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Abstract  8 

Subglacial volcanism generates proximal and distal hazards including large-scale 9 

flooding and increased levels of explosivity. Direct observation of subglacial volcanic 10 

processes is infeasible; therefore, we model heat transfer mechanisms during 11 

subglacial eruptions under conditions where cavities have become depressurized by 12 

connection to the atmosphere. We consider basaltic eruptions in a water-drained, low 13 

pressure subglacial cavity, including the case when an eruption jet develops. Such 14 

drained cavities may develop on sloping terrain, where ice may be relatively shallow 15 

and where gravity drainage of meltwater will be promoted. We quantify, for the first 16 

time, the heat fluxes to the ice cavity surface that result from steam condensation 17 

during free convection at atmospheric pressure and from direct and indirect radiative 18 

heat transfer from an eruption jet. Our calculations indicate that the direct radiative 19 

heat flux from a lava fountain (a “dry” end-member eruption jet) to ice is c. 25 kW m
-2

 20 

and is a minor component. The dominant heat transfer mechanism involves free 21 

convection of steam within the cavity; we estimate the resulting condensation heat 22 

flux to be c. 250 kW m
-2

. Absorption of radiation from a lava fountain by steam 23 

enhances convection but the increase in condensing heat flux is modest at c. 25 kW m
-

24 

2
. Overall, heat fluxes to the ice cavity surface are likely to be no greater than c. 300 25 



   2 

kW m
-2

. These are comparable with heat fluxes obtained by single phase convection 26 

of water in a subglacial cavity, but much less than those obtained by two-phase 27 

convection.  28 
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1.   Introduction 29 

Subglacial eruptions where magma has fragmented by explosion or granulation are 30 

often characterized by the rapid release of large quantities of meltwater and, on many 31 

occasions, by penetration of the overlying ice sheet or glacier ice to become subaerial 32 

[Gudmundsson, 2005].  Rapid release of meltwater has the potential to damage 33 

infrastructure in its path.  In addition, the meltwater flow may mobilize volcanic 34 

sediments to generate lahars with potential for both infrastructure damage and loss of 35 

life [Major and Newhall, 1989]. 36 

 37 

We consider a subglacial fissure eruption in which a connection to the atmosphere 38 

becomes established and where two conditions are met: (1) meltwater drains from the 39 

cavity to allow the development of a vapor-dominated cavity; drainage will be 40 

promoted by steep terrain and/or large diameter meltwater conduits, and (2) the cavity 41 

persists in the face of ductile ice flow that will tend to collapse the cavity; a condition 42 

favored by thin ice, cold (strong) ice and rapid melt back of the cavity walls.  We 43 

discuss this second condition further in Section 5.4. Under these conditions cavity 44 

pressure is low (i.e. near atmospheric), thus explosive activity may be enhanced and 45 

an eruption jet of pyroclasts with varying amounts of steam may develop in the 46 

subglacial cavity.  Magnússon et al. [2012] describe the development of a minor 47 

eruption on slopes south of the summit caldera of Eyjafjallajökull, where the terrain 48 

was steeper and the ice thinner than at the summit region.  Figure 4d in Magnússon et 49 

al. [2012] shows the appearance of a new cauldron that was not present in the 50 

corresponding image taken 38 s earlier.  This earlier image shows a supraglacial 51 

meltwater channel starting some 300 m downslope from where the new cauldron later 52 

appears.  A pair of images taken approximately an hour earlier shows no sign of this 53 
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meltwater channel.  Magnússon et al. [2012] suggest that the subglacial phase of this 54 

minor eruption was liquid-dominated initially but subsequently drained meltwater.   55 

 56 

For basaltic magmas, Wilson et al. [2013] proposed that a water-drained, low pressure 57 

subglacial cavity may be produced if a subglacial sill, growing outwards from a feeder 58 

dyke, reaches the edge of the enclosing ice body.  Drainage of meltwater from the top 59 

of the sill is considered to be sufficiently rapid to allow the top of the sill to 60 

depressurize and undergo explosive fragmentation.  Depressurization propagates 61 

backwards towards the vent, initiating a Hawaiian-style lava fountain that “drills” 62 

through the overlying ice by pyroclast impact up to the unconstrained height of the 63 

fountain.  Melting of the cavity then continues by radiative heat transfer from the lava 64 

fountain [Wilson et al., 2013].  65 

 66 

Figure 1 shows a schematic diagram of a water-drained, low pressure ice cavity 67 

formed during a subglacial fissure eruption and containing an eruption jet.  In this 68 

scenario, we expect the cavity fluid to be at or slightly above atmospheric pressure 69 

with the connection to the atmosphere maintained by the flow of hot meltwater or 70 

steam from the cavity to the edge of the enclosing ice body.  The nature of the 71 

eruption jet will depend on the degree of magma-water interaction within the shallow 72 

volcanic conduit.  For minimal interaction between water and basaltic magma a lava 73 

fountain may become established.  As the extent of magma-water interaction 74 

increases, a lava fountain is progressively transformed to an ash-laden steam jet.  This 75 

behavior is well illustrated around 5 minutes into a video clip of the 1959-1960 76 

Kilauea eruption [YouTube, 2007], where the magma intermittently contacts shallow 77 

groundwater.   The cavity fluid is expected to comprise mainly steam (water vapor), 78 
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sourced from magmatic gas and phreatomagmatic activity.  For the “dry” end-member 79 

case of a lava fountain we envisage that much of the phreatomagmatic steam is 80 

produced by contact of the meltwater rain from the cavity roof onto short clastogenic 81 

lava flows on either side of the lava fountain and by the interaction of hot spatter with 82 

water on the floor of the cavity. The spatter may fragment, cool rapidly and generate 83 

copious amounts of steam.  Any steam generated that is not condensed within the 84 

cavity may be vented out of the cavity.  The presence of an eruption jet is, however, 85 

not necessary for heat transfer from magma to ice within the cavity.  Hot lava or hot 86 

pyroclasts proximal to the vent will drive a free convective circulation that comprises 87 

an ascending limb of steam over the vent together with a descending limb of steam 88 

and water droplets adjacent to the cavity walls, where condensation of steam occurs.  89 

