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Analysis of Pollutant-Gas-Rainout and Cloud-Droplet-Acidification
Characteristics in Air Parcel by Mathematical Model
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ABSTRACT; It is well known that quality of rainwater (e.g., acidity) is dependent on the chemical
substances which originate from such scavenging processes in the atmosphere as rainout (in-cloud) by
cloud droplets and washout (below-cloud) by rain drops. Rainout plays an important role in the
acidification of rainwater, as the first stage of scavenging process. However, characteristics of rainout
process have not been made clear yet both theoretically and experimentally, because the accurate field data
on cloud droplet quality are quite scarce. In order to estimate the nonsteady acidification of cloud droplets
and the contribution of rainout to acid rain formation, the cloud droplet acidification caused by absorption
of SO,(g), H,0,(g) and HNO,(g) is investigated numerically, using a mathematical model based on the
physicochemical considerations. The cloud droplet acidification process are implemented by lumped
differential equations. From the numerical results it is concluded that: (1) the dominant species for the
acidification in the cloud droplets is changeable as HSO;™ in very early period, and then NO; during next
three hours, and thereafter SO,”; (2) droplet-phase oxidation of HSO; plays an important role for droplet
acidity, even in the case that strong acidifier of HNO,(g) coexists; and (3) even after one-day rainout
most of SO,(g) remains in the air-phase, but most of HNO,(g) is consumed within one-minute rainout.
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Cloud Droplet (Microreactor)

Air Parcel Composed of Cloud Droplets and Air

Figure 1. Schematic Diagram of Air Parcel as Mixed-Phase Composite Reactor.
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Table 1. Liquid-Phase Chemical Reactions in Cloud Droplets.

1. Dissociation of Sulfur Dioxide

SOy(g) + Hy0 = SOz(aq)  (Hy) (1)

SO,(aq) & HSO; +HY  (K;) 2)

HSO; = S03™ + HY  (Ka) (3)
2. Dissociation of Hydrogen Peroxide

HNOj3(g) + HoO(ag) = HNOs(aq)  (Hs) (4)

HNOj(aq) = NO7 + H*  (Ks) (5)
3. Dissociation of Nitric Acid

Hy05(g) + HoO = HyOq(aq) (Hs) (6)

Hz02(aq) = HOy + HY + H2O (Ks): (7)

4. Oxidation of Bisulfite Ion
HSO3 4 Hy04(aq) — SO5™ + 2H,0 + HT (k* = k[H™]) (8)

H, is distribution coefficient; K, is dissociation constant; and k is reaction constant.
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- Table 2. Governing Equations in Mixed-Phase Air Parcel Model of Rainout.

1. Drop-Phase Equation for Cp,

dc, 3 C
dth = Ry + Z;kc(cck — -,’,{ka) (9)

2. Air-Phase Equation for Cgy

dCGk Qe .\ 3 3 CLk
1 7 5 Fe(Co—77)

= Rax — N ( (10)

Rk and Rgy are liquid-phase reaction term and gas-phase reaction term, respectively; N is
number density of cloud droplet; a, is equilibrium droplet radius; R is sphere-equivalent radius
of air parcel; and kg is gas-phase mass transfer coefficient.

Table 3. Definition of Concentrations and Reaction Terms in Governing Equations.

1. Definition of Concentrations
( Cr1, CL2, Cis, Cra, Cis, CLs, Cr1, Crs, Crg, )
| = ( [SO2(aq)], [HSO3], [SO37], [SO%7], [H2O2(aq)], [HT],

[HO;], [HNOs(aq)], [NO5] ) (11)

( Ce1, Coz, Cas ) = ( [SOa(g)], [Ha02(g)], [HNOs(g)] ) (12)
2. Drop-Phase Reaction Terms

Rpi = —k14+CL1 + k1-Cr2Cle (13)
Rr2 = k1+CL1 — k1-Cr2CLs — k2+.Crz2 + ka2—CL3ClLs . (14)
Ryz = kg Cra — ky_Cr3Clg (15)
Rp4 = kCreCraCls (16)
Rys = —ksCrs + ks _Cp7CLs — kCr6CLaClLs (17)

Rps = k14CL1 — k1-C12CLs + k24 Cr2 — ka—CraCle + k54 CLs — ks CLrCle

+ks+Crs — ks—CroCls + kCLeCrL2CLs (18)
Ryr = ks Crs — ks_CL7ClLg (19)
Rypg = —kg4Crg + ks-C1oClLe (20)
R = ks+CLs — ks—CLoClLs (21)

3. Air-Phase Reaction Terms
RGx == 0 (22)
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Figure 2. Concentrations of Chemical Species in ~ Figure 3. Concentrations of Non-dissociated

Cloud Droplet. Gases in Cloud Droplet.
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Figure 4. Contributions of S(4), S(6) and N(5) Figure 5. Consumptions of Pollution Gases in
to Cloud Droplet Acidity. Air Parcel.
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