Hydraulics of the August 7, 1980, pyroclastic flow
at Mount St. Helens, Washington

Alan H. Levine, Susan W. Kieffer

Department of Geology, Arizona State University, Tempe, Arizona 85287

ABSTRACT

Open-channel hydraulic theory for flow of an inviscid Muid down a channel of changing
slope and width yields a longitudinal velocity profile that matches measured velocities of the
August 7, 1980, pyroclastic flow at Mount Si. Helens. The model is useful for prediction of
zones of erosion, deposition, and hazards. It requires only topographic data, estimates of
volumetric flow rate, and a Manning coefficient appropriate for the channel.

Figure 1. Topography of north side of Mount
51. Helens and pumice deposils (shaded) from
August 7, 1980, pyroclastic flow (after Kuniz et
al., 1990). Dashed line indicates path of flow
front; transverse bars are positions used by
Hoblitt (1986) to calculate velocities over
numbered reaches. For clarity, only 200 ft (61
m) contours are shown. Flow from crater was
not visible until it had traveled 1.3 km to reach
1. Most deposits originated from flow down
channel, including Stair Steps; small-volume
flow, not considered in paper, lefl deposits
east of Stair Steps.
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INTRODUCTION

The Auvgust 7, 1980, eruption at Mount St.
Helens produced one of the best documented
pyroclastic flows to date (Rowley et al,, 1981;
Hoblitt, 1986; Kuntz et al., 1990). Flow-front
velocities varied by a factor of 6 along a path
that included the steep, channelized *“Stair
Steps” and the unchannelized Pumice Plain
(Figs. 1, 2). Sustained production of a cloud of
elutriated ash occurred just below a sharp de-
crease in slope al the entrance to the Pumice
Plain. Erosion was documented in the steep pant
of the channel. These observations provide a
unique data set against which models of pyro-
clastic flows might be tested. To date, models
proposed have focused on relations between
the flow head and body (Hoblitt, 1986; Huppert
el al., 1986) or on flow rheology (Wilson and
Head, 1981; McEwen and Malin, 1989). In this
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paper we have taken a new approach by apply-
ing hydraulic theory to demonstrate that chan-
nel geometry, not rheclogy, most strongly influ-
enced the phenomena observed during the
August 7 pyroclastic flow.

ASSUMPTIONS

We use steady open-channel hydraulic theory
as summarized in the next section. Two of the
simplifying assumptions need special emphasis
because they are relevant Lo current concepts in
volcanology, One assumption is that the fluid is
inviscid and that material properties, such as
particle concentration and viscosity, do not sig-
nificantly influence the velocity variations in the
channel. The second assumption is that observed
flow-front velocity is approximately equivalent
to a mean flow velocity calculated for steady
conditions developed behind the flow front.

Conditions within volcanic fows—such as
velocity, particle concentration, and mixture
viscosity—have not been measured directly and
must be inferred from interpretation of erosion
surfaces or the flow deposits, Use of the term
“pyroclastic flow™ for the August 7 eruption im-
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Figure 2. Observed velocities (shaded bars; Hoblitt, 1986), gradually varied flow (GVF)
medel velocilies (circles), and calculated critical velocities (squares) in relation to channel
slope and width. Vertical exaggeration for topography is 5.5%. Triangle in reach 13 repre-
sents calculated depth for subcritical flow if hydraulic jump was present (see text).
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plies that the material is perceived to be a highly
concentrated particulate system in which grain
interactions are significant. However, relative
volume fractions of solids and gas in these com-
plex mixtures can vary with time or distance
(Fisher, 1983). Particle concentrations may
range from those characteristic of granular flow
{as might be described by constitutive relations
of Savage, 1979) to those characteristic of a di-
lute dusty gas (as might be described by
pseudo-gas theory; Wallace, 1969). The anal-
yses of the August 7 flow presented by Wilson
and Head (1981) and McEwen and Malin
(1989) assume characteristics nearer the granu-
lar-flow end member.

