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*See notice in Science, 15 July, p. 259. 
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Reports 

Heat Transfer Measurements of the 1983 Kilauea Lava Flow 

Abstract. Convective heat Jlow measurements of a basaltic lava Jlow were made 
during the 1983 eruption of Kilauea volcano in Hawaii. Eightfield measurements of 
induced natural convection were made, giving heat Jlux values that ranged from 1.78 
to 8.09 kilowatts per square meter at lava temperatures of 1088 and 1128 degrees 
Celsius, respectively. These field measurements of convective heat Jlux at subliqui- 
dus temperatures agree with previous laboratory measurements in furnace-melted 
samples of molten lava, and are useful for predicting heat transfer in magma bodies 
and for estimating heat extraction rates for magma energy. 

The 1983 eruption of Kilauea volcano 
in Hawaii occurred along the volcano's 
east rift zone. This eruption began on 2 
January 1983, and over a period of 2 
weeks there were a number of eruptive 
episodes producing several lava flows. 
Additional lava flows occurred during 
eruptions in February. The active lava 
flows offered an opportunity to run field 
verification measurements of induced 
convective heat flow in basaltic lava. 
Convective heat flow in lava and magma 
has been studied (1, 2) because of its 
importance to energy extraction from 
molten magma (3-5) and because of its 
relation to tectonic processes (6). 

Many laboratory measurements of 
convective heat transfer in basaltic melts 
have been made at temperatures ranging 
from superliquidus down to near the 
solidus (1, 2). These measurements were 
performed on furnace-melted samples of 
lava. The lava remelts were thoroughly 
degassed in the remelting process. Vola- 
tile components that are present in mag- 
ma at depth lower the viscosity of the 
magma and improve convection heat 
transfer (7). Freshly erupted lava that 
still retains some volatile components 
should exhibit this same effect. Before 
the 1983 Kilauea eruption there was only 
one field measurement of convective 

heat transfer in freshly erupted basalt. 
This measurement was made in the 1977 
Kilauea eruption, and it indicated a 
steady convective heat flux of 5 to 10 
kw/m2 in a region of combined natural 
and forced convective flow (8). 

The convective heat flow measure- 
ments were made with a transient con- 
vection probe. This probe consists of a 
titanium-zirconium-molybdenum (TZM) 
rod with an internal thermocouple. TZM 
metal is used because of its high thermal 
conductivity and high melting point. In 
operation, the probe is inserted into mol- 
ten lava with a long, stainless steel rod. 
The transient temperature response, re- 
corded on a battery-powered recorder, is 
related to the amount of convection in- 
duced in the molten lava adjacent to the 
probe. Assuming that convective heat 
transfer is induced when the cool probe 
is inserted into molten lava, the expected 
temperature response of the probe is 
given by 

T - T,  = exp ($1 
To - T, (1) 

where T is the temperature of the probe 
as a function of time, T ,  when the probe 
is inserted into lava of ambient tempera- 
ture T,, To is the effective solidification 
temperature of the lava, h is the convec- 

probe, respectively (9). 
To simplify data reduction and elimi- 

nate phase change effects due to a crust 
of solidified lava on the probe and subse- 
quent remelting of the crust as the probe 
heats up, only data above 1050°C 
(To = 1050°C) are used in determining 
the convective heat transfer rate. The 
validity of this approach has been veri- 
fied by laboratory comparisons with 
steady-state convection probes in molten 
basalt (2). 

The heat transfer field measurements 
for the 1983 Kilauea eruption were made 
in lava flows that occurred during Janu- 
ary and February 1983. Five measure- 
ments were made in lava flow that oc- 
curred during the 18th eruptive phase on 
the morning of 15 January. Lava foun- 
taining began at 0333 and continued until 
0855 on that morning, producing a lava 
flow in the vicinity of Puu Kahaualea. 
The heat transfer measurements were 
made in the edge of the lava flow at the 
base of Puu Kahaualea between 1100 and 
1300. or 2 to 4 hours after the end of the 
18th eruptive phase. Temperatures in 
this flow were still high (1088" to 1128°C) 
when the heat transfer measurements 
were taken. The lava consisted of ap- 
proximately 90 percent (by volume) liq- 
uid, 6 percent plagioclase, 3 percent clin- 
opyroxene, and 1 percent olivine (10). 

Another major eruptive phase began at 
0145 on 25 February, with sustained 
fountaining at vent 1123 near Puu Ka- 
haualea. The fountaining continued for a 
week and produced a river of lava flow- 
ing downrift. During the afternoon of 26 
February three additional heat transfer 
measurements were made in the edge of 
the lava river near Kalalua 2.5 km down- 
rift from the erupting vent. The tempera- 
ture in the lava at this point was mea- 
sured at 1119'C by a thermocouple in- 
serted in the flow. Earlier in the after- 
noon the temperature in a flow near the 
fountaining vent was measured at 
11 18°C. 
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Table 1. Field measurements of cc ~nvective heat transfer coefficients. 

