass and low growing bushes. Sampling 

at this site was during the summer months which are dominated by convec-

tive thunderstorms. Although the amount of qata from this site is not 

large it is instructive to note the levels at this elevation. The 

individual data points in the figures are usually the average value of 

two samples. As an example of the variability in the two samples, the 

average deviation for all sample pairs for the Thurber Ranch data in 

Figures 11 through 13 was 7, 8.5, and 11 percent for NH 3, HN03, and HCHO, 

respectively. 

In looking at the data from Saguaro National Monument and 

Thurber Ranch, the most pronounced diurnal variations are that of HN02· 

This variation, which is in agreement with the results of Perner and 

Platt (1979), showed peak values shortly before sunrise, with levels 

going to zero or close to zero shortly after sunrise. Levels remained 
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low until sunset, afterwhich the HN02 value would increase. The peak 

value of 0.7 obtained at or near sunrise is in very good agreement with 

the peak value obtained by Perner and Platt (1979). Some of the daytime 

values at these sites are not as low as would be expected and may possi

bly be due to the interference of PAN. 

The diurnal variation of the other constituents is not always 

obvious. For the entire set of data, there is a diurnal variation of 

HN03 with a peak value being reached at noon or shortly thereafte~. 

This variation is in agreement with the results reported by Spicer 

(1977) for HN03, although his work was concerned with heavily polluted 

environments. Spicer hypothesized that the HN03 was derived from the 

NOx present; however, it may be expected that HN0
3 

would decrease due 

to photolysis. The data from Thurber Ranch for the Summer, 1981, showed 

this mid-day peak for both HN03 and S02' The major source of S02 in 

Southern Arizona is copper smelters. The often large increases in S02 

are the result of airflow patterns bringing smelter effluent to the 

sampling site. This was made more evident by the fact that large S02 

fluctuations did not occur at the identical site during a strike that 

shut down the smelters the previous summer. 

The diurnal variation of the organics and NH3 is not as clear 

cut as for HN02, HN03 and S02' For a large portion of the data, there 

seemed to be a maximum shortly after midday (peak photolysis); however, 

the most recent data from Thurber Ranch showed maxima occurring at night. 

The explanation for this difference is not obvious. Probably the main 

consideration is the weather or wind flow pattern during the time the 

bulk of the data was taken. Convective thunderstorms with quickly 
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shifting winds and late afternoon showers were common. If the gas 

present is produced locally, then wind shifts and thundershowers should 

cause large changes that were slow to recover. This pattern could 

continue for several days, resulting in a reasonably reproducible 

diurnal pattern. The data presented for Thurber Ranch from August 4 

through August 7 were collected during a period when there were no 

showers except on the night of August 6. The first two nights gave 

large concentration increases with calm winds, while the third night 

showed a very small increase. This would be expected if the source of 

the organics and ~3 is local. 

Another interesting consideration is the ratio of formic acid 

to acetic acid. In the first data published for formic and acetic acid 

(Dawson et al., 1980), the ratio for a remote area was almost always 

greater than one; for Tucson the ratio was usually less than one. It 

seemed that this ratio was an indicator of urban pollution. The data 

for Saguaro National Monument during Summer, 1980 showed a ratio less 

than one and for this reason a more remote location was sought. The 

data from Thurber Ranch showed ratios often near one, with variations 

in both directions, indicating that this site was also influenced some

what by pollution from Tucson. An explanation of this variation in the 

ratio of formic and acetic acids for polluted and non-polluted atmo

spheres could be the presence of peroxyacetyl nitrate (PAN). The collec

tion of PAN will result in elevated acetate ion levels in the condensate 

and give erroneously high acetic acid values in the air. Since PAN is 

a known constituent of heavily polluted environments this is a likely 

explanation. One other consideration in this ratio is the time of year. 



During the winter months the ratio was a better indicator of urban 

pollution. 

The possible influence of PAN to both acetic acid and nitrous 

acid can be estimated. Most of the data presented here is for remote 

areas where the concentration of PAN would be very low. If PAN were 
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a major source for the acetate and nitrite ions in the condensate, then 

there would have to be a reasonably high correlation between them. From 

the data presented, no correlation has been found; levels of nitrous 

acid are often very small when acetic acid is at a maximum. Data 

obtained in El Nido, California which is a more polluted environment 

are presented in Figure 18. The r2 value for the nitrite and acetate 

ions is .535, implying that PAN could account for about 50% of the 

observed concentrations. 