Viscosity is negligible in open-channel flow
when {Thompson, 1972)

Ad/Ax >> F2/Re, (1

where Ad/Ax is the gradient of the flow depth,
F is the Froude number (F = u/+/gd, and Re is
the Reynolds number (Re = du/wv; u is mean
velocity, g is acceleration due to gravity, v is
kinematic viscosity). Velocity and flow depth
are coupled through the continuity equation.
For observed velocities from 5 to 30 m/s and
estimated flow depths from 3 1o 10 m (Table 1),
the Reynolds number is 10° to 10° (for plausi-
ble kinematic viscosities from 104 10 10-3 m/s,
Sparks, 1976; Wilson and Head, 1981). For cal-
culated values of F from 1 1o 5 (Table 1), the
criterion for the inviscid flow approximation to
be valid is then Ad/Ax >> 107 o 1075,
Within the limits of the data, we find that flow-
depth variations were from 1 to 10 m depth per
100 m distance, so that Ad/Ax is typically 10-2
to 107! (except in a few reaches where the calcu-
lated depth change is less than 1 m). Therefore,
the inviscid requirement is generally satisfied, as
would be expected from the large Reynolds
numbers.

A relation between flow-front velocity and
internal mean velocity is not known for pyro-
clastic flows but is plausibly constrained by
theory and observation of laboratory density
flows. Britter and Linden (1980) showed that
flow-front velocity is related to mean flow veloc-
ity through a buoyancy flux term that includes
(1) the density contrast between the fluid and
the ambient medium and (2) the critical velocity
{discussed below) of the flow. From their analy-
sis, for flows on slopes from 5 to 90°, the flow-
head velocity is 1.5 £0.2 times the eritical
velocity if the density contrast between the flow-
ing material and the ambient fluid is large. Using
the observed flow-front velocitics for the August
7 pyroclastic flow and calculated critical veloci=
ties, we find that the flow-head velocity is 2.0
+0.9 times the critical velocity, so we tentatively
assume that we can apply the Britter and Linden
(1980) results for the relations between flow-
head and steady-flow velocity. They found that
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TABLE 1. CHAKNEL GEOMETRY DATA FOR HY DRALILIC CALCLULATIONS

Reach  Length  Ekevation  Widih™  Relstive  Slope Velocity ' Depih! Froude!  Towl Manning
number change width observed  critscal g number  energy coef,
change changed  estimme®*
i Ax dz b Al /A Sa W e d F AE "
{m} {m} {mj) {*) (mysh  (mys) (m) {m)
1 280 3 180 050 6.8 10.6 13 is 1.7
2 80 11 200 0.22 69 535 50 9.7 0.6 e e
3 360 paki] 0.00 123 17.4 8.0 9 3.3 0.9 0.051
48t 200 ki 150 030 11.1 4.5 82 2.3 3.l 244 0.02%
5 300 41 180 0.08 6.1 26.5 B4 23 5.6 358 0030
att 3% 68 50 -0.30 9.4 0.0 9.5 4.4 3.0 1.4 0.058
1 150 T3 50 00D 200 224 13.0 B9 24 63,6 0.0
8 250 113 50 0o 216 03 130 6.6 38 94,1 0057
9 L 49 100 0.17 93 1.5 1.0 6.2 2.8 T2 0070
10 170 2 120 012 1006 17.0 0.6 5.3 24 41,7 0,083
11 30 puil 200 [ 3] 37 1.0 L5 L7 2.8 217 0036
12 150 4 223 [N K] 12 15.0 1.7 32 2.7 7.9 e
134t 120 T 300 063 33 54 1.2 71 .6 - ¥ o
14 300 6 360 020 1.1 9.7 6.7 11 LT 6.6 0.032
15 180 4 400 022 1.3 ] B M | 1.5 3l a2
16 peii ] 3} 500 045 1.6 6.5 &0 34 1.1 7.2 0063
17 200 f 600 (.50 1.7 6.6 56 28 1.3 6.6 0S4
Avg, WKG

Mowe: All A valses represent valoe at end of reach minus valise at stan of reach,

*  Measured from crss section al end of reach i,

T Observed flow front velocibes From Hobliu (1986}, Critical velocity, depth, and Froude number based on observed velocitbes.
§  From equation 2; not evalusted for reaches of flow regime transition (2, 13}

** From equion 5 for §r= AE/Ar. Avernge m weighted by reach length (Ax).

1 Reaches in which relative width change strongly influenced the velocity; see Figure 3.

flow-head velocity is 60% of the mean steady-
flow velocity behind the head. Our conclusion is
that observed flow-front velocities are within a
factor of two of mean steady-flow velocities.
The uncertainty in the velocity measurements is
comparable to this (Fig. 2), and we therefore
compare calculated steady-flow velocities with
measured flow-front velocities,