We show in Section 3 that steam condensation is the primary heat transfer mechanism 90 

in water-drained low pressure subglacial eruption cavities. 91 

 92 

In this paper we quantify ice-melt rates during volcanic eruptions within low pressure 93 

subglacial drained cavities and compare the results with other subglacial eruption 94 

scenarios, specifically where the subglacial eruption cavity is filled with liquid water 95 

or steam at or near glaciostatic pressure [Woodcock et al., 2014, 2015].  In particular 96 

we consider (1) direct radiative transfer from the surface of pyroclasts in the outer 97 

envelope of an eruption jet to the walls and roof of the ice cavity, (2) steam 98 

condensation that occurs during free convection within the cavity, and (3) the 99 

possibility that convection may be enhanced by absorption of radiation from the jet by 100 

the steam in the cavity.  In particular we attempt, for the first time, to quantify heat 101 

transfer rates within an idealized model system using published heat transfer methods 102 

to estimate likely heat fluxes.   103 
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 104 

2.   Direct radiative heat transfer 105 

In this section we estimate the heat transfer rate by direct radiative heat transfer 106 

between a linear dyke-fed eruption jet and an overlying ice cavity that is drained and 107 

vented to atmospheric pressure.   We develop a first order conceptual model of the 108 

system to estimate the heat flux on the ice cavity surface.  We focus on lava fountains 109 

here because they are likely to have the highest radiative heat flux. 110 

 111 

2.1. Conceptual model 112 

Figure 2 shows the conceptual model used for the radiation calculations.   For 113 

expediency, we assume an ice cavity at atmospheric pressure that is triangular in cross 114 

section within which a lava fountain extends to the cavity roof.  Both the cavity and 115 

the lava fountain extend along a linear eruption fissure that is long compared to the 116 

height of the cavity.  We model the lava fountain as a vertical planar surface that 117 

radiates in all directions (i.e. as a “diffuse” or “Lambert” surface).  The emissivity of 118 

lava approaches unity [Pinkerton et al., 2002], so the lava fountain surface can be 119 

considered as a black body.  120 

 121 

The assumption of a complete wall of lava (“curtain of fire”) without gaps 122 

overestimates the radiative heat flux, but may be reasonable for the early stages of a 123 

Hawaiian-style fissure eruption.  As the eruption progresses, activity often becomes 124 

localized to discrete locations along the vent [Vergniolle and Mangan, 2000].  For the 125 

analysis of this situation a model with axisymmetric symmetry may be more 126 

appropriate.  127 

 128 
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The direct radiative heat flux from the lava fountain has a strong dependence on the 129 

temperature of pyroclast surfaces that can “see” the ice surface.  Davies et al. [2011] 130 

measured  temperatures of up to 1140 
○
C during thermal infrared (FLIR) observations 131 

of small (2-3 m high) lava fountains from the Erta’ Ale lava lake, although this 132 

temperature must be regarded as an extreme case. For larger lava fountains the heat 133 

lost from pyroclasts by radiation and forced convection as pyroclasts travel through 134 

the fountain may be considerable; thus FLIR-determined temperatures of lava 135 

fountains are generally much lower than those measured at Erta’ Ale.  For example, 136 

Spampinato et al. [2008] recorded lava fountain temperatures of around 700 °C during 137 

the Etna 2002-3 fissure eruption for fountains 100-300 m high erupting along a 1 km 138 

fissure.  Within the “wet” environment of a subglacial cavity, lava fountain 139 

temperatures may be reduced further by magma-water interaction. 140 

 141 

Although clear ice is transparent to visible radiation it is almost opaque to infra-red 142 

radiation [Brandl and Warren, 1993].  Black body radiation at 700 
○
C has a peak 143 

energy wavelength λmax of around 3 µm, with more than 99% of the radiative energy 144 

at wavelengths longer than 1 µm [Incropera and DeWitt, 1996].  Hobbs [1974] 145 

tabulates data on the wavelength-dependent absorption coefficient for ice; these data 146 

show that most of the radiation emitted by the lava fountain will be absorbed in the 147 

first millimetre below the surface of the ice.  Accordingly, we model the ice surface as 148 

a black body at 0 
○
C. 149 

 150 

The base of the cavity may comprise a layer of wet rock or pools of meltwater.  The 151 

water will absorb radiation from the lava fountain, but cannot attain a temperature 152 
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greater than 100 
○
C, the boiling point of water at 0.1 MPa. The cavity base will 153 

reradiate to the ice cavity, but the radiative flux will be small and is neglected. 154 

 155 

The gas in the cavity will comprise a mixture of air and steam at atmospheric pressure.  156 

Dry air is almost transparent to infra-red radiation while steam absorbs infra-red 157 

radiation to some degree. The presence of steam in the cavity will reduce the radiative 158 

flux from the lava fountain to the ice cavity because the steam will absorb some of the 159 

radiation from the lava fountain and re-radiate it at a lower temperature.  In section 2.2 160 

we assume that there is no absorbing medium in the cavity and that the lava fountain 161 

surface can exchange radiation directly with the ice cavity surface. The resulting heat 162 

flux is thus an upper bound on the likely radiative heat flux. 163 

 164 

 165 

2.2. Radiative heat transfer between surfaces 166 

In the absence of an absorbing medium in the cavity, radiation exchange between 167 

surfaces depends on the geometry and orientation of the surfaces as well as the 168 

radiation properties and temperatures of the surfaces.  Geometry and orientation are 169 

accounted for by defining a “view factor”, Fij, which is the fraction of the radiation 170 

leaving surface i that is intercepted by surface j.  In general, the evaluation of view 171 

factors is complex; however Hottel’s “crossed string” method [Hottel and Sarofim, 172 

1967] can be used for surfaces that are long in one direction. 173 

 174 

The net power radiated per unit length from one side of the lava fountain to one half 175 

of the ice surface (both considered to be black bodies) is given by Incropera and 176 

DeWitt [1996]: 177 
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 )( 44

iL TTAFE −= σ             (1) 178 

where σ is the Stefan-Boltzmann constant  (5.67 × 10
-8

 W m
-2

 K
-4

), A is the area of the 179 

lava fountain (= H m
2
 m

-1
), TL and Ti  are the lava and ice absolute temperatures and F 180 

is the view factor of the ice surface from the lava fountain (= 1/√2, see Appendix A).  181 

