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A B S T R A C T  

Hupper t ,  H.E., Turner ,  J.S., Carey, S.N., Sparks,  R.S.J. and Hal lwor th ,  M.A. 19~6. A la- 
b o r a t o r y  s imula t ion  of  pyroclas t ic  flows d o w n  slopes. J. Volcanol. Geotherm. Res., 30 : 
179 - -199 .  

L a b o r a t o r y  e x p e r i m e n t s  are descr ibed which  explore  the  dynamica l  consequences  of 
b u o y a n t  convect ive  upf low observed above ho t  pyroc las t ic  flows. In na ture ,  the  convec- 
t ion  is p roduced  by t he  ho t  ash part icles  exchang ing  hea t  wi th  air mixed  in to  the  f ront  
and  t op  of  the  pyroclas t ic  flow. This  ef fec t  on  the  b u o y a n c y  due  to the  mixing  of  air 
and  ash has been  mode l l ed  in the  l abora to ry  using mix tu re s  of  m e t h a n o l  and e thy l ene  
glycol  (MEG),  wh ich  have a non l inea r  dens i ty  behav iour  w h e n  mixed wi th  water.  Inter-  
med i a t e  m i x t u r e s  of  these  f luids can be denser  t h a n  e i ther  init ial  c o m p o n e n t ,  and so the  
l a b o r a t o r y  e x p e r i m e n t s  were inver ted mode l s  of  the  na tura l  s i tuat ion.  We s tudied MEG 
f lowing up u n d e r  a s loping roof  in a t ank  filled w i th  water.  The  e x p e r i m e n t s  were per- 
f o r m e d  b o t h  in a na r row channe l  and on  a lateral ly u n c o n f i n e d  slope. The  flow pa t t e rns  
were also c o m p a r e d  wi th  those  o f  c o n v e n t i o n a l  gravity cu r r en t s  fo rmed  using fresh and  
salt water.  The  presence  of the  region of reversed b u o y a n c y  ou ts ide  the  layer  f lowing 
a long t he  s lope had t w o  s ignif icant  effects.  First ,  it per iodical ly  p ro t ec t ed  the  flow from 
di rec t  mixing  w i th  the  e n v i r o n m e n t ,  resul t ing in pulses of  relat ively u n d i l u t e d  fluid 
moving  o u t  i n t e r m i t t e n t l y  ahead  of  the  ma in  flow. Second,  it p roduced  a lateral inf low 
towards  t he  axis of  t he  cu r r en t  wh ich  kept  the  cu r ren t  conf ined  to  a nar row tongue,  
even o n  a wide slope. 

In pyroc las t i c  f lows the  basal  ava lanche  po r t i on  has a m u c h  larger dens i ty  con t ras t  
w i th  its su r round ings  t h a n  the  l abo ra to ry  flows. Calcula t ions  show tha t  mix ing  of air 
in to  the  dense  par t  of  a pyroc las t ic  flow c a n n o t  genera te  a m ix tu r e  t h a t  is b u o y a n t  in 
the  a tmosphe re .  However ,  t he  over ly ing d i lu te  ash cloud can behave  as a gravity cu r ren t  
c o m p a r a b l e  in dens i ty  con t r a s t  to t he  l abo ra to ry  f lows and  can b e c o m e  b u o y a n t ,  depen-  
ding o n  t h e  t e m p e r a t u r e  and  ash con ten t .  In the  Augus t  7 th  pyroc las t i c  flow of  M o u n t  
St. Helens,  Hob l i t t  ( 1 9 8 6 )  descr ibes  pu lsa t ions  in the  flow front ,  wh ich  are r emin i scen t  
of  t hose  obse rved  in t h e  exper imen t s .  As p roposed  by  Hobl i t t ,  t he  pu l sa t ions  are caused 
by  the  ash c loud acce le ra t ing  away f rom the  f r o n t  of  the  dense  ava lanche  as a dens i ty  

0 3 7 7 - 0 2 7 3 / 8 6 / $ 0 3 . 5 0  © 1986 Elsevier Science Publ ishers  B.V. 



