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Abstract

A pyroclastic density current (PDC) is characterized by its strong stratification of particle concentration; it consists of upper

dilute and lower dense currents, which control the dynamics and deposits of PDCs, respectively. To explain the relationship

between the dynamics and deposits for magmatic and phreatomagmatic eruptions in a unified way, we have developed a two-

layer PDC model considering thermal energy conservation for mixing of magma, external water, and air. The results show

that the run-out distance of dilute currents increases with the mass fraction of external water at the source (wmw) owing to

the suppression of thermal expansion of entrained air. For wmw˜0.07–0.38, the dense current is absent owing to the decrease

in particle concentration in the dilute current, resulting in the direct formation of the deposits from the dilute current in the

entire area. These results capture the diverse features of natural PDCs in magmatic and phreatomagmatic eruptions.
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Key Points: 12 

• A two-layer pyroclastic density current model with thermal energy conservation for 13 

mixing of magma, external water, and air is developed. 14 

• In phreatomagmatic eruptions, the upper dilute current flows over longer distances and 15 

the lower dense current tends to be absent. 16 

• Our results explain the diverse features of the dynamics and deposits of natural 17 

pyroclastic density currents in a unified way. 18 
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Abstract 20 

A pyroclastic density current (PDC) is characterized by its strong stratification of particle 21 

concentration; it consists of upper dilute and lower dense currents, which control the dynamics 22 

and deposits of PDCs, respectively. To explain the relationship between the dynamics and 23 

deposits for magmatic and phreatomagmatic eruptions in a unified way, we have developed a 24 

two-layer PDC model considering thermal energy conservation for mixing of magma, external 25 

water, and air. The results show that the run-out distance of dilute currents increases with the 26 

mass fraction of external water at the source (𝑤mw) owing to the suppression of thermal 27 

expansion of entrained air. For 𝑤mw~0.07– 0.38, the dense current is absent owing to the 28 

decrease in particle concentration in the dilute current, resulting in the direct formation of the 29 

deposits from the dilute current in the entire area. These results capture the diverse features of 30 

natural PDCs in magmatic and phreatomagmatic eruptions. 31 

Plain Language Summary 32 

Explosive volcanic eruptions eject a mixture of volcanic particles and gas (i.e., magma) from the 33 

vent and form eruption columns, which can collapse and propagate along the ground surface as a 34 

pyroclastic density current (PDC). The dynamics and deposits of PDCs are extremely diverse 35 

depending on the amount of external water (e.g., groundwater, lakes, and oceans) that mixes with 36 

magma. To explain the diverse features of the dynamics and deposits of PDCs for various 37 

amounts of external water, we have developed a two-layer model for stratified PDCs considering 38 

thermal energy conservation for mixing of magma and external water. The two-layer model 39 

successfully reproduces the dynamics and deposits of PDCs with strong stratification of particle 40 

concentrations in a unified way. The results show that the run-out distance of upper dilute 41 

currents increases with the increasing amount of external water. For a relatively small amount of 42 

external water, the lower dense current tends to be absent, resulting in the direct formation of the 43 

deposits from the dilute current in the entire area. These model predictions are useful to mitigate 44 

the diverse hazards caused by natural PDCs under various geological conditions. 45 

1 Introduction 46 

During explosive volcanic eruptions, a mixture of volcanic particles and gas ejected as an 47 

eruption column from the volcanic vent can collapse and propagate along the ground surface as a 48 
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pyroclastic density current (PDC). The dynamical features of PDCs are highly variable because 49 

they are controlled by the eruption conditions, physical processes of PDCs (e.g., particle 50 

sedimentation, ambient air entrainment, and thermal expansion of entrained air), and topography 51 

(e.g., Dufek, 2016; Lube et al., 2020). These factors cause PDCs to form extremely diverse 52 

deposits (e.g., Fisher & Schmincke, 1984; Cas & Wright, 1987; Branney & Kokelaar, 2002; 53 

Sulpizio et al., 2014). 54 

The effect of external water (e.g., groundwater, lakes, and oceans) on eruption styles 55 