Eight successful sets of measurements 
were made with the transient convective 
probe at points in the flow where the lava 
temperature (T,) ranged from 1088" to 
1128°C. The temperature response of the 
probe (7') at temperatures above the ref- 
erence value, 1050°C (To), was put into 
the dimensionless temperature form 
(T - T,)I(To - T,) and an exponential 
curve fit of the form 

was applied to the data to determine the 
values of the constants a and b. By 
combining Eqs. 1 and 2, the convective 
heat transfer coefficient (h) was then 
determined from the value of b by 

The results of the eight sets of field 
measurements are summarized in Table 
1 in ascending values of ambient lava 
temperature. The parameter r2 (coeffi- 
cient of determination) in Table 1 is a 
measure of the correlation of the data 
with the expected exponential fit. A val- 
ue of ? near unity indicates good corre- 
lation of the data with an exponential fit. 

The convective heat flux at some 
boundary, such as the surface of a heat 
exchanger immersed in magma or at a 
boundary where magma contacts coun- 
try rock, is (2) 

This convective heat flux, also shown 
in Table 1, is easily determined once the 
convective heat transfer coefficient (h) is 
known. Figure 1 shows convective heat 
flux for basaltic lava. These data were 
obtained from theoretical calculations 
and laboratory measurements of furnace- 
melted samples of basalt (2). The recent 
field results given in Table 1 are also 
plotted in Fig. 1, and the agreement with 
the previous laboratory measurements 
and theoretical calculations is excellent. 

Table 1 shows convective measure- 
ments in the 1983 eruptive flow at lava 
temperatures from 1088' to 1128OC. The 
ambient temperature was usually mea- 

sured with a thermocouple inserted into 
the lava near the point where the convec- 
tive heat transfer probe was inserted. In 
some cases the convective heat transfer 
probe was left in long enough for the 
probe to reach thermal equilibrium with 
the lava. The final temperature of the 
probe was then taken as the ambient 
temperature of the lava. In the latter 
method there was a risk of losing the 
convective heat transfer probe if it be- 
came frozen in the lava crust on the 
outer surface. By taking convective heat 
flux measurements at various points near 
the edge of the flow, it was possible to 
find regions where the lava was still at 
eruptive temperatures as well as cooler 
zones. We were thus able to make con- 
vective heat flux measurements over a 
range of subliquidus temperatures. 

Even if magma or lava is not convect- 
ing on its own, convection will be in- 
duced when a cooler object, such as 
country rock or a heat exchanger, comes 
in contact with it. The presence of the 
cool, immersed object chills nearby mag- 
ma or lava and the resulting density 
changes in the liquid produce convective 
motion. The convective heat flux values 
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Fig. 1. Convection heat flux data for molten 
basalt in the 1983 Kilauea eruption, as deter- 
mined by laboratory and field measurements. 
Symbols: (0) transient probe measurements; 
(e) steady-state probe measurements; (U) 
Acrivos solution, Hawaiian lava; (A) Acrivos 
solution, Mount Etna lava; and (fr) Kilauea 
eruption data. 

given in Table 1 and Fig. 1 are a measure 
of this type of induced convection. 

The convective heat transfer coeffi- 
cient (h) values listed in Table 1 tend to 
increase in magnitude as the ambient 
temperature of the lava (T,) increases. 
The convective heat transfer coefficient 
is inversely proportional to a fractional 
power of lava viscosity (2). Since lava 
viscosity decreases rapidly with increas- 
ing temperature, particularly in the subli- 
quidus temperature range, this causes 
the convective heat transfer coefficient 
to increase with temperature. Earlier 
laboratory measurements showed this 
same effect (2). 

The convective heat flux data for this 
recent eruption fall slightly above the 
theoretical curve in Fig. 1. The lava at 
the 1983 eruption site was not totally 
degassed, while the lava used in the 
earlier laboratory measurements was 
thoroughly degassed by the furnace heat- 
ing cycle. The presence of volatiles, par- 
ticularly water, in freshly erupted lava 
lowers the viscosity, and this in turn 
increases convective heat flux values (7). 
Water-saturated basalt supports convec- 
tive heat flux rates as much as 35 percent 
greater than in dry basalt (5). The con- 
vective heat flux values for the 1983 
eruption are in excellent agreement with 
the previous laboratory measurements 
(Fig. I),  particularly in view of the vola- 
tiles present in the erupted lava. 

H. C. HARDEE 
Geophysics Research Division 1541, 
Sandia National Laboratories, 
Albuquerque, New Mexico 87185 
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