OPEN-CHANNEL HYDRAULIC
THEORY

The flow is assumed to have uniform density
and to be steady, incompressible, isothermal,
and confined to a rectangular channel, The hy-
draulic equations of continuity and energy are

Q= ubd, (2)
and
E=z+y+ uzﬂg, (3)

where (15 volumetric flow rate, u is mean flow
velocity, b is channel width, d is flow depth
measured normal to the channel bottom, £ is
total mechanical energy, z is elevation of the
channel bottom relative to an arbitrary datum,
and y is vertical component of depth (Chow,
1959). For a given flow rate, two depths (and
velocities) satisfy equation 3. These correspond
to the flow regimes characterized by the Froude
number. For F = 1, flow is supercritical, and for
F < 1, flow is subcritical. Critical conditions
occur at F = 1, with a unique critical velocity.

u, = (Qg/b)". (4)

Transitions from supercritical to subcritical flow

are spatially discontinuous, and the two flow
regimes are separated by a hydraulic jump. In
nature, hydraulic jumps can occur as standing
waves in rivers (Kieffer, 1985), lava flows
(Kieffer, 1989), turbidity currents (Komar,
1971), and subaquecus debris Mlows (Weirich,
1989).

In reaches where lateral and vertical accelera-
tions are small and no hydraulic jumps are pres-
ent, low conditions are approximated by
equations of gradually varied flow (Chow,
1959). Changes in flow depth are evaluated by
taking the derivative of equation 3 with respect
to downsiream direction {x) and substituting for
velocity from equation 2,

dpldx =[Sy - S/[1 - Q¥ (gh»)),  (5)

where 55 (= dz/dx) is the channel slope and 5; (=
dE/dx) is the energy gradient. The latter is given
by the loss in energy, AE, evaluated from equa-
tion 3, between two sections separated by a dis-
tance Ax. The S; term is also equivalent to the
fictitious slope § that satisfies the Manning for-
mula for flow of uniform velocity in a channel
of the same hydraulic radius (Chow, 1959),

u=S“R¥p1, (6)

where n is the empirical Manning coefficient
and R is the hydraulic radivs (ratio of cross-
section area to wetted perimeter). At a given
flow rate, the regime (supercritical or suberiti-
cal) in a given channel section is determined by
the ratio of the uniform flow velocity (equation
) to the critical velocity (equation 4).

The Standard Step Method (Chow, 1959), a
finite-difference approximation to equation 5, is
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used to solve for depth as a function of distance
in channels of varable width. The method re-
quires a known control (boundary) condition.
For a given discharge, either a measured depth
or critical conditions must be specified at some
location. In increments of Ax, calculations from
this known control condition proceed upstream
if the flow is subcritical and downstream if it is
supercritical. Equations 4 and 5 are solved itera-
tively for the depth.

For the present analysis, changes in velocity
(the measured parameter) are of more interest
than changes in depth. Downstream-velocity
variation, expressed as 1/u (du/dx), is ob-
tained from equation 5 and the derivative of
equation 2,

1udui/dx=[1/bdb/dx + 1/ w5 - Sp))/
[F2-1) (7

This form of the gradually varied flow formula
illustrates that velocity changes are influenced
by the sign and magnitude of (1) the Froude
number, F; (2) the downstream width variation,
1/b (2b/dx); and (3) the difference between
channel slope and energy gradient (S5p - S;).
Relations between these factors are summarized
in a graph of the width term vs. the slope term of
equation 7 (Fig. 3, discussed below).