(magmatic vs. phreatomagmatic eruptions) is a key factor leading to the diverse distribution and 56 

sedimentary structures of PDC deposits. Magmatic eruptions produce the PDC deposits with 57 

high temperatures of ~700– 1200 K, whereas phreatomagmatic eruptions produce those with 58 

low temperatures of ~300– 700 K (e.g., Koyaguchi & Woods, 1996; Trolese et al., 2017, 2019). 59 

The experimental and numerical simulations of PDCs (Ishimine, 2005; Andrews, 2014; Esposti 60 

Ongaro et al., 2016) suggested that the run-out distance of PDCs (i.e., the length of PDC 61 

deposits) increases as the source temperature decreases (i.e., the water:magma mass ratio 62 

increases). For phreatomagmatic eruptions, single PDC deposits can have spatial variation in 63 

sedimentary structures from poorly sorted massive facies to well sorted (cross-)stratified facies, 64 

as seen in base surge deposits (e.g., Wohletz & Sheridan, 1979). Understanding these diverse 65 

features of the dynamics and deposits of PDCs for magmatic and phreatomagmatic eruptions in a 66 

unified way is one major volcanological subject. 67 

The relationship between the dynamics of PDCs and their deposits is not straightforward. 68 

The major difficulty comes from the fact that PDCs generally have strong stratification in terms 69 

of particle concentration (e.g., Branney & Kokelaar, 2002). Stratified PDCs comprise two main 70 

regions; an upper thick region of low particle volume fractions (≲ 10−2) and a lower thin region 71 

of high particle volume fractions (~0.5). The upper dilute region behaves as a dilute turbulent 72 

suspension current that is controlled mainly by settling of particles, entrainment of ambient air, 73 

and thermal expansion of entrained air (e.g., Andrews & Manga, 2012). Through these physical 74 

processes, the dilute region partially becomes buoyant and lifts off the ground, which can control 75 

the run-out distance of the whole PDCs (e.g., Bursik & Woods, 1996; Dade & Huppert, 1996). 76 

On the other hand, the lower dense region behaves as a fluidized granular current that is 77 

controlled mainly by particle–particle and gas–particle interactions, frictional interaction 78 
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between the current and the ground, and deposition at the base (e.g., Roche et al., 2010; Lube et 79 

al., 2019). The region directly affects the features of PDC deposits (e.g., sedimentary structure; 80 

Branney & Kokelaar, 2002). 81 

To describe the global features of stratified PDCs and their deposits, numerical two-layer 82 

depth-averaged models have been developed (e.g., Doyle et al., 2008; Kelfoun, 2017; Shimizu et 83 

al., 2019). In the two-layer models, the continuous stratification of particle concentration and 84 

density in PDCs is modeled as upper and lower depth-averaged layers coupled through mass and 85 

momentum exchanges on the basis of the idea that the two regions in PDCs are controlled by 86 

different physical processes. This paper extends a two-layer model for large-scale PDCs in 87 

magmatic eruptions (Shimizu et al., 2019) to both magmatic and phreatomagmatic eruptions. 88 

The new model provides a theoretical framework for understanding the relationship between the 89 

diverse features of the dynamics and deposits of large-scale PDCs for magmatic and 90 

phreatomagmatic eruptions in a unified way. 91 

2 Methods 92 

We develop a two-layer model for large-scale PDCs in magmatic and phreatomagmatic 93 

eruptions by combining the two-layer PDC model of Shimizu et al. (2019) with a 94 

thermodynamical model for magmatic and phreatomagmatic eruptions (i.e., the thermal energy 95 

conservation for mixing of magma, external water, and ambient air in the collapsing eruption 96 

column; Koyaguchi & Woods, 1996). The model is designed to describe an axisymmetric PDC 97 

spreading from a collapsing column on a flat ground surface (Figure 1a). The source column 98 

consists of magma (i.e., volcanic particles and gas (water vapor)), external water, and air 99 

entrained into the column. It produces a radial dilute current from the column edge 𝑟 = 𝑟0 at a 100 

constant mass flow rate during time > 0, where 𝑟 is the distance from the center of the column. 101 

Particles settling from the bottom of the dilute current can form a dense basal current (Figure 102 

1b). The deposits progressively aggrade upward from the bottom of the dense or dilute current. 103 