The surface of the ice exposed to radiation is H√2 m
2
 m

-1
.  The heat flux on the ice 182 

surface is thus given by: 183 

 
2

)( 44

iL TT
Q

−
=

σ
              (2) 184 

For a lava fountain with a mean effective surface temperature of 700 
○
C, the resulting 185 

heat flux is 25 kW m
-2

.  Direct radiative heat fluxes thus appear to be much smaller 186 

than some of the heat fluxes calculated for convective heat transfer in both flooded 187 

and drained cavities [Woodcock et al., 2014; 2015], where heat fluxes of up to 5 MW 188 

m
-2

 are plausible.  We conclude that direct radiative heat transfer is likely to be a 189 

minor ice melting mechanism within drained, low pressure subglacial eruption 190 

cavities. 191 

 192 

3. Steam condensation heat transfer from free convection 193 

3.1  Introduction 194 

In this section, we develop a model for the convection of saturated steam within a 195 

roofed cavity in the absence of an eruption jet. We consider the effect of an eruption 196 

jet on the convection in Section 4.  Condensation is the principal mechanism of heat 197 

transfer from the circulating steam to the sloping ice cavity roof.  The heat flux may 198 

be evaluated using the method used in Woodcock et al. [2015], given a value for the 199 

convective circulation velocity.   200 

 201 
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The condensate and meltwater produced on the ice surface is envisaged to drip from 202 

the ice cavity roof in a rain of droplets.  The presence of these droplets drives the 203 

circulation by density increase and by transferring momentum to the circulation. 204 

 205 

3.2. Model development 206 

Figure 3 shows the elements of the model for the circulation within a prismatic cavity 207 

of triangular cross-section with a height H and a basal half-width bH.  The triangular 208 

shape is chosen for expediency but the model could be generalised for other 209 

geometries.  The circulation comprises an upward flow of steam parallel to the cavity 210 

center line, followed by a return downward flow along the sloping roof of the cavity 211 

(where heat transfer melts ice) followed by a horizontal flow to complete the loop.  212 

The flow is assumed to be confined to a channel of width kH (k < 0.5) that is constant 213 

for the whole of the circulation.  As a starting point, we assume a constant volume 214 

drained cavity, where melt rates are matched to ductile ice creep rates. 215 

 216 

3.2.1  Driving force for circulation  217 

The presence of the droplets in the downward flow increases the density and thus 218 

contributes to the pressure difference that drives convection.  This “droplet density” 219 

ρdr is given by: 220 

    
t

cmw
dr

u

m
=ρ              (3) 221 

where mcmw is the flux of condensate and meltwater in the droplet rain and  ut  is the 222 

average droplet terminal velocity (Appendix B).  The resulting pressure difference is 223 

thus ρdr gH. 224 

  225 
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The motion of the droplets also contributes to the pressure difference that drives 226 

convection.  As droplets fall, they experience a drag force that is equal to their weight. 227 

An equal and opposite force acts on the surrounding steam and this force has a 228 

component in the steam flow direction parallel to the cavity roof.  The resulting effect, 229 

expressed as a pressure, is given by ρdr gH.  The overall “driving” pressure difference 230 

is thus 231 

       drdr gHP ρ2=∆          (4). 232 

 233 

3.2.2  Overall circulation flow  234 

The momentum balance over an element of the flow with height dh, density ρ, 235 

velocity u, and pressure P is: 236 

ududKugdhdP ρρρ ++= 25.0            (5) 237 

where the three terms on the right hand side are the “gravitational,” “frictional,” and 238 

“accelerational” pressure changes, respectively and dK is the loss coefficient [Massey, 239 

1970].  240 

 241 

For the circulation loop within the cavity the net pressure and velocity changes are 242 

zero and the mass flowrate per unit area ρu is constant.  Thus Equation (5) can be 243 

integrated around the circulation loop to give: 244 

       ∫ ∫ =+ 0 1/2 dh   2
dKug ρρ    (6). 245 

The first term comprises the net pressure difference that drives the convective 246 

circulation flow.  This “driving” pressure difference is balanced by the second term: 247 

the pressure loss due to friction and change of direction within the circulation loop.  248 

An expression for this “resisting” pressure difference ∆Pres can be developed by 249 

adapting the expression in Woodcock et al. [2014]; thus  250 
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2

2

1

1

2

5.0
ρρ

KK

kH

m
Pres             (7) 251 

where K1 and K2 are the loss coefficients for the bends in the circulation loop, and ρ1 252 

and ρ2  are the densities at the top and bottom of the upward flow respectively.   253 

The circulation flowrate can be determined by equating the driving and resisting 254 

pressure differences: 255 

    

5.0

2211 //
2 









+
=

ρρ

ρ

KK

gH
kHm dr            (8).  256 

The circulation velocity is used to update the value of the condensing heat flux and 257 

Equation (8) is re-evaluated to convergence.  Fortunately, for the range of circulation 258 

velocities encountered, the heat flux is relatively insensitive to velocity, so satisfactory 259 

convergence can be obtained within one or two iterations. 260 

 261 

3.3. Results  262 

We evaluate Equation (8) using the same conditions as the reference case in Table 1.  263 

The resulting mass flowrate per unit length of cavity is 13.5 kg s
-1

 m
-1

; the 264 

corresponding condensing heat flux is 186 kW m
-2

.  There is thus significant heat 265 

transfer by free convection within the cavity, independent of the presence of an 266 

eruption jet. 267 

 268 

4. Enhancement of free convection by radiative heat transfer  269 

4.1  Introduction 270 

In this section we establish the extent to which the presence of an eruption jet 271 

enhances the circulation.  We consider absorption of radiation by the steam adjacent to 272 

the eruption jet within a roofed cavity during a subglacial eruption.  The consequent 273 

temperature increase and reduction in density as the steam is superheated will provide 274 
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additional driving force and enhance the free convection.  In section 4.2, we develop a 275 

model for this mechanism in order to estimate the likely melting heat flux. 276 

 277 

Studies of free convection in vertical channels have been reported in the literature. 278 

Cheng and Muller [1998] and Li et al. [2013] carried out numerical studies of free 279 

convection of air in vertical channels where one plane wall was heated and the 280 

opposite wall was unheated apart from radiative heat transfer across the channel.  In 281 

both studies the air was assumed to be radiatively transparent and any changes in air 282 

temperature to occur by convective heat transfer from the vertical walls.  The situation 283 

considered by Cheng and Muller [1998] and Li et al. [2013] is not the situation that 284 

we envisage, where steam can absorb radiation.  However, we are not aware of any 285 

study in which a freely convecting fluid is heated by absorption of thermal radiation.  286 

 287 

The absorption of a collimated beam of monochromatic radiation may be modelled by 288 

the Beer-Lambert law [Incropera and DeWitt, 1996]: 289 

            IdzdI κ−=          (9) 290 

where dI is the amount of radiation absorbed from a beam with an incident radiative 291 

flux (I ) over a thickness dz and κ is the attenuation coefficient.  If κ is constant 292 

through a finite thickness L, Equation (9) may be integrated to give: 293 

 
L

o

e
I

I κ−
=








         (10) 294 

where Io  is the incident radiative flux on the gas layer of thickness L (known as the 295 