APPLICATION OF HYDRAULIC
THEORY

Channel geometry data (Table 1) were de-
termined from topographic maps, aerial photo-
graphs (taken on September 9, 1980), distribu-
tion of pumice deposits (Kunitz et al., 1990), and
photographs of the flow (Hoblitt, 1986). In the
upper reaches, channel widths are well defined
by cross sections that bracket the reaches of the
observed velocity data (Fig. 1). On the Pumice
Plain, an effective channel width was estimated
from the distribution of pumnice deposits (Fig. 2),
but because the flow was relatively unconfined,
the results should be interpreted with caution.
Flow rate () was obtained by two methods:
(1) deposit volume, 4 = 10° m? (Kuntz et al.,
1990), divided by eruption duration, 6.5 min
(Hoblitt, 1986), yields ~10* m?/s; (2) equation
2 applied for average values in the Stair Steps
(= 20 m/s, b= 50m,y= 10 m)also yields —10%
m?/s. Critical velocities calculated from equa-
tion 4 indicate that most observed flow-front
velocities were supercritical (Table 1),

For the Standard Step Method, the x-step in-
crement was 10 m. We used a Manning coeffi-
cient of n = 0.05, a typical value for rough-bed
natural streams (Chow, 1959). Energy losses in
each reach were calculated independently by
applying equation 2 to each reach (Table 1) and
by solving equation 5 for 8 The results of the
two methods are in good agreement for o = 0.05.
Values of & less than 0.03 or greater than 0.07
yield velocities significantly different from those
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observed. Lack of an upstream control point
prevented modeling the flow in reaches | and 2.
Because observed velocities passed from suberit-
ical in reach 2 to supercritical in reach 3 (Fig. 2),
eritical flow conditions at the starl of reach 3
were used as the upstream control for the series
of channel sections from reach 3 down to the
Pumice Plain. We chose to model supercritical
flow through all reaches, and below we discuss
the possibility of subcnitical flow in reach 13.
The hydraulic model yields velocities that
compare well with the observed velocities (Fig.
2), with exceptions in reaches 5 and 13, In defin-
ing the width of reach 5, we did not attempt to
account for a large bedrock obstacle that is ob-
servable in aerial photographs and is reflected by
the flow indicators mapped by Kuntz et al
(1990). The obstacle constricted part of the
reach, and with a slope in excess of the energy
gradient, it would have forced a local accelera-
tion of the flow (this is not intuitive, but can be
deduced by examining equation 7 and Fig. 3).
Observed flow-front velocities decreased from
a supercritical ~ 15 m/s in reach 12 to a subcrit-
ical ~5 m/s in reach 13 (Fig. 2, Table 1). How-
ever, the calculated velocity in reach 13 is about
8 m//s, under the assumption used in the model
that the flow remained supercritical. Hoblitt
{1986) observed that at this location “the char-
acter of the flow front changed shortly after it
moved onto the gently sloping pumice plain; the

convex, colloform ash clouds rose off the ground
and were succeeded by a thin, light-colored
wedge.” Because velocities calculated with the
assumption of supercritical flow are larger than
those observed, we speculate that the observed
behavior may reflect a transition from supercrit-
ical to subcritical flow, via a hydrawlic jump
generated by the decrease in slope from the Stair
Steps to the Pumice Plain. Vertical accelerations
that occur within a hydraslic jump (Chow,
1959) may have contributed to the ash clouds
rising from the flow. Huppert et al. { 1986) noted
that it was peculiar that this velocity decrease
occurred out on the Pumice Plain where the
slope was gentle and uniform. However, hydrau-
lic jumps occur downstream of slope inflections
if the depth after the jump is low (Chow, 1959,
For the flow front, the downstream depth was
zero. Reach 13 is ~600 m downstream of the
slope inflection, so the position of the proposed
hydraulic jump is consistent with hydraulic
theory.

Calculation of flow velocity on the down-
stream side of the hydraulic jump from conser-
vation of momentum (Chow, 1959) yields a
velocity of 5 m/s, in good agreement with the
observed range of 3 o 8 m/s (Fig. 2). We sus-
pect that subcritical flow was sustained only
over a shori distance entirely within reach 13
because observed velocities in downstream
reaches 14-17 are supercritical, The modeling of

0.0 1.0 20 3.0 40
1b Abiax in10*/m
F2- 1

Figure 3. Trajectories of channel-width term vs. channel-slope lerm of equation 7 for
results from Standard Step calculations. Variables defined in texi. Discontinuities be-
tween Irajectories reflect abrupt changes in channel slope, in some cases real and in
others, an artifact of simplified geomelry of constant-slope reaches.

1123



transitions in flow regimes requires specifica-
tions of new control conditions. Because subcrit-
ical flow occurred only in the single reach 13 out
on the Pumice Plain where application of a
channelized flow model is tenuous, we did not
attempt to model the flow transition. Measured
velocities are averages over reaches that are typ-
ically more than 100 m in length, and we sus-
pect that changes in flow properties and even
flow regimes occur on a scale not resolvable in
the data.