180 

current .  The  ash c loud t hen  m i x e s  wi th  more  air, b e c o m e s  b u o y a n t  and lifts of f  the  
g round ,  a l lowing the  ava lanche  to ca tch up wi th  and  move  ahead  o f  the  cloud.  The  
puls ing behav iour  at the  f ron t s  o f  pyroc las t ic  f lows cou ld  a c c o u n t  for  t he  oc c u r r e nc e  
o f  c ross -bedded  layer 1 depos i t s  wh ich  occur  b e n e a t h  layer 2 depos i t s  in m a n y  sequences .  

I N T R O D U C T I O N  

Observations of pyroclastic flows and their deposits suggest that  they 
consist of a dense underflow and an overlying turbulent cloud. The under- 
flow is generally thought  of as having a high concentration of particles and 
in which only limited grain size and density sorting can occur (Sparks, 
1976). The overlying turbulent cloud is known to be dilute and contain 
only fine-grained ash. Within the cloud, buoyancy effects may be important  
because mixtures of hot ash and air can be less dense than the cold air that  
overlies the flow. Theoretical and experimental work suggests that  the cloud 
is formed by mixing of air into the flow head (Wilson and Walker, 1982), 
by elutriation of fine ash by gas fluidisation from within the dense under- 
flow (Sparks, 1976; Wilson, 1980) and by the development of a turbulent  
boundary layer across the upper surface of the dense underflow (Denlinger, 
1986). 

Pyroclastic flows are now recognised as a class of gravity current (Wilson, 
1980; Simpson, 1982). A number of the geological features of their deposits 
and the behaviour of the flows themselves indicate that  mixing of air into the 
flow head is important. The application of concepts developed from experi- 
mental and theoretical studies of simple gravity currents to pyroclastic flows 
has provided some insight into the flow dynamics. However, there are at 
least two major differences between pyroclastic flows and simple laboratory 
gravity currents. First, pyroclastic flows owe their excess density to solid 
particles which can segregate within and sediment out from the flow. The 
density contrast between pyroclastic flows and their environment is much 
larger than that of typical laboratory gravity currents. However, the over- 
lying dilute cloud must of necessity have only a small contrast with 
surrounding air, comparable with those of laboratory density currents. 
Second~ the flows mix with relatively cold atmospheric air which will ex- 
pand greatly as it is heated by the hot particles. There have been a num- 
ber of speculations on what influence these complicating factors might 
have on the dynamics of flows (Sparks, 1976; Wilson, 1980; Wilson and 
Walker, 1982), but there has been little experimental work on the new 
effects that  might occur, with the exception of a gas fluidisation. Wilson 
(1980, 1984) carried out a systematic experimental study of the effects 
that  gas expansion and fluidisation would have on pyroclastic flow material 
and showed that  uniform fluidisation of this material is impossible. Wilson's 
studies indicated that  many sedimentary structures in pyroclastic flow 
deposits are a consequence of uneven fluidisation of the original pyroclastic 
flow due to ingestion of  air into the flow front  (Wilson, 1984). 
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In this paper we present  a series of  experiments designed to investigate 
the influence o f  a buoyan t  upper  cloud on the dynamics of  a gravity current. 
In nature, mixing of  cold air and hot  ash particles in the dense underf low 
and within the overlying cloud can create buoyan t  regions in the flow 
because of  the heat transfer from the ash particles to the surrounding air. 
This is an example of  a system in which the density of  the resulting mixture  
is considerably lower than either of  the two inputs -- cold air and hot  
particles. This nonlinear density effect on mixing can be simulated by the 
mixing of  certain fluids. We have formed laboratory gravity currents which 
generate a buoyan t  cloud by using mixtures of  methanol  and ethylene 
glycol as the input  fluid for  the gravity currents. The input fluid propagated 
into fresh water and mixed nonlinearly with it. The purpose of  the experi- 
ments  was to compare the behaviour of  gravity currents which generate an 
overriding byoyan t  cloud with simple gravity currents. We describe in the 
final section the extent  to which these experiments help in understanding 
the behaviour of pyroclastic flows and the geological features of  their 
deposits. 