“beam length”) and I is the flux emerging from the layer.     296 

 297 

For absorption of radiation by a gas, Equation (10) may be written as  298 
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pL
I

I

o

φ−=







ln         (11) 299 

where p is the partial pressure of the absorbing gas in the layer and φ is the absorption 300 

coefficient.  The product pL is known as the optical depth.  The absorption coefficient 301 

for a given waveband in general depends on temperature and total pressure. 302 

 303 

A hot surface such as the surface of a lava fountain emits a continuous spectrum of 304 

radiation.  In order to evaluate the total radiation absorbed by the gas one needs to 305 

evaluate the absorption for each increment of waveband and integrate over the whole 306 

spectrum.  Hottel [Hottel and Sarofim, 1967] tackled this problem by considering the 307 

emission of radiation from an isothermal hemisphere of gas to a surface element at the 308 

centre of its bounding diameter.  Hottel defined a “standard emissivity” εg as the ratio 309 

of the radiation from the gas hemisphere to the radiation from a hemispherical black 310 

body shell with the same diameter and at the same temperature.  Values of standard 311 

emissivities, which depend on the nature and optical depth of the absorbing gas, 312 

together with the gas temperature and total pressure, are summarised in Hottel and 313 

Sarofim [1967].   314 

 315 

The values of standard emissivity relate to a hemispherical volume of gas.  Hottel 316 

enabled his results to be extended to other geometries by his concept of “mean beam 317 

length” (Le): the radius of a hemisphere of gas for which the emissivity is the same as 318 

the volume of gas under consideration [Hottel and Sarofim, 1967].  Tables of mean 319 

beam length for a number of geometries, together with Hottel’s charts of standard 320 

emissivity, are widely used in the engineering solution of radiative heat transfer 321 

problems [Hottel and Sarofim, 1967, Incropera and DeWitt, 1996]. 322 
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 323 

Finally, Hottel and Sarofim [1967] showed that the absorbtivity αg of a gas, at 324 

temperature Tg, that absorbs radiation from a black body with a surface at temperature 325 

Ts should be given by  326 

      

5.0









=

s

g

gg
T

T
εα         (12) 327 

where εg is the gas emissivity evaluated at Ts and for a modified mean beam length of 328 

Le (Ts / Tg).  In practice, an exponent on the temperature ratio of 0.45 provides a better 329 

fit to experimental data [Incropera and DeWitt, 1996]. 330 

 331 

4.2   Model development 332 

4.2.1  Upward flow 333 

Consider an element of unit length with a vertical thickness dh at height h above the 334 

base of the model cavity in the upward flow.  We assume that any horizontal variation 335 

in steam temperature in an element is eliminated by turbulence, thus the steam 336 

temperature can be defined by Tg (h). The net radiative heat transfer rate per unit 337 

length dq into the steam flow through this element is: 338 

      dhTTdq ggLg )2( 44 εασ −=        (13) 339 

where σ  is the Stefan-Boltzmann constant, TL  is the temperature of the lava fountain 340 

surface (assumed independent of h),  αg and εg are the absorptivity and emissivity of 341 

the steam at height h. The factor of 2 arises because the steam flow emits radiation in 342 

both directions.  The net radiative heat transfer raises the temperature of the steam by 343 

dTg : 344 

      
gpdTmCdq =           (14)     345 
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where m is the steam mass flowrate per unit length with specific heat capacity Cp.  346 

Equations (13) and (14) may be combined to produce an equation for the rate of 347 

change of steam temperature with height within the upward flow: 348 

      
p

ggLgg

mC

TT

dh

dT )( 44 εασ −
=      (15). 349 

 350 

For steam at 0.1 MPa, emissivities are almost independent of temperature at long 351 

optical depths over the temperature range 373 – 900 K [Incropera and DeWitt, 1996].  352 

The dependency of emissivity on optical depth pL can be represented by the equation 353 

      







−=

pL
g

1.6
ln087.06.0ε     with 10 ≤≤ gε    (16) 354 

where the mean beam length for this geometry is equal to 1.8 kH [Incropera and 355 

DeWitt, 1996].  The absorptivity for steam at 0.1 MPa is given by 356 

       

45.0









=

L

g

gg
T

T
εα                (17) 357 

where εg is evaluated at TL for the modified optical depth of pL (TL /Tg). 358 

 359 

Equation (15) cannot be solved analytically, but may be solved by numerical methods.  360 

The temperature rise ∆Tg over an element of finite vertical width ∆H is given by 361 

       
p

ggLg

g
mC

TTH
T

)( 44 εασ −∆
=∆               (18). 362 

The steam temperature, and thus the steam density, can be determined for each 363 

element for any circulation rate.  The pressure difference over element i due to the 364 

weight of the steam with density ρi is  365 

       HgP ii ∆=∆ ρ             (19). 366 

The corresponding pressure difference for the whole upward flow is thus 367 
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       ir HgP ρΣ∆=∆           (20). 368 

The pressure difference between the top and base of the cavity is of order 10
3 
Pa 369 

compared with the total pressure of 10
5
 Pa; density differences due to changes in 370 

pressure may thus be neglected. 371 

 372 

4.2.2  Downward flow 373 

Within the downward flow, the principal mechanism for heat transfer from the 374 

circulating steam to the ice surface is condensation.   The passage of condensate and 375 

meltwater droplets through the vertical width of the downward flow cools the 376 

circulating steam further by convection and radiation to the droplet surfaces 377 

(Appendix B).  In addition, heat is transferred from the hot steam to the ice surface by 378 

radiation, although this is only significant at high steam temperatures. 379 

 380 

If the total heat removal rate per unit length is ∆q for an element ∆H of the downward 381 

flow, the corresponding temperature decrease ∆Tg is given by: 382 

      
p

g
mC

q
T

∆
=∆                (21). 383 

Equation (21) is valid provided that the steam temperature is greater than the local 384 

boiling point; below the saturation level in the downward flow the temperature is then 385 

constant.  The steam density for each element can then be evaluated once the various 386 

contributions to ∆q have been calculated. 387 

 388 

The pressure difference for the downward flow is thus  389 

)( drid HgP ρρ Σ+Σ∆=∆          (22) 390 
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where ρi comprises the sum of the steam density and the droplet density (Section 391 