The source conditions of the dilute current are given as follows. Hot fragmented magma 104 

with temperature 𝑇m = 1000 K and water mass fraction 𝑤m = 0.03 mixes with cold external 105 

water with temperature 𝑇w = 273 K and is ejected from the vent; this study considers a wide 106 

range of mass fractions of external water in the mixture of magma and external water (𝑤mw =107 

0– 0.6). The ejected material mixes with ambient air to form a collapsing column (air mass 108 
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fraction at the column edge 𝑛a0 = 0.07), which in turn forms a dilute current. The conservation 109 

of thermal energy between magma, external water, and air at atmospheric pressure gives the 110 

mass fractions of water vapor 𝑛v0 and liquid water 𝑛w0 and the temperature 𝑇0 as a function of 111 

𝑤mw at 𝑟 = 𝑟0 (Figure 1c). As 𝑤mw increases from 0 to ~0.2, 𝑇0 decreases from ~950 to 112 

~373 K (100ºC), 𝑛v0 increases, and 𝑛w0 remains zero, because all the external water mixed with 113 

the magma vaporizes. When 𝑤mw is larger than ~0.2, 𝑇0 hardly changes because 𝑇0 is less than 114 

100ºC and water vapor and liquid water coexist; 𝑛v0 decreases and 𝑛w0 increases as 𝑤mw 115 

increases from ~0.2. The other source conditions of the dilute current (i.e., the thickness ℎ0, 116 

velocity 𝑢0, and column radius 𝑟0) are obtained from the magma discharge rate (𝑀̇m =117 

109  kg s−1), the Richardson number of the dilute current at 𝑟 = 𝑟0 (𝑅𝑖0 = 1), and the aspect 118 

ratio of ℎ0 to 𝑟0 (𝑎0 = 0.2). 119 

The basic equations of the two-layer PDC model developed by Shimizu et al. (2019) are 120 

extended by considering the presence of liquid water in the dilute current with low temperatures 121 

below 100ºC. To obtain the spatiotemporal variation of the mass fraction of liquid water in the 122 

dilute current, the condensation rate of water vapor and the resulting latent heat are considered in 123 

 

Figure 1. Illustration of the two-layer PDC model for magmatic and phreatomagmatic 

eruptions. (a) PDC spreading radially from the collapsing column edge 𝑟 = 𝑟0 over flat 

ground surface. (b) Dilute current (Red) forming a dense basal current (Blue). The deposit 

(Grey) progressively aggrades upward from the bottom of the dense (or dilute) current. (c) 

Source conditions at 𝑟 = 𝑟0 (i.e., temperature 𝑇0 (purple line); mass fractions of water vapor 

𝑛v0 (green dashed line) and liquid water 𝑛w0 (green solid line)) depending on the mass 

fraction of external water in the mixture of magma and external water 𝑤mw. 
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the equation system on the basis of a moist eruption column model (Koyaguchi & Woods, 1996). 124 

Both the dynamics and deposits of two-layer PDCs are strongly controlled by the sedimentation 125 

process characterized by the settling speed of particles at the bottom of the dilute current (𝑊s) 126 

and the deposition speed at the bottom of the dense current (𝐷); our representative simulations 127 

assume 𝑊s = 0.5 m s−1 and 𝐷/𝑊s =  1.22 × 10−3. To investigate the effects of external water, 128 

we perform parametric study for 𝑤mw = 0– 0.6. We also assess the effects of the uncertainties of 129 

other parameters (i.e., 𝑤m, 𝑇m, 𝑛a0, 𝑀̇m, 𝑅𝑖0, 𝑎0, 𝑊s, and 𝐷/𝑊s) on our conclusion. For details 130 

see Supporting Information S1–S3. 131 

3 Results 132 

Representative results for phreatomagmatic eruptions (𝑤mw = 0.3) show that as a dilute 133 

current spreads radially from the column edge 𝑟 = 𝑟0 (Figure 2a and b; Supporting Movie S1), 134 

the mass density of the dilute current decreases through particle settling, air entrainment, and 135 

thermal expansion of entrained air. When the frontal region of the dilute current becomes lighter 136 