One other interesting result from Summer" 1981 at Thurber Ranch, 

was the previously mentioned oxidation of the S02 after collection by 

H20
2

. Although the amount of data is small, the implications are worthy 

of discussion. The peak values in S02 occurred approximately at the 

same time as the minimum in H202 , and vice versa. If H202 is'being used 

up in oxidation of S02' the total H202 is given by the sum of the S02 

reported and the H
2
02 detected in the condensate. This sum is presented 

in Figure 13 along with the H202 value. Further simultaneous measure

ments of S02 and H202 are needed to verify this. 

5.4. Water Vapor Collection Ratio 

The volume of the condensate collected was recorded; a collec

tion rate was determined and compared to the theoretical collection rate. 
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In most of the data, the ratio of the actual to theoretical collection 

rates (the collection ratio) is greater than one. Collection on the 

ends, the top and the bottom of the plate are not incl uded in the 

theory, and make a contribution, albeit minor. Attempts have been made 

to prevent the collection from these areas, except the bottom, with very 

little change in the collection ratio. 

Two effects are believed responsible for the added collection--

a wind and a chinmey effect. Since two different housings have been 

used, with quite different designs, the effects of the wind and the 

housing are somewhat separable. The original housing had short sides 

that were not connected at the corners; enhanced convection due to the 

housing (chimney effect) would be reduced, while wind effects perhaps 

increased. 

Consider first the wind effect. The total vapor flux is given 

by equation (2-10) as 

$ = 
v 

1297.3 D (p - P ) v voo vw 
B 

v 
(2-10) 

B is a measure of the boundary Layer thickness for water vapor. If 
v 

this term is decreased, the water vapor flux is increased. It is 

believed this is essentially the effect of the wind, to shrink the 

boundary layer for water vapor and thus increase the collection rate. 

Best data including both collection rates and wind speeds were obtained 

on San Nicholas Island. These data are presented on the following page 

(Figure 19). The vertical axis, DR, is the ratio of the actual or 

measured collection rate divided by the theoretical collection rate 
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calculated from equation (2-10). The data are partitioned into two sets, 

depending on the temperature difference between the plate and the 

ambient air. The greater temperature difference represents a more 

stable flow past the plate. It can be seen in Figure 19 that the 

increasing wind speed had a greater effect for the smaller temperature 

differences, i.e., the less stable boundary layers. Although the inter

cept for zero windspeed is not one, the figure shows a positive slope 

with increasing windspeed. The intercept is influenced by the effects 

of the plate ends, top, and bottom, and by the chimney effect. 

The bulk of the early data using the original housing design was 

obtained in and around Tucson, usually during times of little or no 

wind. The collection ratio, DR, usually ranged from 1 to 2 with an 

average around 1.2; the higher values occurred during the windier times. 

Thus, the chimney effect did not appear to be significant with the 

original housing design. The newer design, \vith lighter construction, 

has produced much larger values. These are most likely caused by the 

combined effect of cooling of the housing by radiation to the plates 

and the fact that there are two plates fairly close together. Such an 

added convection has the same end result as the wind, a decrease in the 

boundary layer thickness, which in turn, increases the collection rate 

of water vapor. 

The chimney effect should depend on many things. The ambient 

temperature, the plate temperature, the wind, the sun angle with respect 

to which side of the housing it is striking and probably the dew point 

temperature (in that greater differences between the plate and dew point 

temperatures create greater water collection rates and, therefore, the 
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apparent chimney effect is less). An attempt to show the effect is 

presented in Figure 20; the ratio of actual to theoretical collection 

rates, DR, is plotted against the difference between the ambient and 

plate temperatures. Attempts were made to partition the data in terms 

of ambient and plate temperatures, wind speed and dew point temperature; 

however, very little was gained in the further understanding of the 

chimney effect. The positive slope, however, is in agreement with the 

explanation of enhanced convection. 

There is no reason to believe the factors affe~ting the co11ec-

tion of water vapor should not apply equally to other gaseous consti-

tuents. In other words, the resulting condensate concentration should 

be"unaffected. In fact, the wind and chimney effects "are advantageous, 

since they promote faster collection of samples. 

Experimentally, no dependence of condensate concentration with 

collection ratio was found. The direct comparison of the method for NH3 

and HN03 with filters presented in Section 5.1 was for a wide range of 

collection ratios, without any deterioration of the comparison. 