EXPERIMENTAL TECHNIQUES 

Mixtures of  methanol  and ethylene glycol (MEG) can be made with 
densities between 0.792 g cm -3 (pure methanol)  and 1.126 g cm -3 (pure 
ethylene glycol). When MEG is mixed with water, the density of  the resultant 
can be greater than that  of  either of  the ingredients, as shown quantitatively 
in Fig. 1. This nonlinear mixing generates a product  whose density contrast  
is of  the opposite sign to that of the less dense buoyant  cloud produced 
above a pyroclastic flow. However, no simple fluid analogue which results 
in a less dense mixture  is known to us, so we used the simple device of 
allowing the MEG current  to flow up underneath  a sloping roof.  It is then 
easy to invert all photographs of  an experiment  to depict a current  flowing 
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Fig. 1. T h e  d e n s i t y  o f  a m i x t u r e  o f  m e t h a n o l  e t h y l e n e  g lyco l  ( M E G )  a n d  w a t e r  as a 
f u n c t i o n  o f  t h e  v o l u m e  p e r c e n t a g e  o f  M E G :  1 = 5 4 . 5 %  by  v o l u m e  o f  m e t h a n o l  in t h e  
undiluted MEG; 2 = 51.5% by volume of methanol; and 3 = 48.0% by volume of methanol. 
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down a slope which on mixing with the environment produces motion of  
a less dense fluid above the current, as in nature. The dynamics of the two 
situations are, of  course, identical. 

There only remains the question of how to describe the laboratory flows. 
We decided in this paper both to print the photographs and to explain the 
processes from an inverted view, and thus be consistent with the naturally 
occurring phenomena. 

The use of  MEG-water and related mixtures has been described previously 
by Turner and Yang (1963) and Turner (1966), who used them to simulate 
evaporation in convective clouds in the atmosphere, and by Turner and 
Gustafson (1978), who suggested that  nonlinear mixing phenomena may 
play a role in determining the products of hot, salty effluents from the 
sea floor. 

For  our purposes the MEG-water system nicely simulates the effects 
of the density decrease of the entrained air due to heat loss from the small 
ash particles. Our study does n o t  simulate, however, the segregation and 
sedimentation of the material within and from the pyroclastic flow. 

We used two different pieces of apparatus in our experiments, as sketched 
in Fig. 2. In the first, MEG was pumped along a 30 cm horizontal pipe and 
then released onto the slope through a nozzle of internal diameter 7 mm at 
the end, as despicted in Fig. 3a*. The slope angle ~ was preset at either 15, 
30 or 45 ° and the length, L, of the slope was approximately 60 cm. The 
width of the slope D was 7.5 cm and it fitted snugly into a Perspex tank of 
comparable width. The flow was viewed by shadowgraph across the tank and 
by direct observation onto the slope. In all experiments the fluids were at 
room temperature (~ 18 ° C). 

While much was ascertained from experiments in this apparatus, we were 
concerned about the restricting influence of the confining walls. We thus 
performed some experiments in a second, much wider container, for which 
L ~60  cm and D ~60  cm. In this apparatus we also experimented with 
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Fig. 2. An elevational  ske tch  of  t he  exper imenta l  set-up. (Recall  tha t  this ske tch  mus t  be 
inverted to  view the  appara tus  as seen in the  laboratory.  ) 