than the ambient air to lift off the ground (i.e., a co-ignimbrite ash plume forms), the front of the 137 

dilute current stops spreading and the dilute current converges to a steady state (Figure 2c), 138 

where the sum of the radial mass flux of particles from the front of the dilute current to the co-139 

ignimbrite ash plume and the total particle settling rate at the bottom of the dilute current is 140 

balanced by the radial mass flux of particles from 𝑟 = 𝑟0. The particles settling from the bottom 141 

of the dilute current form the deposits.  142 

The results for phreatomagmatic eruptions have the following two differences from 143 

typical results for magmatic eruptions (𝑤mw = 0; Figure 2d–f; Supporting Movie S2). First, the 144 

lift-off of dilute currents with large 𝑤mw is delayed (i.e., the run-out distance of dilute currents 145 

increases with 𝑤mw; Red curve in Figure 3a). Secondly, for phreatomagmatic eruptions, the 146 

dense current can become absent (i.e., the run-out distance of dense currents decreases as 𝑤mw 147 

increases from 0 to ~0.07, it remains zero for 𝑤mw~0.07– 0.38, and it increases as 𝑤mw 148 

increases from ~0.38; Blue curve in Figure 3a). 149 
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The increase in the run-out distance of dilute currents with 𝑤mw is due to the suppression 150 

of thermal expansion of entrained air and the increase in the mass fraction of liquid water. The 151 

dilute-current density 𝜌 is approximated as 𝑝/((𝑛a + 𝑛v)𝑅𝑇), where 𝑝 is the atmospheric 152 

pressure, 𝑛a and 𝑛v are the mass fractions of entrained air and water vapor, 𝑅 is the gas constant 153 

 

Figure 2. Representative numerical results of a two-layer PDC for phreatomagmatic eruption 

with 𝑤mw = 0.3 at times 𝑡 = (a) 100, (b) 400, and (c) 800 s and those for magmatic 

eruption with 𝑤mw = 0 at 𝑡 = (d) 20, (e) 60, and (f) 300 s. The thickness profiles of the 

dilute current (ℎ(𝑟, 𝑡); red), dense current (ℎH(𝑟, 𝑡); blue), and deposits (𝑧b(𝑟, 𝑡); black) are 

shown. 
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of the mixture of air and water vapor, and 𝑇 is the dilute-current temperature. For large 𝑤mw 154 

(low 𝑇), the dilute current entrains a large amount of air (has large 𝑛a) before 𝜌 becomes smaller 155 

than the ambient air density 𝜌a; consequently, 𝜌/𝜌a is maintained above 1 over long distances 156 

(Figure 4a–c). Furthermore, as 𝑤mw increases from ~0.2, the mass fraction of liquid water 𝑛w 157 

increases (𝑛v decreases; Figure 1c), resulting in the increase in 𝜌/𝜌a and the delay of lift-off of 158 

dilute currents (Figure 4a–c). The delay of lift-off of dilute currents also leads to the decrease in 159 

proportions of co-ignimbrite ash-fall deposits with 𝑤mw (Figure 3d). 160 

The absence of any dense current for 𝑤mw~ 0.07– 0.38 (Grey region in Figure 3a) is 161 

explained by the balance of the particle settling rate at the bottom of the dilute current at 𝑟 = 𝑟0 162 

 

Figure 3. (a) Numerical results of the differences of the steady run-out distances of two-layer 

PDCs from the column radius 𝑟0 as a function of mass fraction of external water 𝑤mw. (b and 

c) Illustrations of two-layer PDCs and their deposits for (b) the case where the dense current 

is present and (c) the case where the dense current is absent. (d) Numerical results of the 

mass fraction of co-ignimbrite ash-fall deposits in the deposits of PDC and co-ignimbrite ash 

plume as a function of 𝑤mw. 
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(𝜙s0𝑊s) and the deposition rate at the bottom of the dense current (𝜙sD𝐷) (i.e., 𝜙s0𝑊s < 𝜙sD𝐷; 163 

Shimizu et al., 2019). In this balance, 𝜙sD and 𝐷/𝑊s are independent of 𝑤mw (Black dashed line 164 

in Figure 4d). Therefore, the condition for the absence of dense currents depends on the solid 165 

volume fraction in the dilute current at 𝑟 = 𝑟0 (𝜙s0); 𝜙s0 decreases as 𝑤mw increases from 0 to 166 