5.5. Sensitivity to Changes in Plate 
and Dew Point Temperatures 

Determination of the atmospheric concentration of a gas from 

the condensate concentration via equation (2-18) requires knowledge of 

several constant terms along with the air temperature, plate temperature 

and dew point temperature. Measurement errors in determining the three 

temperatures could be as critical as errors in the chemical analysis of 

the condensate. In the case of the air temperature measurement, errors 
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would affect the B term in equation (2-18). These changes are very 
v 

small, about a 2% change for a SoC change in air temperature. 

For the case of plate and dew point temperatures there is more 

reason for concern. In equation (2-18) 
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= 
C Dv BG (pvoo - pvw) 

DG Bv 
(2-18) 

the major term is (p - p ). P'KY> is determined from the dew point 
'. voo vw .-

temperature, while p is determined from the plate temperature. Small vw 

changes in these can have fairly large effects on the computed air con-

centration. The other terms, including Bv ' BG, Dv ' DG, change very 

little with a change in plate temperature. The changes in the normalized 

condensate concentration of some substance, resulting from error in the 

plate and dew point temperatures, are presented in Figures 21 and 22, 

respectively. The individual lines labelled with ~T = 4, etc., represent 

the difference in dew point and plate temperature assumed error-free. 

As an example of the use of the figures, consider the following condi-

tions. If the measured difference in plate and dew point temperature 

is SoC, and there is a +O.SoC error in the measurement of the plate 

temperature, the normalized air concentration would be 0.91, i.e., the 

actual air concentration is 9% lower than that computed. In comparing 

the two figures it can be seen that a positive error in the dew point 

temperature and a positive error in the plate temperature will have 

effects in the opposite direction. Therefore, for +O.SoC errors in 

both temperatures, the two effects nearly cancel; the resulting unit 
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concentration is about 1.03, i.e., the actual air concentration is 3% 

higher than that computed. 

5.6. Film Temperature Calculation 

Since the plate temperature, not the film temperature, is 

monitored, it is important to determine if there is any difference 

between the two. The calculation of the film thickness can be done 

for individual cases (see Rohsenow and Choi, 1961); however, it is not 

necessa.ry, since an upper and lower limit on film thickness is easy to 

estimate. 

Equating latent heat released by the condensation to the rate 

of heat flow across the film, one obtains: 

(~~) film = 
L x (Collection rate) 
v of \oJater vapor 

(5-1) 

A linear temperature profile in the condensate layer, a film thickness, 

Of' and a total plate area, A, yields: 

(
T - T ) AK F w 

w of = L M 
v 

(5-2) 

where Kw is .the thermal conductivity of water, TF is the film surface 

temperature, Tw is the plate temperature, and M is the collection rate 

of water vapor. With the appropriate constants, taking the area of the 

2 -3 -1 plate to be 900 cm and the collection rate to be 2.75 x 10 g s 

(10 g hr- l ), which is a typical value, equat~on (5-2) becomes 

fiT film = 
2 

1.31 x 10 Of (5 -3) 



where ~Tfilm = TF - Tw' and of is in meters. From observation, the 

condensate layer on the plates has a thickness of less than 1 rnm. 
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Table 3 gives a range of thicknesses from 0.25 to 2.5 mm and the 

corresponding temperature difference. The results show that the error 

in assuming the plate and film temperatures equal is negligible. Even 

at 2.5 mm thickness an error in 0.3°C in the plate temperature measure

ment would result in only a 5% error in the determination of an atmo

spheric concentration (from Figure 21). 
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Table 3. Difference Between Condensate Film and Plate Temperature. 

Film Thickness em) 

-3' 
0.25 x 10 

-3 
0.50 x 10 

-3 
0.75 x 10 

-3 
1.00 x 10 

-3 
1.50 x 10 

-3 
2.00 x 10 

-3 
2.50 x 10 

Temperature Difference COC) 

0.033 

0.066 

0.098 

0.131 

0.196 

0.262 

0.328 



CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK 

The condensate method has proved to be a sensitive, straight

forward and inexpensive procedure for the sampling of atmospheric trace 

gases. The major advantage is the ability to sample many reactive trace 

gases simultaneously under controlled, uncontaminated conditions. The 

products of sampling are aqueous solutions with concentrations well 

above the limit of detection of most components under most conditions 

in the unpolluted troposphere. The collection of particulates is 

usually negligible when compared to the collection of gases. The method 

has its greatest usefulness when sampling highly soluble or moderately 

soluble gases; discrimination against poorly soluble gases is consider

able. Fortunately, most highly reactive trace gases of importance in 

the atmosphere are either highly or moderately soluble. 