* Recall tha t  this figure and all descr ip t ions  are inversions of  wha t  actually occurred .  
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Fig. 3. The  fou r  d i f f e r en t  nozz le  des igns  used in the  expe r imen t s .  Nozzle  a was used  in the  smal ler  
appa ra tu s ;  nozzles  b (on-s lope) ,  e (off-s lope)  and  d (along-slope)  in the  larger  appara tus .  

three different nozzles in order to investigate the effect of input conditions. 
One nozzle directed the flow on slope, one off  slope and the final one 
along slope, as sketched in Fig. 3b--d. We found the along slope release 
to be the most satisfactory, and will present below the detailed results 
using this configuration. Overall, results from the second apparatus were 
qualitively the same as those from the first, and indicated that  the effects 
we describe are independent of the finite size of the laboratory containers. 

In the next section we briefly describe the effects observed in a simple 
gravity current. This acts as a background with which to compare the new 
effects due to nonlinear mixing. 

S I M P L E  G R A V I T Y  C U R R E N T S  

To contrast with the MEG experiments, we performed several experiments 
on simple gravity currents. In these experiments, fresh water flowed initially 
along a slope in a salt-water environment. The initial density difference 
between the current and its environment, Ap, was approximately 10-2 g 
cm-3. The outputs from the nozzle, Q, ranged between 3 and 6 cm 3 s - ' ,  
and thus the input Reynolds numbers based on the nozzle radius (0.35cm) 
ranged between 103 and 2 × 103. Even the minimum value is sufficient to 
make the flow turbulent.  

In the second, larger, apparatus the currents spread out across the slope as 
they flowed along it, in such a way that  the lateral edge of the current 
formed a straight-sided cone, as depicted in the plan view of Fig. 4a. Just be- 
hind the head of the current, and for some distance along the top of it, am- 
bient fluid was entrained into the current, thereby slightly decreasing the 
density contrast between current and environment. At all times the current 
remained attached to the slope, as is evident in the elevation shown in Fig. 
4b. Although the flow in the input nozzle was kept steady, the flow down 
the slope was not as steady in either time or space. Instabilities developed 
which led to variations in the thickness of the current, as seen by the varia- 
tions of optical density in Fig. 4a. 

The head of  the current propagated along the slope at an approximately 
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Fig. 4. S imple  gravi ty  c u r r e n t s  a long  a s lope.  (a). Plan, Q = 1.71 c m  3 s -1, Ap = 0 .007  g 
c m  -a in t he  larger  a p p a r a t u s  ( w i t h  nozz le  d)  45 s a f t e r  release.  (b) .  E leva t ion ,  Q = 3.1 cm 3 
s ~, Ap = 0 . 0 0 0 6  g c m  -3 in t he  smal l e r  a p p a r a t u s  ( w i t h  nozz le  a) 15 s a f t e r  release.  
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c o n s t a n t  speed which  was d e p e n d e n t  on the  flow rate Q, the angle of  the 
slope 0, and the  r educed  gravity g' = gap/p, where  g is the  accelera t ion due  
to  gravity and p ~ 1.0 g cm -3 , which is the initial dens i ty  o f  the  input  fluid. 
The  cone  ang lewas  also d e p e n d e n t  on Q, 0 and g'. 

There  exists a theore t i ca l  descr ip t ion  of  a two-dimens ional  gravity cur ren t  
on  a slope which has been  intensively compared  wi th  l abora to ry  exper iments  
(Br i t te r  and Linden,  1980).  The  d i f fe ren t  s i tuat ion cons idered  here, in 
which  the  fluid issues f rom a po in t  source,  has no t  been analysed. A predic- 
t ion  o f  the  ve loc i ty  o f  the head and the  cone  angle still needs to be deve- 
loped.  

In the  smaller apparatus ,  the cur ren t  f lowed along the  slope and spread 
across it unti l  it e n c o u n t e r e d  the  walls. Therea f t e r  it p ropaga ted  as a two- 
d imens iona l  c u r r en t  wi th  lit t le variat ion across the  slope. At  no t ime, how- 
ever, did any  par t  o f  the  cu r r en t  become  de tached  f rom the  slope. 