~0.15 owing to the increase in 𝑛v0, and it increases as 𝑤mw increases from ~0.15 owing to the 167 

decrease in 𝑇0 and the increase in 𝑛w0 (Figures 1c and 4d). In the range of 𝜙s0 < 𝜙sD𝐷/𝑊s 168 

(𝑤mw = 0.07– 0.38), the dense current is absent throughout 𝑟 > 𝑟0. Our result is consistent with 169 

previous experimental and numerical studies (Lube et al., 2015; Breard et al., 2018; Valentine, 170 

2020). 171 

Although the above results are quantitatively affected by the uncertainties of parameters 172 

other than 𝑤mw, they are not changed qualitatively (see Supporting Information S2). 173 

 

Figure 4. (a–c) Numerical results of steady-state two-layer PDCs with the mass fractions of 

external water 𝑤mw = 0 (red), 0.1 (pink), 0.2 (orange), 0.3 (green), 0.4 (cyan), 0.5 (blue), 

and 0.6 (purple): (a) Temperature of dilute currents (𝑇(𝑟, 𝑡)); (b) Mass fraction of entrained 

air in dilute currents (𝑛a(𝑟, 𝑡)); (c) Ratio of dilute-current density (𝜌(𝑟, 𝑡)) to ambient-air 

density (𝜌a). (d) Solid volume fraction in dilute currents at 𝑟 = 𝑟0 as a function of 𝑤mw (𝜙s0; 

solid curve), compared with 𝜙sD𝐷/𝑊s (dashed line). 
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4 Geological Implications 174 

We have obtained the two fundamental results: the run-out distance of dilute currents 175 

increases as 𝑤mw increases (𝑇0 decreases); the dense current tends to be absent for intermediate 176 

values of 𝑤mw. These results can provide a unified framework for understanding the diverse 177 

features of the dynamics and deposits of PDCs in magmatic and phreatomagmatic eruptions. 178 

The results for cold dilute currents with large 𝑤mw explain the low emplacement 179 

temperatures of PDC deposits for phreatomagmatic eruptions (e.g., Trolese et al., 2017, 2019). 180 

They also explain the long length of PDC deposits (i.e., the long run-out distance of PDCs) for 181 

phreatomagmatic eruptions. It is widely known that the run-out distance of PDCs correlates well 182 

with the magma discharge rate 𝑀̇m (e.g., Shimizu et al., 2019; Giordano & Cas, 2021; Roche et 183 

al., 2021). Roche et al. (2021) analyzed data from some large-scale PDCs to determine the 184 

relationships between the run-out distance and 𝑀̇m and showed that dilute PDCs over water in 185 

phreatomagmatic eruptions (the 161 ka Kos, 7234 BP Koya (unit C3), AD 1883 Krakatau, 2050 186 

BP Okmok II, and Tosu – Aso 4II-1 PDCs) tend to have longer run-out distances than those on 187 

land in magmatic eruptions for a given 𝑀̇m. This tendency can be explained by our results for 188 

large 𝑤mw. 189 

Our results for the presence and absence of dense currents explain diverse sedimentary 190 

structures in PDC deposits for magmatic and phreatomagmatic eruptions. The area where only 191 

the dilute current is present (the dense current is absent) becomes wider as 𝑤mw increases 192 

(Figure 3a). The deposits in the area with the dense current are produced by deposition from the 193 

bottom of the dense current (Proximal area of Figure 3b), whereas the deposits in the area 194 

without the dense current are produced directly by particle settling from the bottom of the dilute 195 

current (Distal area of Figure 3b). Generally, the differences in the flow-particle interactions 196 

within the basal boundary layer between dilute and dense currents explain the wide variety of 197 

sedimentary structures in PDC deposits (Branney & Kokelaar, 2002). Deposition from the 198 

bottom of dilute currents forms (cross-)stratified facies (called “surge facies”) through 199 

alternating series of tractional bedload transport and shifting sandwaves (Brosch & Lube, 2020) 200 