Comparison with existing methods is difficult; most do not have 

the sensitivity of the condensate method. TWO, however, are relatively 

well established; these are the filter methods for HN03 and NH 3. Con

densate collection has been shown to give reasonable agreement with the 

results of these methods. Comparison with typical values obtained by 

others was also satisfactory. In the future, more direct comparisons 

for other trace gases should be done to further substantiate the method. 

The results presented for the areas surrounding Tucson were an 

attempt to determine Southwest U.S.A. background concentrations for the 

7S 
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various trace gases. In many cases these are the first data for rela

tively unpolluted conditions. Much more work is required to understand 

the significance of the temporal variations observed. 

In highly polluted environments, the condensate method may have 

some difficulties. The contribution of particles would have to be con

sidered as would hydrolysis of substances such as peroxyacetyl nitrate 

(PAN) in the condensate. The method is, by its nature, unable to 

distinguish between compounds in the air and other substances that pro

duce these compounds upon hydrolysis or reaction in water. Hydrolysis 

only affects certain reactive organic molecules; reactions such as the 

one between S02 and H202 could affect either organic or inorganic mole

cules. The similarity of the concentrations obtained here to those 

elsewhere suggests that hydrolysis or reaction is not a serious problem 

for the relatively unpolluted environment; much further work remains 

before this can be proved. 

Sampling by the condensate method has been performed for several 

years and during this time there have been many improvements in design. 

However, more are still to be made. The measurement of temperatures, 

especially that of the plate and dew point, needs to be improved. 

Originally all temperatures were measured with thermometers; the dew 

point was determined from the wet-bulb temperature. More recently, the 

plate and air temperatures are measured with thermistors, and a similar 

method for measuring the dew point is being considered. Electronic 

temperature measurement would make possible automated collection. 

Further work is needed to understand the collection rate for 

water vapor. Although there is a sometimes considerable discrepancy 
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in the predicted and actual collection rate of water vapor, it does not 

appear to influence the deduced atmospheric concentration of trace gas. 

Nevertheless, it is still important to resolve this discrepancy to 

provide a better understanding of the theoretical aspects. The wind 

and chimney effects, as discussed, are the most likely contributors to 

the added collection; however, further work to better show these effects 

is required. 

The condensate method has been shown to be a viable air sampling 

tool; however, there is one feature that may further increase the signifi

cance of the method. The growth of cloud droplets is also a condensation 

process; it may be that the condensation collection method is a reason

able approximation to the condensation process in cloud droplets. Much 

may be inferred from condensate concentration regarding the relative 

chemical composition of cloud droplets and cloud air. In situ chemical 

production in droplets may be simulated by in situ production in the 

condensate. This application of the method may eventually prove to be 

as important as its use in air sampling. 

The use of the condensate method to determine as many of the 

trace gases in the atmosphere as possible will be continued. Detection 

of these gases in many cases is limited by the chemical analysis at the 

extremely low levels in the condensate. The importance of the method 

should increase as analytical procedures improve. 



APPENDIX A 

HEAT TRANSFER PROBLEM FOR A VERTICAL FLAT PLATE 

Consider a vertical flat plate. When cooled, a free convection 

boundary layer of thickness 0T is formed as in Figure 23. The velocity 

at the wall is zero if one assumes a no-slip condition; it increases 

to some maximum value and then decreases to zero at the edge of the 

boundary layer. 

To analyze the heat-transfer problem the differential equation 

of motion for the boundary layer is needed. With coordinates chosen 

as shown, equating the sum of the external forces in the x-direction 

to the change in momentum flux through the control volume dxdy, results 

in 

au 
- + 
i)x 

v aUI 
ay) = (A-I) 

where -pg represents the weight force exerted on the element. The pres-

sure gradient in the x direction results from the change in elevation 

up the plate; therefore, 

~ = -poog ax 

If a volume coefficient of expansion, S, is defined as 

S = i (;i) = 
p 

1 (~) 
P T - Too 
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(A-2) 

(A-3) 
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y 

x 

~------~T--------~ 

Figure 23. Coordinate System for Heat Transfer Problem. 
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the equation of motion for the boundary layer becomes: 

( au au) p u - + v-ax ay = (A-4) 

Note that the solution for the velocity profile requires knowledge of 

the temperature distribution. To obtain the temperature distribution 

the energy equation for free convection is needed. 