GRAVITY CURRENTS WITH BUOYANT CLOUDS 

Having descr ibed the  behaviour  o f  normal  gravity currents ,  we now con- 
t ras t  the  new p h e n o m e n a  which were exhib i ted  in ou r  expe r imen t s  with 
MEG. We carr ied ou t  expe r imen t s  wi th  initial dens i ty  d i f ferences  be tween  
inpu t  fluid and wa te r  o f  0.006,  0 .016 and 0 .028 g cm 3 (curves 1, 2 and 3 
respect ively  o f  Fig. 1) which are comparab le  to those  used for  the normal  
gravi ty currents .  The  f low rates were also similar. Thus  these flows were 
also tu rbu len t ,  at least initially. Some  of  the lower  flow rates seemed to 
p r o d u c e  a t rans i t ional  f low regime, and we c o m m e n t  on this fu r ther  below. 

A large n u m b e r  o f  d i f fe ren t  p h e n o m e n a  were observed.  We shall first 
descr ibe the general  f low proper t ies  and then  go on to  describe the special 
aspects  associated with high values o f  Q. 

As the  cu r ren t  p ropaga ted  along the slope, extensive mixing wi th  the 
env i ronmen ta l  fluid occured  at the  head o f  the  cur ren t  and behind it to 
f o rm  a m ix tu r e  which  de t ached  f rom the  slope and rose th rough  the environ- 
menta l  fluid. This is dep ic ted  in Fig. 5a. The  vert ical  m o t io n  to each side of  
the  cu r ren t  drove a large-scale convect ive  cell wi th  axes along the slope, 
as ske tched  in Fig. 5b. The  result  o f  this convect ive  m o t i o n  was to conf ine  
the  basal cu r r en t  to  a r a the r  nar row band,  as seen in Fig. 5c, which cont ras ts  
marked ly  wi th  the  lateral  expans ion  o f  the  normal  gravity cu r ren t  (Fig. 4b). 

E x c e p t  possibly for  the  very  slowest  flows, the  f ron t  o f  the  f low was qui te  
u n s t e a d y  and the cur ren t  exhib i ted  strong spatial and t empora l  variat ions 
along the  slope (Fig. 6). The  mixing with the env i ronmen t  of  the input  fluid 
which f lowed along the slope o f t en  fo rmed  a 'p ro tec t ive  cover '  over the 
und i lu ted  MEG at the head and fu r the r  mixing was m o m en ta r i l y  delayed.  
This a l lowed dense u n m i x e d  MEG f rom behind the  f low f ro n t  to f low out  
ahead to  fo rm a bu lbous  c lump of  fluid. Such an event  is evident  in Fig. 5d. 
The  c lumps  o f  dense  fluid eventual ly  mixed  wi th  ambien t  fluid and decele- 
ra ted  as the  m i x t u r e  l if ted of f  the slope. The  f low f ro n t  somet imes  even 
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r e t r e a t e d  s l igh t ly  u p s l o p e  as l i f t - o f f  t o o k  p lace .  T h e  u n s t e a d y  m o t i o n s  at  

t h e  f l o w  h e a d  are  i l l u s t r a t e d  by  d a t a  in Fig.  6. T h e  o v e r l y i n g  b u o y a n t  c l o u d  

o f t e n  c o n s i s t e d  o f  d i s c r e t e  pu l se s  o r  p r o t u b e r a n c e s  o f  b u o y a n t  f lu id ,  e a c h  

o f  w h i c h  o r i g i n a t e d  as a pu l s e  o f  d e n s e  f lu id .  