3.2.1).  The net pressure difference that drives the convective circulation flow is given 392 

by   393 

       
rddr PPP ∆−∆=∆             (23). 394 

This “driving” pressure difference is balanced by the pressure loss due to friction and 395 

change of direction within the circulation loop.  An expression for this “resisting” 396 

pressure difference ∆Pres is given by Equation (7) in Section 3.2.2. 397 

 398 

The equations that describe the fluid flow and heat transfer have been set up as a 399 

spreadsheet in Excel.  The circulation flow rate that occurs when the driving and 400 

resisting pressure differences are equal can be found using the Goal Seek option.  The 401 

resulting circulation velocities and temperatures are used to determine the heat flux 402 

from steam condensation; thus both the circulation flow model and the steam 403 

condensation model need to be converged simultaneously. 404 

 405 

4.3. Results   406 

Table 1 shows the results of a “reference case” calculation, together with a number of 407 

sensitivity studies to illustrate the effect of varying cavity height, aspect ratio, flow 408 

width and loss coefficients together with the effect of changing eruption jet surface 409 

temperature and cavity pressure.  Case 7, with an eruption jet surface temperature set 410 

to 370 K, has results that are identical to those calculated in Section 3.3 for free 411 

convection of steam in the absence of an eruption jet. 412 

 413 

Our mechanism requires the generation of steam as well as radiative heat from the 414 

eruption jet. Steam generation will require some degree of phreatomagmatic 415 
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interaction within the shallow volcanic conduit or in the cavity, although the degree of 416 

interaction may vary significantly in time and space. Figure 1 shows the case where 417 

steam production occurs on either side of the eruption jet by contact of the “rain” of 418 

condensate from the roof onto hot volcanic deposits. For the reference case we have 419 

chosen a temperature of 973 K for the eruption jet surface temperature.  Increasing 420 

degrees of phreatomagmatic interaction will result in a colder eruption jet: we explore 421 

this with a “step out” case in Table 1. 422 

 423 

Three general conclusions can be drawn from the results presented in Table 1. Firstly, 424 

steam temperatures are relatively low, precluding significant heat transfer by radiation 425 

from the steam. Thus, in the downward flow, heat transfer is dominated by 426 

condensation.  Secondly, the circulation velocities are sufficiently fast that heat flux is 427 

relatively insensitive to velocity (Figure 4). Thirdly, for the same conditions, the 428 

radiative enhancement of heat flux (an additional 25 kW m
-2 

for the reference case 429 

conditions) is relatively modest. All heat fluxes are much smaller than heat fluxes 430 

calculated for convective heat transfer in both flooded and drained cavities [Woodcock 431 

et al., 2014; 2015].  The effect of individual variables is discussed below. 432 

 433 

(i) Variation in cavity height H (compare case 2 with reference case) 434 

Doubling cavity height potentially doubles the driving ∆P, while the resisting ∆P is 435 

proportional to (m/kH)
2
 via Equation (7). Thus circulation rate m might be expected to 436 

increase by 2
3/2 

or 2.8; this is close to the determined increase. 437 

 438 

(ii) Variation in cavity aspect ratio b (compare case 3 with reference case) 439 

Increasing aspect ratio should increase circulation rate because desuperheating of the 440 

downward flow is completed at a greater height, so the driving force for circulation is 441 
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increased.  The effect is small because the length of cavity wall needed for 442 

desuperheating is short and most of the downward flow comprises saturated steam. 443 

 444 

(iii) Variation in flow width (compare case 4 with reference case) 445 

Circulation rate is expected to increase linearly with flow width (at constant H).  The 446 

observed increase is slightly less because the temperature increase in the upward flow 447 

decreases slightly, thus reducing the driving force for circulation. 448 

 449 

(iv) Variation in bend K value (compare case 5 with reference case) 450 

Doubling the K values should reduce the circulation rate by a factor of 2
1/2

. However a 451 

reduced circulation rate allows a larger temperature rise in the upward flow, slightly 452 

increasing the driving force for circulation. 453 

 454 

(v) Variation in eruption jet temperature (compare case 6 and 7 with reference case) 455 

Changes in eruption jet temperature appear to have little effect on heat flux. There are 456 

two reasons for this. Firstly, provided that the circulation velocity is sufficiently fast, 457 

the condensing heat flux is relatively insensitive to velocity. Secondly, the circulation 458 

has two drivers.  One driver is the density difference produced by the temperature 459 

difference between the upward and downward flows – this depends on the amount of 460 

radiation absorbed by the upward flow, which in turn depends on the temperature of 461 

the eruption jet. The second driver is the presence of liquid droplets in the downward 462 

flow – this increases the density difference between the upward and downward flow 463 

and transfers momentum into the downward flow (section 3.2.1).  This second driver 464 

is largely independent of eruption jet temperature; it depends only on sufficient steam 465 
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being available and the convection being “focused” with the upflow over the vent and 466 

downflow along the ice cavity walls. 467 

 468 

(vi) Variation in cavity pressure (compare case 8 with reference case) 469 

Doubling the cavity pressure increases steam absorptivity by around 20% [Incropera 470 

and DeWitt, 1996] and doubles the density for a given temperature.  The net effect is 471 

that the temperature rise in the upward flow is almost unchanged.  In the downward 472 

flow, droplet density is increased due to reduced terminal velocity: this increases the 473 

driving force for circulation.  The net effect is to increase the overall driving force for 474 

circulation by 2
1/2

, but this is balanced by a frictional pressure drop that is inversely 475 

proportional to steam density via Equation (7).  The resulting circulation rate is thus 476 

expected to increase by a factor of around 2
3/4

 (1.7), similar to the observed increase.  477 

 478 

5    Discussion 479 

5.1     Concentration of non-condensable gases in the cavity 480 

 481 

The condensation heat flux depends on the concentration of non-condensable gases in 482 

the cavity.  The reference case value of 0.1 mole fraction is justified as follows.  The 483 

sources of non-condensable gases in a subglacial eruption cavity were reviewed by 484 