and deposition from the dense current forms massive, poorly sorted facies (called “flow facies”) 201 

due to inhibited traction (Branney & Kokelaar, 2002). Thus, our results for large 𝑤mw explain 202 

the observation that (cross-)stratified facies are widely produced in phreatomagmatic eruptions 203 
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regardless of 𝑀̇m (Wohletz, 1998; Valentine & Fisher, 2000; De Rita et al., 2002). Furthermore, 204 

our results for the absence of dense currents for intermediate values of 𝑤mw (Figure 3a and c) 205 

explain the fact that (cross-)stratified facies are more predominant in dry phreatomagmatic 206 

eruptions (𝑛w0 = 0) than in wet ones (𝑛w0 > 0) (Wohletz, 1998). 207 

5 Conclusions 208 

The present two-layer PDC model evaluates the effect of stratification of particle 209 

concentrations in PDCs and captures the diverse features of PDCs in magmatic and 210 

phreatomagmatic eruptions. The run-out distance of dilute currents for phreatomagmatic 211 

eruptions is longer than that for magmatic eruptions for a given magma discharge rate. For dry 212 

phreatomagmatic eruptions, the dense current tends to be absent and the dilute current directly 213 

forms deposits, explaining the variation of sedimentary structures commonly observed in PDC 214 

deposits. The model is expected to be a useful tool to analyze the dynamics and deposits for 215 

large-scale PDCs in magmatic and phreatomagmatic eruptions in a unified way. 216 
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233 

𝑢0 = {
𝑎0𝑀̇0

2𝜋𝜌0
(

𝜌0 − 𝜌a

𝜌0
𝑔/𝑅𝑖0)

2

}

1/5

, (S20)234 

235 

𝑟0 =
1

𝑎0
{(

𝑎0𝑀̇0

2𝜋𝜌0
)

2

(
𝜌0 − 𝜌a

𝜌0
𝑔/𝑅𝑖0)⁄ }

1/5

. (S21)236 

237 

𝑀̇0 𝑀̇m 𝑀̇0 = 𝑀̇m/𝑚238 
239 

𝑀̇m 𝑤mw 𝑛a0240 
241 

𝑤mw242 
0.05 0 0.6243 

𝑤mw = 0.07 0.38244 
245 

 246 
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247 
248 

249 

𝐶db 10−4

𝐶dc 10−4

𝐶pa 1004 [J kg−1 K−1]

𝐶pv 1810 [J kg−1 K−1]

𝐶pw 4187 [J kg−1 K−1]

𝐶s 1100 [J kg−1 K−1]
𝐹N √2

𝑔 9.81 [m s−2]
𝑝 1.013 × 105 [Pa]
𝑅a 287 [J kg−1  K−1]
𝑅v 462 [J kg−1  K−1]
𝑇a 273 [K]
𝑇w 273 [K]
𝜌s 2600 [kg m−3]
𝜌w 1000 [kg m−3]

250 
251 
252 

253 

𝑤mw  𝑤m  𝑇m [K]  𝑛a0  𝑀̇m 
[kg s−1] 

𝑅𝑖0  𝑎0  𝑊s 
[m s−1] 

𝐷/𝑊s 

1 0– 0.6  0.03  1000  0.07  109  1  0.2  0.5  1.22 × 10−3  
2 0– 0.6  0.06  1000  0.07  109  1  0.2  0.5  1.22 × 10−3  
3 0– 0.6  0.03  800  0.07  109  1  0.2  0.5  1.22 × 10−3  
4 0– 0.6  0.03  1200  0.07  109  1  0.2  0.5  1.22 × 10−3  
5 0– 0.6  0.03  1000  0.01  109  1  0.2  0.5  1.22 × 10−3  
6 0– 0.6  0.03  1000  0.15  10^9  1  0.2  0.5  1.22 × 10−3  
7 0– 0.6  0.03  1000  0.07  107  1  0.2  0.5  1.22 × 10−3  
8 0– 0.6  0.03  1000  0.07  1011  1  0.2  0.5  1.22 × 10−3  
9 0– 0.6  0.03  1000  0.07  109  0.1  0.2  0.5  1.22 × 10−3  
10 0– 0.6  0.03  1000  0.07  109  1  0.1  0.5  1.22 × 10−3  
11 0– 0.6  0.03  1000  0.07  109  1  0.5  0.5  1.22 × 10−3  
12 0– 0.6  0.03  1000  0.07  109  1  0.2  0.005  1.22 × 10−3  
13 0– 0.6  0.03  1000  0.07  109  1  0.2  5  1.22 × 10−3  
14 0– 0.6  0.03  1000  0.07  109  1  0.2  0.5  1 × 10−3  
15 0– 0.6  0.03  1000  0.07  109  1  0.2  0.5  2 × 10−3  