Fig. 5. Gravity currents with buoyant clouds along a slope. All the experiments pictured 
here used MEG of composition 1 as shown in Fig. 1. 
(a) Elevation, Q = 0.775 cm 3 s -1 in the small apparatus (with nozzle a) 45 s after release. 
Note the bulbous head at the front of the flow and the rising plumes all the way behind it. 
(b) Sketch of the motion in cross-section. The main current (dense stipple) mixes to 
produce a buoyant plume (light stipple) which induces a mean flow in the outer environ- 
ment. This Flow laterally confiness the main current, 
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Fig. 5. (e) Plan,  Q = 0 .50  em 3 s -~ in the  larger a p p a r a t u s  (wi th  nozz le  d)  90 s a f te r  release. 
No te  t h e  c o n f i n e m e n t  o f  t he  cu r ren t ,  t he  grey c louds  of  b u o y a n t  mate r ia l  as seen  f r o m  
be low the  c u r r e n t  and  t he  f ine-gra ined s t reakiness ,  s imilar  in f o r m  to  the  veins  o f  a leaf. 
(d) Elevat ion,  Q = 5.7 cm 3 s -1 in t he  smal ler  a p p a r a t u s  (wi th  nozzle  a) 40 s af ter  release. 
No te  the  b u l b o u s  f ront ,  t he  rising p l u m e s  and  second  c l u m p  o f  dense  f luid b e t w e e n  
a p p r o x i m a t e l y  22 and  23 cm. 
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Fig.  5. (e)  A n  e l e v a t i o n a l  s k e t c h  s h o w i n g  c l ea r ly  t h e  i m p o r t a n t  a s p e c t s  o f  t h e  f l o w .  N o t e  t h e  
b u l b o u s  f r o n t ,  t h e  f o l l o w i n g  c l u m p s  o f  u n m i x e d  f lu id  w h i c h  have  s u r g e d  d o w n  t h e  s l ope  
a n d  t h e  r i s ing  p l u m e s .  
( f )  E l e v a t i o n  o f  a t o t a l  l i f t -o f f ,  Q = 7 .8  c m  3 s 1 in t h e  s m a l l e r  a p p a r a t u s  ( w i t h  n o z z l e  a)  
12 s a f t e r  re lease .  N o t e  t h a t  t h e  M E G  h a s  f l o w e d  o n l y  a s h o r t  d i s t a n c e  d o w n  t h e  s l o p e  
b e f o r e  all o f  it h a s  m i x e d  w i t h  t h e  s u r r o u n d i n g s  to  f o r m  a b u o y a n t  m i x t u r e  w h i c h  de- 
t a c h e s  f r o m  t h e  s lope .  
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Fig. 5. (g) E leva t ion  o f  a f low t rans i t iona l  to l i f t-off ,  Q = 6.4 c m 3 s i in the  smal ler  appa-  
r a tus  (wi th  nozz le  a) 20 s a f te r  release. No te  t ha t  m o s t  o f  the  MEG has  m i x e d  wi th  the  
s u r r o u n d i n g s  to f o r m  a p l u m e  b u t  a smal l  a m o u n t  c o n t i n u e s  to  f low d o w n  the  slope. 
(h)  Plan o f  a f low t rans i t iona l  to lift-off,  Q = 3.1 cm 3 s -1 in the  larger a p p a r a t u s  (wi th  
nozzle  d)  135 s a f te r  release. No te  t he  rapid eff lux f rom the  nozzle,  the  th ick  b u o y a n t  
p l u m e  an d  t h e  relat ively th in ,  wispy  c u r r e n t  t ha t  c o n t i n u e s  to f low a long the  slope. 
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Fig. 6. Dis tance  versus t ime  p lo t s  for  two non l inea r  gravity cu r r en t s  and  one  s imple  
gravi ty  cur ren t .  No te  t he  con t r a s t  b e t w e e n  t he  s m o o t h  p r o p a g a t i o n  of  the  s imple  gravity 
cu r r en t  ( u p p e r  curve a) w i t h  the  u n s t e a d y  p r o p a g a t i o n  of  the  non l inea r  cu r r en t s  ( lower  
two  curves  b and  c). The  f low f r o n t  ac tua l ly  r e t r ea t s  sl ightly ups lope  at  t imes  of  v igorous  
b u o y a n t  rise f rom the  b u l b o u s  head.  