Woodcock et al. [2015].  They include air from melted ice (c. 0.5 kg/tonne magma) 485 

and the non-condensable gases, principally CO2, exsolved from magma.  The total 486 

magmatic gas exsolved is around 10 kg/tonne magma, of which c. 15% is non-487 

condensable.   The cavity is an open system that is vented at atmospheric pressure: the 488 

non-condensable gas concentration would thus be (0.5 +1.5)/10.5 or 0.19 mass 489 

fraction (equivalent to 0.14 mole fraction).  The rate of steam generation from 490 

magma-water interaction, together with magmatic steam, is likely to be in excess of 491 
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the steam condensation rate. The excess steam will thus dilute the non-condensable 492 

gases.  493 

 494 

We explore the sensitivity to non-condensable gas mole fraction for the reference case 495 

cavity pressure and dimensions.  Figure 5 shows two curves for condensation heat flux 496 

versus non-condensable mole fraction: one curve assumes that the non-condensable 497 

component is air; the other assumes it to be CO2, but with its radiative properties 498 

modeled by steam for expediency.  The principal effect of increasing the non-499 

condensable mole fraction is to reduce the condensation heat flux, as demonstrated in 500 

Woodcock et al. [2015].  Additional minor effects that arise from the nature of the 501 

non-condensable component are changes in gas density, gas absorptivity and gas 502 

specific heat capacity.  If the non-condensable component is radiatively transparent 503 

then the absorptivity of the gas mixture in the upward flow decreases with increase in 504 

non-condensable mole fraction. 505 

 506 

For comparison, Figure 5 also includes the direct radiation heat flux evaluated in 507 

Section 2.2.  The zero-steam value of 25 kW m
-2

 assumes that the cavity gases are 508 

radiatively transparent.  As the proportion of steam increases, the direct radiation heat 509 

flux decreases because some of the radiation from the eruption jet is absorbed by the 510 

steam and re-radiated at a cooler temperature.  In the reference case, the absorbtivity 511 

of the cavity gases is c. 0.3; a lower bound on the direct radiation flux is thus 25(1- 512 

0.3) i.e. c. 18 kW m
-2

.   513 

 514 

5.2.   Liquid film thinning by gas shear 515 
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The condensing heat fluxes reported in Section 4.3 neglect any effects due to thinning 516 

of the liquid film of meltwater and condensate by the co-current flow of steam.  The 517 

effect of tangential shear on the liquid film thickness and thus on the condensing heat 518 

flux was studied by Rohsenow et al. [1956].  They showed that, for laminar films, the 519 

“no-shear” heat transfer coefficient should be increased by a factor of [1 + (4U τg / 3g 520 

sin θ ρw kl)], where τg is the tangential shear stress at the liquid film surface, U is the 521 

film heat transfer coefficient, θ is the inclination of the surface from the horizontal and 522 

kl is the liquid thermal conductivity.  The ratio kl /U may be replaced by the film 523 

thickness δ, whence the factor becomes [1 + (4 τg / 3g sin θ δ ρw)], where the second 524 

term is approximately the ratio of the shear force to the gravitational force on the 525 

liquid film [Rohsenow et al., 1956].   526 

 527 

Rohsenow et al. [1956] extended their analysis to include turbulent liquid films and 528 

provided a method for evaluating τg.  Application of their results to the reference case 529 

in Table 1 shows that tangential shear increases the heat flux by around 30%. 530 

  531 

5.3.   Comparison with inferred fluxes from recent eruptions  532 

In Section 2 we showed that an upper bound on direct radiative heat flux is 533 

approximately 25 kW m
-2

.  Table 1 indicates condensing heat fluxes from radiatively 534 

enhanced free convection of 200-300 kW m
-2

; these should be increased by 30% to 535 

account for tangential shear.  Figure 4 indicates that any forcing of the convection by 536 

momentum transfer from the eruption jet is unlikely to increase heat fluxes 537 

significantly.  Overall, heat fluxes from lava to ice cavity surface are likely to be no 538 

greater than 300-400 kW m
-2

.  These are similar to those calculated by Woodcock et 539 

al. [2014] for single phase convection in liquid-filled cavities. 540 
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 541 

Heat fluxes of 300-400 kW m
-2

 will melt ice with a vertical penetration rate of around 542 

3-5 m h
-1

 if meltwater leaves the ice cavity surface at 0 
○
C.  The assumption of 543 

meltwater at 0 
○
C is unrealistic but provides an upper bound on penetration rate.  The 544 

rate is approximately halved for a meltwater temperature approaching the boiling 545 

point.  These ice penetration rates may be compared with rates of 16 and 50 m h
-1 

546 

inferred for the Gjálp 1996 eruption [Gudmundsson et al., 2004] and the 2010 547 

Eyjafjallajökull summit caldera eruption [Magnússon et al., 2012] respectively.  In 548 

both of these cases much of the evidence suggests that the subglacial cavities were 549 

predominantly liquid water-filled.  550 

 551 

5.4.   The effect of ductile ice flow  552 

In the Introduction we mentioned that an eruption jet can only occur during subglacial 553 

eruptions if a cavity can persist in the face of ductile ice flow that will tend to collapse 554 

the cavity.  Tuffen [2007] indicates that, for a hemicylindrical cavity, the relative rate 555 

of cavity closure by ductile ice deformation is given by: 556 

     n

a nBP
dt

dR

R
)/(

1
∆=         (24) 557 

where R is the cavity radius, ∆Pa is the cavity underpressure (glaciostatic pressure in 558 

our case), B is the ice deformation parameter (a measure of ice strength) and n has a 559 

value of 3.  560 

 561 

For a given ice thickness, a cavity developed in ice of a given strength can only be 562 

sustained in the face of ductile collapse if the melt back rate is sufficiently high.  563 

Tuffen [2007] explores this behavior and shows that explosive magmatism can only be 564 

sustained, for the Gjálp 1996 eruption rate, for cavity underpressures below 4 MPa (i.e 565 
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< 400 m ice) in ice at 0° C.  In Section 5.3 we show that melt back rates are much 566 

lower than those inferred for the Gjálp 1996 eruption.  This example illustrates that 567 

thin ice is a necessary condition for explosive activity within drained, low pressure 568 

subglacial cavities in temperate glaciers. 569 

 570 

5.5.   Overall mass and heat balance  571 

Figure 6 shows the overall mass and heat balance for the convection system within the 572 

ice cavity for the reference case in Table 1.  Of the 16.5 kg s
-1

 steam circulation per 573 

meter length of fissure, 10.5 kg s
-1

 m
-1

 condenses on the ice cavity roof, liberating heat 574 

at a rate of 23590 kW m
-1

 and producing 31.3 kg s
-1

 m
-1

 meltwater (at 370 K).  The 575 

steam condensed is replenished by the evaporation of 10.5 kg s
-1

 m
-1

 condensate and 576 

meltwater (CMW); the remaining CMW drains from the cavity.  Note that, although 577 

the flows of condensing steam and the resulting condensate are shown as discrete 578 

arrows on the diagram, in reality they are “diffuse” flows that occur along the width of 579 