254 

 255 
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𝒘𝐦𝐰256 

257 
𝑤mw258 

259 
260 
261 

𝑤m = 0.03– 0.06262 
𝑇m = 800– 1200 K263 

𝑛a0 = 0.01– 0.15 𝑀̇m = 107– 1011  kg s−1264 
𝑅𝑖0 = 0.1– 1265 

𝑎0 = 0.1– 0.5266 
𝑊s = 0.005– 5 m s−1267 

𝐷/𝑊s =268 
1 × 10−3– 2 × 10−3269 

270 
271 

𝑤mw272 
𝑤mw273 

274 
275 

𝑤mw 𝑤m 𝑇m 𝑛a0 𝑀̇m 𝑊s 𝐷/𝑊s276 

𝑇m 𝑊s 𝑀̇m277 
𝑤mw278 

𝑤m 𝑇m 𝑛a0 𝑀̇m 𝑊s 𝐷/𝑊s 𝑤mw279 
𝑤m 𝑇m 𝑛a0 𝐷/𝑊s280 

281 
𝜙s0 𝑤mw282 

𝐷/𝑊s 𝜙s0283 
𝜙s0 𝑤m 𝑇m 𝑛a0284 

𝑊s 𝐷/𝑊s 𝑤mw285 
𝑤mw286 

𝑤mw287 
𝑊s 𝐷/𝑊s288 

𝑛w0 = 0289 
𝑛w0 > 0290 

𝑊s 𝐷/𝑊s291 
𝑊s292 

𝐷 𝑤mw293 
 294 
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295 

296 
𝑟0297 
𝑤mw298 

𝑤m = 0.03299 
0.06 𝑇m = 1000300 

800 1200 K301 
𝑛a0 = 0.07 0.01302 

0.15 𝑀̇m = 109303 
107 1011  kg s−1304 

𝑊s = 0.5305 
0.005 5 m s−1306 

𝐷/𝑊s = 1.22 × 10−3307 
1 × 10−3 2 × 10−3308 

 309 
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310 

311 

312 
𝜙s0313 

𝑤mw 𝜙sD𝐷/𝑊s314 
𝑤m = 0.03 0.06315 

𝑇m = 1000 800316 
1200 K317 

𝑛a0 = 0.07 0.01318 
0.15319 

𝐷/𝑊s = 1.22 × 10−3320 
1 × 10−3 2 × 10−3321 

 322 
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323 

𝑎

𝑎0 ℎ0 𝑟0

𝑐 kg m−2 s−1

𝐶d

𝐶p J kg−1 K−1

𝐶s J kg−1 K−1

𝐷 m s−1

𝐸
𝐹N

𝐹𝑟
𝑔 m s−2

ℎ m
𝐿 J kg−1

𝑚

𝑀̇ kg s−1

𝑛
𝑝 Pa
𝑟 m
𝑅 J kg−1 K−1

𝑅𝑖
𝑡 s
𝑇 K
𝑢 𝑟 m s−1

𝑤

𝑤m

𝑤mw

𝑤v

𝑊s m s−1

𝑧 m
𝜌 kg m−3

𝜙s

a
b
c

D
f
g
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H
m
min
mw
N
s
sat
v
w
0

324 
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326 

327 
𝑤mw = 0.3328 

ℎ(𝑟, 𝑡) ℎH(𝑟, 𝑡) 𝑧b(𝑟, 𝑡)329 
330 

331 
332 

𝑤mw = 0333 
ℎ(𝑟, 𝑡) ℎH(𝑟, 𝑡) 𝑧b(𝑟, 𝑡)334 

335 
336 