Piles of  dense fluid were often periodically accumulated along the current. 
This created a wavy appearance to the flow, as is also evident in Fig. 5d. A 
sketch of an ideal flow, showing most of these features, makes up Fig. 5e. 
The spatial variation caused the head of  the current to surge and the motion 
along the slope was often rather uneven*. The motion in the underflow part 
o f  the current was sometimes reminiscent of kinematic waves (Lighthill, 
1979). From plan views (Fig. 5c) is was also evident that  a repeated streak- 
iness along the slope was developed, presumably by the action of mixing 
with external fluid. 

The exact details of  the flow depend quite sensitively on the input condi- 
tions, namely the initial Reynolds number of the current and the nozzle 
shape. Of course the quantitative details were also dependent  upon 0 and the 
degree of  nonlinear mixing, which can be varied by using MEG mixtures 
of  different  components  (see Fig. 1). 

Low values of Q resulted in almost laminar motion with rather little 
mixing and convection. It may be possible to have currents with very low 
Reynolds number  which would mix exceedingly little, if at all, with the 
environment. With increasing flow rate the degree of  unsteadiness and mix- 
ing increased until a situation we refer to as 'lift off '  occurred. In this situa- 
tion, during its flow along the slope for only a few centimetres, the current 
had mixed sufficiently with the environment that  all the fluid was now 

* This  obse rva t i on  was clearly visible w h e n  wa tch ing  an  e x p e r i m e n t  and  was well  repro-  
duced  in t he  movie  sequences  we m a d e  of  the  exper imen t s .  U n f o r t u n a t e l y ,  it is impossi- 
ble to  show in the  still p h o t o g r a p h s  d isp layed  in th is  paper.  
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buoyan t  and totally separated from the surface (see Fig. 5f). For  a very 
small range of  flow rates just at the transition from a turbulent  gravity 
current to a turbulent  plume, a thin attached current could still be seen 
ahead of the lift-off point. This can be detected in Figs. 5g and h. In some 
experiments in the smaller apparatus very narrow (1 - - 2  mm) fingers of dense 
MEG formed and moved beyond the bulbous flow front. As many as four 
fingers were sometimes observed. However, it was difficult to reproduce 
this behaviour consistently and we are uncertain of  its significance. 

The three different  nozzles used in the larger apparatus resulted in some- 
what  different flow fields, at least near the nozzles. The on-slope release 
(Fig. 3b) required the input fluid to turn two sharp bends just before release. 
This caused a great deal of vorticity and secondary circulation (Prandtl, 
1954) and resulted in a significant part of the current being initiated across 
the slope and hence two branches developed (see Fig. 7a). These eventually 
merged further  along the slope (Fig. 7b). 

The off-slope release (Fig. 3c) allowed the momentum of the input to 
carry it off  the slope and facilitated the mixing. For  slowish flows, the fluid, 
because of its density, would re-attach itself to the slope and continue to 
flow along it. However, faster flows resulted in the input mixing so vigorous- 
ly with the environment that  only a plume formed and no current was 
generated. 

The along-slope release (Fig. 3d) was the most satisfactory, with its output  
no t  being dominated by secondary circulation and the resulting current 
being able, at least initially, to flow along the slope. 

The sensitivity of the motion observed in the experiments to the details of 
the ou tpu t  suggest that  the exact configuration of a volcanic vent may play 
an important  role in determining the details of pyroclastic flows. It also 
indicates that  a complete quantitative analysis of the experimental observa- 
tions would have little point. 