The influence of channel geometry on veloc-
ity is illustrated by a graph of the width vs. the
slope terms of equation 7 for each 10-m incre-
ment calculated by the Standard Step Method
(Fig. 3). Each line in Figure 3 represents the
evolution of conditions expressed by the velocity
derivative and includes width and slope changes
from the top to the bottom of the reach (indi-
cated by changes from tail 1o head of arrow). If
the width and slope terms in equation 7 sum to
zero, velocity is constant. This condition defines
a diagonal line in Figure 3. The perpendicular
distance from this line is a measure of departure
from uniform flow and is proportional to the
magnitude of the velocity change expressed by
the left side of equation 7. Within either one of
the fields separated by the line of uniform Now,
the sign of the velocity derivative is fixed by the
given flow regime.

In most reaches the rate of channel-width var-
iation with downstream distance is sufficiently
small that the trajectories migrate toward the
diagonal line of uniform flow. Exceptions are
casily spotted because of their irregular trajecto-
ries or because they cross through uniform flow
conditions. In reaches 4 and 6 the severe con-
striction (expressed as a negative Ab/Ax, Table
1) caused either the magnitude and/or the sign
of the velocity derivative to change. In reach 13
the trajectory drawn reflects the assumption in
the model that the flow remains supercritical,
but as discussed above, we believe that a hydrau-
lic jump forced the flow locally to a subcritical
regime, 50 that the trajectory drawn represents
an unstable condition. A plot like Figure 3 is
therefore useful for examining the evolution of a
flow regime within a reach when a step method
of calculation is used.

DISCUSSION

Owr results demonstrate that the response of a
pyroclastic flow to changes in channel geometry
is complex; substantial changes in flow velocity
and flow regime occur with changes in the ter-
rain of the flow path. Supercritical to subcritical
transitions may be as important flow-transform-
ation phenomena as turbulent to laminar transi-
tions discussed by Fisher (1983). The locations
where flow rheology can be inferred, such as in
deposits on the Pumice Plain (Wilson and Head,
1981), may not contain a record representative
of the entire flow history.
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The range of velocities, 5 to 30 m/s, suggesis
varying transport capacities in the flow and that
erosional and depositional patterns could be
complicated. Transport capacity criteria are not
well established for pyroclastic flows, but for
comparisons we note that water flowing at 10
m/s in the Colorado River is capable of moving
boulders 1 m in diameter or larger. The esti-
mated density in the pyroclastic flow is similar
to that of water, and flow velocities were greater
than 10 m/s for the entire steep section of the
Stair Steps, where wall erosion and channel-
bottom scour were documented by Rowley et
al. (1981).

In pyroclastic-low deposits, the velocity de-
crease through a hydraulic jump may be repre-
sented by an accumulation of large lithic clasts
(Clark, 1984). Hydraulic jumps generated by
slope inflections have been suggested as sources
for lithic-rich units in pyroclastic flows at
Laacher See in Germany (Freundt and
Schmincke, 1985) and St Kitts in the West In-
dies (Roobol et al., 1987). Although vertical sec-
tions of August 7 deposits near the Stair Steps
have not been described, Rowley et al. (1981)
described lag deposits of coarse pumice from a
June 12 flow that decelerated at the base of a
preexisting phreatic pit. The flow variations de-
scribed in this study should be considered when
interpreting spatial relations and facies in pyro-
clastic deposits.

CONCLUSIONS

A steep, narrow channel opening onto a wide
plain s a common geometry for pyroclastic
flows descending the flanks of volcanoes. The
success of our simple model in reproducing ob-
served velocities suggests that channel geometry
strongly controls flow velocity and depth. Al-
though an empinical coefficient n appears in our
model, it is physically constrained as a measure
of channel roughness and is not a free parameter
arbitrarily varied to optimize the calculated ve-
locity profile. Although hydraulic theory greatly
simplifies the dynamics of a pyroclastic flow and
does not address its material properties, it may
be useful as a predictive tool. With only topo-
graphic data, and estimates of potential dis-
charges and a Manning coefficient for the
terrain, sites of erosion, deposition, and hazard
potential on the channelized flanks of active vol-
cances could be estimated.
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