the cavity. 580 

 581 

The radiant heat flux from the eruption jet at 700 °C is 2541 kW m
-1

.  The radiation 582 

heat flow of 832 kW m
-1

 in Figure 6 is the radiation absorbed by the steam circulation 583 

from the eruption jet. The remaining radiation (1709 kW m
-1

) is absorbed by steam in 584 

the rest of the cavity, by the ice roof and by the cavity floor.  Ultimately, this radiation 585 

generates an additional 2.3 kg s
-1

 m
-1

 of meltwater that is not included within the mass 586 

flowrates in Figure 6. 587 

 588 

The heat flowrates on Figure 6 demonstrate that much of the heat required for ice-melt 589 

is provided by the latent heat of steam generated within the ice cavity.  Radiative heat 590 
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loss from the falling pyroclasts in the eruption jet is a small proportion of their initial 591 

heat content; thus much of the initial heat content of the pyroclasts is retained on 592 

landing.  We envisage efficient steam generation by the contact of hot pyroclasts with 593 

meltwater rain from the ice cavity roof and with the wet floor of the cavity. 594 

 595 

6.    Conclusions  596 

We have used published heat transfer calculation methods to estimate heat fluxes to an 597 

ice cavity surface during subglacial fissure eruptions where shallow ice and steep 598 

terrain promote gravity drainage of meltwater and allow the cavity to depressurize.  599 

The principal conclusions are as follows. 600 

 601 

 (1)  Free convection can develop in the cavity with an ascending limb of steam over 602 

the vent together with a descending limb of steam and water droplets adjacent to the 603 

cavity walls, where condensation of steam occurs.  The heat flux from steam 604 

condensation during free convection at atmospheric pressure is c. 250 kW m
-2

 when 605 

the effect of tangential shear on the liquid film is included. 606 

  607 

(2) For basaltic magmas, a subglacial lava fountain may develop.  The direct radiative 608 

heat flux from lava fountain to ice cavity surface is c. 25 kW m
-2

.  Absorption of 609 

radiation by steam enhances the convective circulation but the increase in condensing 610 

heat flux is modest at c. 25 kW m
-2

.  The effects of radiation are thus minor compared 611 

to free convection. 612 

 613 

(3) Overall heat fluxes within water-drained, atmospheric pressure cavities during 614 

subglacial fissure eruptions are likely to be no greater than c. 300 kW m
-2

.  These are 615 
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similar to those calculated by Woodcock et al. [2014] for single phase convection in 616 

liquid-filled cavities but much less than those obtained by two-phase convection 617 

within a liquid-dominated cavity.     618 

 619 

 620 

 621 

Appendices 622 

 623 

Appendix A:  Hottel’s “crossed string” method 624 

In general, the evaluation of view factors is complex; however Hottel’s “crossed 625 

string” method [Hottel and Sarofim, 1967] can be used for surfaces that are long in 626 

one direction.  Figure A1 shows the general rule (on the left hand side) and applies it 627 

to the geometry of the subglacial cavity (with height H) on the right hand side. 628 

 629 

 630 

Appendix B: Heat transfer to droplets in the downward flow 631 

The surface area available for heat transfer to droplets is given by: 632 

      
w

dr
d

d

kH
A

ρ

ρ6
=                 (B1) 633 

where  ρdr  is the “droplet density” defined in Equation (3), kH is the width of the 634 

circulation path, ρw and d are the density of liquid water and the droplet diameter 635 

respectively.  Ad is the droplet area per unit area of ice surface. 636 

 637 

In turbulent flow, the terminal velocity ut of a droplet with diameter d falling through 638 

steam with density ρi is given by 639 
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u

ρ

ρ
        (B2) 640 

where CD is the droplet drag coefficient and g is the gravitational acceleration. 641 

 642 

The convective heat transfer coefficient (U) to the droplet surface may be calculated 643 

from the Ranz and Marshall correlation [Ranz and Marshall, 1952] 644 

 Nu = 2 + 0.6 Re
1/2

 Pr
1/3

    (B3) 645 

where Nu is the Nusselt number (Nu = U d / kg), Re is the Reynolds number (Re = ut 646 

ρi d / µ), Pr is the Prandtl number (Pr = µ Cp / kg) and  µ, Cp and kg are the viscosity, 647 

specific heat capacity and thermal conductivity of steam respectively. 648 

 649 

Heat transfer by radiation to a droplet surface may be approximated by 650 

            Qr = σ (εg Tg
4 

- Td
4
)         (B4) 651 

where Qr is the net radiation (W per m
2 

droplet area) and Td is the droplet surface 652 

temperature (assumed to be the boiling point).653 
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Notation   654 

A     area of eruption jet per unit length, m 655 

B        ice deformation parameter, Pa s
-1/3 

656 

Ad   heat transfer area of droplets per unit area of ice surface, dimensionless 657 

b    aspect ratio of cavity (ratio of basal half-width to cavity height), dimensionless 658 

CD    droplet drag coefficient, dimensionless 659 

Cp      specific heat capacity of steam, J kg
-1 

K
-1

 660 

d    droplet diameter, m  661 

dh   increment of vertical height in cavity, m 662 

dI    amount of radiation absorbed from a beam of radiation, W m
-2

 663 

dq     net radiative heat transfer rate into the steam flow, W 664 

dTg   change in steam temperature, K 665 

dz   increment of thickness of absorbing medium, m 666 

E    net power radiated per unit length of eruption jet, W m
-1 

667 

F    view factor, dimensionless 668 

g    gravitational acceleration, m s
-2

 669 

H    height of subglacial cavity, m 670 

I     radiative flux emerging from a gas layer of thickness L, W m
-2

 671 

Io     incident radiative flux on a gas layer of thickness L, W m
-2

  672 

k    ratio of channel width to cavity height, dimensionless 673 

kg    thermal conductivity of steam, W m
-1

 K
-1 

674 

kl      thermal conductivity of liquid, W m
-1

 K
-1

 675 

K    loss coefficient for overall circulation, dimensionless 676 

K1    loss coefficient for top bend in the circulation loop, dimensionless 677 

K2   loss coefficient for bottom bends in the circulation loop, dimensionless 678 
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L    finite thickness of absorbing medium, m 679 