Consider an elemental control volume as in Figure 24. If 

(1) incompressible steady flow, (2) 'constant viscosity, thermal conduc-

tivity, and specific heat and (3) negligible heat conduction in the 

direction of flow (x direction) is assumed, the energy balance may be 

written 

[(energy convected in top face) + (energy convected in left face) 

+ (heat conducted in left face) + (net viscous work done on element)] 

= [energy convected out bottom face) + (energy convected out 

right face) + (heat conducted out right face)] 

The viscous work term is computed as the product of the net viscous-

shear force and the distance this force moves in unit time, or 

(A-S) 

Writing the energy balance equation, neglecting second-order 

differentials and using the continuity equation dU/aX + dV/dY = 0 

yields 



aT 
·k dx ay 

pvcpTdx 

PCpU Tdy 

~T 
dx 

~l~ 

1 
Figure 24. Elemental Control Volume for Heat Transfer Problem. 

81 
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( aT aT) pc u - + v-p ax ay (A-6) 

The second term on the right-hand side, the viscous work term, 

is important only at high velocities since its magnitude will be small 

compared to other terms when low-velocity flow is studied. The result-

ing energy equation is then 

( aT aT) pc u - + v-
p ax ay = (A-7) 

To solve the equations (A-4) and (A-7), the integral method 

is used. From equation (A-4), since v is assumed to be zero, 

= aul JOT -lJ -I + pgB (T - To,) dy 
ay y=O 0 

(A-8) 

The functional forms of both the temperature and velocity 

distribution must be known in order to arrive at the solution. The 

following conditions apply to the temperature distribution: 

T = Tw at y = 0 

T = Too at y = °T (A-g) 

aT 
0 at °T dY = Y = 

The simplest type of function to satisfy these conditions is a second-

order polynomial. Starting with a solution of the form T 

the resulting temperature distribution is , 

2 
= a + by + cy 
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T - T 
00 

(A-IO) T - T w 00 

For the velocity profile, the boundary conditions are 

u = a at y = a 

u = a at y = °T (A-ll) 

au a at °T -= Y = ay 

A fourth condition is obtained from (A-4) by noting that 

H. a2u gS (T - T ) a at y a --+ = = p ay2 w 00 

Since \) = ].lIp, this condition can be written as 

at y = a (A-12) 

It is assumed that the velocity profiles have geometrically similar 

shapes at various distances down the plate. The conditions are satis-

fied by the product of a third order polynomial in y and an arbitrary 

function of x: 

u = (a + by + cy2 + dy3) f(x) (A-l3) 

Applying the four boundary conditions results in the following equations, 

a = (a) f(x) (A-14) 

a = (a + bo + co 2 + do 3) f(x) (A-IS) 

a = (b + 2co + 3do 2
) f(x) (A-16) 

(Tw - Too) (2c) f(x) (A-17) -gS = \) 



From equation (A-14), a = a and from equation (A-17), 

c = -g(Tw - Toc) /2vf(x) 

Substituting these results into equations (A-IS) and (A-16) results in 

a = {bO - [g8(Tw - Toc,)/2vf(x) ]0 2 + doS} f(x) 

a = {b - [g8(Tw - Too)/Vf(x)]o + 3d0 2
} f(x) 
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Multiplying the second equation by 0 and subtracting the two results in 

d = 
g8 (Tw - Too) 

4vf(x) 0T 

. and substitution into the second equation leaves . 

The solution for u becomes 

u 
f(x) 

which may be rewritten as 

b = 
g8(T - T )OT w 00 

4vf(x) 

(A-IB) 

The term in the curly brackets may be incorporated into the arbitrary 

function f(x) resulting in a final expression of the form 
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(A-19) 

The next step is to substitute (A-lO) and (A-19) into (A-8) and 

the integral form of (A-7) to obtain expressions for 0T and f(x) , From 

equation (A-7) the integral energy equation is, again taking v = 0, 

= ClT\ 
-a. Cly y=O (A-20) 

k where a. = ---, Substituting the velocity and temperature distributions 
pCp 

(A-lO) and (A-19) into (A-8) and (A-2l) and carrying out the integrations 

and differentiations yields 

1 d 2 1:) 
105 dx (f Cx)uT 

= 1.. gS (T - T ) ° _ "f(x) 
3 w 00 T 0T 

20. 
= 

°T 

The following functional forms are assumed: 

Substitutions into equations (A-2l) and (A-22) leads to 

2" = 

(A-21) 

(A-22) 

(A-23) 

(A-24) 

(A-25) 

CA-26) 



Carrying out the differentiation results in 

2m+n C 2 C 
105 1 2 

2m+n-l 
x 

vC 1 m-n -x 
C2 
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(A-27) 

(A-28) 

For the equations to be valid for any x, the exponents of x must be the 

same for each equation; therefore, 

2m + n 1 = m - n = n 

m + n 1 = -n 

from which m = ~ and n =~. Substitution of these values into equations 

(A-27) and (A-24) leaves the following: 

= 1.. g8 (T - T ) C x~ 3 w 00 2 (A-29) 

2a -~ = - x 
C2 

(A-3~) 

These equations can be solved for Cl and C2. From equation (A-3D), 

Cl = 80a/C2
2 • Substitution of this result into equation (A-29) yields 

80a ~ C"3 V x 
2 

Simplifying the various terms and regrouping results in 

= 180a2 (20 + ~I /1.. g8 (T - T )] ~ L 21 a) 3 w 00 

(A-3l) 

(A-32) 



which can be rewritten as 

= 

The term via is the Prandtl number (N ) for air. Substitution of pr 

B7 

(A-33) 

(A-33) into the resulting expression for CI from equation (A-3D) yields 

= [ ( \ -~ (gS (T - T ) 1 ~ ( )] 
BOa 3.93- 2 ~~ + ~J ~2 <Xl) ~ (A-34) 

which simplifies to 

= (A-3S) 

Substitution of CI and C2 into equations (A-23) and (A-24), 

respecti vely, results in the final expressions for f(x) and 0T. 

f(x) = (A-36) 

= (A-37) 

These expressions, used in equations (A-IO) and (A-19), give the tempera-

ture and velocity profiles for free-convection on a vertical flat plate. 

Substitution for S into equations (A-36) and (A-37) results in 
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f(x) CA-38) 

CA-39) 



APPENDIX B 

MASS TRANSFER PROBLEM FOR A VERTICAL FLAT PLATE 

Consider again the vertical flat plate as in Appendix A. 

Include now a solute gas (Component A). The concentration of the 

solute gas is PAw at the plate surface and PAoo at distances far from 

the plate. The solution to this problem is identical to the heat 

transfer problem so it will be only outlined here. 

The integral form of the equation of motion in the boundary 

layer for low solute gas concentrations in the air is 

d JtS dx m pu 2 dy = 
o 

where the volume expansion coefficient, Be' is given by 

= 
1 
P 

(B-1) 

(B-2) 

and tS is the gas density boundary layer thickness. The integral form 
m 

of the energy equation is 

= 

89 

OPAl -D-
ay y=O 
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Equations (B-1) and (B-3) are identical to equations (A-8) and 

(A-20) except the thermal diffusivity for air is replaced by the molecu-

lar diffusivity of the gas and the air temperatures are replaced by the 

gas densities. Proceeding as before, the following conditions apply to 

the gas density distribution: 

PA = PAw at y = 0 

PA = P Aco at y = 0 (B-4) m 

dPA 
0 at 0 ay = y = m 

The resulting gas density distribution has an identical functional form 

as the temperature distribution, 

= (B-5) 

The velocity distribution is identical to equation (A-19) 

except that 0T is replaced by om: 

(B-6) 

Substitution of this expression and equation (B-5) into equations (B-1) 

and (B-3) results in 

= 

= 
2D 
is m 

(B-7) 

(B-8) 



The functional forms assumed before are used: 

F(x) Bl x 
m 

= 

0 B2x n 
= m 

The final solution for F(x) and 0 are: m 

F(x) = 

o (x) 
m = 

Rewriting the volume expansion coefficient, Se' as 

= 

and substituting into equation (B-12) yields 

= 
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(B-9) 

(B-10) 

(B-ll) 

(B-12) 

(B-13) 