Le    mean beam length, m 680 

m    steam mass flowrate per unit length, kg s
-1

 m
-1

 681 

mcmw     flux of condensate and meltwater in the droplet rain, kg s
-1

 m
-2

 682 

Nu   Nusselt number (Nu = U d / k), dimensionless 683 

n         exponent in ice deformation equation (Equation 22), dimensionless 684 

P    pressure, Pa 685 

p    partial pressure of the absorbing gas in the layer, Pa 686 

pL    optical depth, Pa m  687 

Pr    Prandtl number (Pr = µ Cp/ k), dimensionless 688 

Q   heat flux to ice surface, W m
-2 

689 

Qr   net radiation to droplet surface, W m
-2  

690 

q      heat transfer rate per unit length, W m
-1

  691 

R        cavity radius, m 692 

Re   Reynolds number (Re = ut ρg d / µ), dimensionless 693 

Td   droplet surface temperature, K  694 

Tg    gas temperature, K 695 

Ti    ice  temperature, K 696 

TL     temperature of eruption jet surface, K  697 

Ts   temperature of radiating surface, K  698 

U   heat transfer coefficient, W m
-2

 K
-1

  699 

u    velocity, m s
-1

 700 

ut     average droplet terminal velocity, m s
-1

 701 

αg    absorbtivity of a gas, dimensionless 702 

∆H   vertical height of finite element, m 703 
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∆P   pressure difference, Pa 704 

∆Pa     cavity underpressure, Pa 705 

∆Pd   pressure difference for downward flow, Pa  706 

∆Pi   pressure difference over vertical element, Pa  707 

∆Pdr   “driving” pressure difference, Pa 708 

∆Pr  pressure difference in upward flow, Pa 709 

∆Pres  “resisting” pressure difference, Pa   710 

∆q   total heat removal rate per unit length for an element, W m
-1

 711 

∆Tg   temperature change of steam, K  712 

δ         liquid film thickness, m  713 

εg    gas emissivity, dimensionless 714 

κ         attenuation coefficient, m
-1

 715 

µ    viscosity of steam, Pa s 716 

φ    absorption coefficient, Pa
-1 

m
-1

 717 

ρ    density, kg m
-3

 718 

ρdr   droplet density, kg m
-3

 719 

ρi    steam density, kg m
-3

 720 

ρw    liquid water density, kg m
-3

  721 

ρ1    density at top of upward flow, kg m
-3

 722 

ρ2     density at bottom of upward flow, kg m
-3

  723 

σ    Stefan-Boltzmann constant, W m
-2

 K
-4 

724 

τg    shear stress on liquid film surface, Pa
 

725 

θ    inclination of surface from horizontal, degree 726 

 727 
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Figures with captions  820 

 821 

Figure 1.  Schematic diagram of an ice cavity formed during a subglacial fissure 822 

eruption which has drained and depressurized to allow the formation of an eruption 823 

jet.  In general, steam is produced by magma-water interaction within the volcanic 824 

conduit and by contact of the meltwater rain with hot volcanic deposits on either side 825 

of the eruption jet.  The dashed rectangle indicates the location of Figures 2 and 3. 826 
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 827 

 828 

Figure 2.  Conceptual model for radiative heat transfer from a linear, dyke-fed 829 

eruption jet in a subglacial cavity at atmospheric pressure.  The cavity is assumed 830 

symmetrical about a center line above the eruption vent and the diagram shows the 831 

right hand side of the cavity only.   832 
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 833 

 834 

Figure 3.  Free convective heat transfer and ice melting in a model subglacial eruption 835 

cavity. The cavity is symmetrical about the centre line, and the right hand half of the 836 

cavity only is shown. The third dimension (length) extends into the paper with the 837 

model developed for unit length.  838 
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 839 

 840 

Figure 4.  Variation of condensing heat flux with circulation velocity for a subglacial 841 

cavity at 0.1 MPa, with condensation from saturated vapour at 373 K.   For the range 842 

of velocities encountered on Table 1 the heat flux varies by approximately 20%.   843 
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 844 

 845 

Figure 5.  Variation of heat flux on the ice cavity surface with mole fraction and 846 

nature of the non-condensable component. Two curves are shown for the condensation 847 

heat flux during radiatively-enhanced free convection for an eruption jet temperature 848 

of 973 K: one for air (which is assumed to be radiatively transparent) and one for CO2 849 

(with radiative properties of steam).  A third solid line shows schematically the likely 850 

variation in direct radiative heat flux at 973 K. The total heat flux is the sum of the 851 

condensation and direct radiative heat fluxes.  852 
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 853 

Figure 6.  Block diagram of the overall mass and heat balance for the convection 854 

system within the ice cavity for the reference case in Table 1.  Flowrates are for unit 855 

length of fissure.  CMW = condensate plus meltwater.856 
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 857 

 858 

 859 

Figure A1.  The diagram on the left hand side shows the general version of Hottel’s 860 

“crossed string” rule [Hottel and Sarofin, 1967], in which notional strings are attached 861 

to the ends of the two surfaces (labeled 1 and 2) as shown by the dashed lines. The 862 

formula for the view factor involves the difference between the sum of the crossed 863 

strings and the sum of the uncrossed strings.  The diagram on the right hand side 864 

applies the rule to the geometry of the subglacial cavity (with height H).  If β =1, the 865 

value of F12 is 1/√2. 866 

 867 

 868 
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Tables 869 

Table 1.  Sensitivity of model results to changes in input variables (names of variables 870 

changed and value of variable changed are in italics). The non condensable mole 871 

fraction is 0.1.  872 

 Variable                           Case 873 

                  Reference   2    3    4     5           6           7         8  874 

Cavity height, H (m)         50        100     50   50    50        50        50        50 875 

Cavity aspect ratio, b      2          2      4    2     2           2           2         2 876 

Flow area fraction, k      0.05     0.05     0.05     0.1    0.05     0.05     0.05     0.05 877 

Bend loss coefficients, K
a  

     1         1      1    1     2            1           1         1 878 

Jet temperature
b
 (K)                   973         973        973        973        973        773      370      973 879 

Cavity fluid pressure (MPa)       0.1           0.1         0.1        0.1          0.1        0.1        0.1      0.2 880 

Top
c
 steam temperature (K)      394     389   395     385      403     380       370     405 881 

Top steam velocity (m s-1)         11.2        16.2   10.9  10.3   8.3      9.8        8.6     10.4 882 

Circulation rate (kg s
-1

 m
-1

)       16.5     48.3        16.0  31.1   12.0   15.0     13.5     30.0 883 

Heat flux (kW m
-2

)                      211         243        209       203         204        199      186      315 884 
aFactor relative to reference case. 885 
b
Mean radiant temperature of pyroclast surfaces. 886 

c
Top of upward flow. 887 
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