The quantity v/D is referred to as the Schmidt Number (Nsc) and will 

vary depending on the gas in question. Since P
oo 

~ Po' then 

= = 

and equation (B-13) can be rewritten as 



15 (x) 
m 

::: 
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(8-14) 

This expre·ssion is identical in form to equation (A-38) with the excep-

tion of Nand N 
sc pr 



APPENDIX C 

THERMOPHORETIC AND DIFFUSIOPHORETIC VELOCITY 

The derivation of the thermophoretic and diffusiophoretic 

velocities for the case of a vertical flat plate cooled to belm.,. ambient 

and dew point temperatures is an extension of the treatment of Waldman 

and Schmitt (1966). For diffusiophoresis 

(C-l) 

with the diffusion slip factor given empirically by 

= (C-2) 

where A and B are experimentally determined as 0.95 and -1.05, ml , mZ 

are the molecular masses of water vapor and air, dl , dZ are the molecu

lar diameters of water vapor and air, 'Y 1) Y 2 are the mole fractions of 

water vapor and air and D is the mutual diffusion coefficient of the v 

two gases. Assuming Yl + Y2 = 1 and substituting appropriate values 

in the expression for 012 results in 

D 
v 

- [1 - 0.302 (l-yl )] l-y ~Yl 
1 
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(C-3) 



It can be shown that 

Y1 = moles of water vapor 1 = moles of moles of ...e... + 1 + 0.622 water vapor air Pv 

For the range of pressures involved a suitable expression 

density of air and the diffusion coefficient, D , is 
v 

P = 
1224.95 

1 + 0.00367T 

0.226 [(T + 273.0)/273.0]1.81 
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(C-4) 

for the 

(C-5) 

(C-6) 

where T is in °c. Substitution of expressions (C-4) , (C-5) and (C-6) 

into equation (C-3) yields 

( 

0.302 1 
- 1 + p

v
(1+0.00367T) + 

761. 79 1 

0.226 (T+273.0)/273.0]1.81 

[

Pv (1 +0. 00 ~6 7T) 
761. 79 + 1 

( 
761. 79 \ -1 

x ~ 1 + (1+0.00367T)P
v
) (C-7) 

The direction the gradient is of interest is the y direction (perpen-

dicu1ar to the plate). 

the gradient becomes 

Both T and P are functions of y; therefore, 
v 
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761. 79 f( 0.00367 ) ClT I Clpl 

( 
761. 79 ) 2 1 ·0 . 0036 7T} Cly + p Clil 

I + (1+0 .00367T) P
v 

(1+0 .00367T) Pv - . - v -

(C-8) 

From equation (A-10) and (B-5) the remaining derivatives can be 

determined: 

aT -2 
(Tw - Too) 

(I - B Yx!:i) Cly = k 
B X4 

T T 

(C-9) 

Clp (p . - P ) 

(I - B Yx!:i) 
v -2 VI'; voo 

ay = J< 
B X4 

(C-IOj 

V V 

Substitution of equations (C-9) and (C-IO) into equation (C-8) and sub-

sequent substitution into equation (C-7) results in the final expression 

for the diffusiophoretic velocity: 

I - p (1 +0 . 0036 7T) 
v 

--'----=7=6-=-1-,. 7:-;9~- + 1 

0.302 O. 226(T;;;3) 1.81 

1523.58 

[

pv (1+0 .00367T) 1] 
x 761. 79 + 

( 
761. 79 2 k 

P (1+0.00367T) + 1 pvx4 (1+0.00367T) 
v 

rr( 0.0036 7T 1 
x ~1+0.00367TJ 

T -T w 00 

BT 

(C-l1) 



= 

For thermophoresis, the velocity is given by 

[1 + A ~ + B i exp(-C ~)].2.(k + Ct ~ kp) 

(1 + 3Cm i) (2k + kp + 2Ct i kp) 

k • - VT 5P 
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(C-12) 

where 2 is the mean free path for air, k and kp are thermal conductivity 

for air and the particle material, R is the radius of the particle, and 

P is the ambient pressure. From Schmitt (1959) 

A = 1. 45 

B = 0.40 

C = 1.0 

and from Brock (1962) 

= 2.5 

The temperature gradient can be evaluated from equation (A-lO). The 

gradient is given"by equation (C-9). Substitution of the constants and 

the expression for the gradient into equation (C-12) results in 

= 

(C-13) 
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