Measurements of the position of the flow front,  s, along the slope as a 
function of time, t, were made during most of the experiments. Data from 
the larger apparatus at slope angles of 15 ° and 30 ° are plotted in Fig. 8. In 
the logarithmic plot of position against time the points fall almost on a 
straight line. So, it is seen that  for a particular flow rate and slope angle 
the front  propagates quite reasonably as a power of the time, i.e. s = At  B. 
The mean value of B for all the experiments was 0.62 and the departure 
from this value was generally less than 0.05. Increasing the input rate but 
retaining the slope angle increased the value of A, indicating that  higher 
input rates caused the flow to move more rapidly. Increasing the slope 
angle without  altering the input rate caused the flow also to move more 
rapidly, at least over the 3 slope angles used. It is interesting to recall that  
in our experiments with simple gravity currents, B ~1, which indicates 
that  simple gravity currents flow more rapidly. 

Only three experiments were performed with MEG compositions 2 and 
3 of Fig. 1 because the results were so predictably similar to those with 
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Fig. 7. Plans of  a gravity cur ren t  with a buoyan t  cloud in the  larger appara tus  wi th  
nozzle  b, Q = 4.2 cm 3 s i .  (a) 40 s after release; (b) 70 s af ter  release. Note  the  very 
broad cur ren t  (in con t r a s t  to those  depic ted  in Fig. 4) due to the  secondary  ci rculat ion 
in the  nozzle and the  two  branches  of  the  current  in (a) which  have a lmost  merged 
in (b). 
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Fig. 8. T h e  p o s i t i o n  o f  t h e  f r o n t  o f  t h e  c u r r e n t  as a f u n c t i o n  o f  t ime  in t h e  larger appara -  
t u s  ( w i t h  nozz le  d)  f o r  a s lope  o f  (a) 15 ° and  (b)  30 ° . × Q = 0 .35 c m  3 s - 1 ; •  Q =  0 .50  
cm 3 s 1; , Q = 1.1 c m  3 s -1; and • Q = 2.0 cm 3 s -1. The  t w o  incl ined l ines o n  each  
g r a p h  r e p r e s e n t  s ~ t T M  . N o t e  t h a t  each curve  in (a) a p p e a r s  above  its c o u n t e r p a r t  in (b),  
w h i c h  ind ica t e s  t ha t  f l ows  a long  a 15 ° s lope  travel  m o r e  s lowly  t h a n  a long  a 30 ° slope.  

Fig. 9. Plan o f  a gravi ty  c u r r e n t  w i t h  a b u o y a n t  c loud  a f te r  the  i n p u t  has  ceased.  T h e  f low 
w a s  m a i n t a i n e d  for  100 s. These  p h o t o s  were  t a k e n  in t he  larger a p p a r a t u s  (wi th  nozz le  d), 
Q = 0.5 c m  3 s - l ,  at  (a)  20 s, (b )  40  s and (c) 70 s a f te r  the  i n p u t  was  t u r n e d  off .  N o t e  
the  gradual  c o n t r a c t i o n  o f  t he  c u r r e n t  and  the  s t r eak ines s  ev iden t  in (a) and  (b). 
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Fig. 9. b and c. For  c a p t i o n  see p. 1 9 3 .  

composition 1. The experiments with composition 2 showed less nonlinear 
mixing than those with composition 1, and the MEG tended to remain 
at tached as it flowed along the slope. The experiment with composition 
3 flowed most rapidly along the slope and there was very little convective 
activity away from the slope. 
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When the flow was turned off, the current relaxed in a rather interesting 
way, which was very much controlled by the strong convective motions 
in the environment. First, the current became progressively more confined 
(Fig. 9a,b,c) while at the same time the flow above the current moved back 
towards the nozzle. Turning off the supply to a simple gravity current 
would not  have produced either of these effects. 

A P P L I C A T I O N S  TO P Y R O C L A S T I C  FLOWS 

Any application of our experimental results needs first to recognise that 
there are major differences between the scale and physical characteristics of 
pyroclastic flows and these laboratory gravity currents. The experiments 
cannot replicate the important  sedimentation processes and do not take into 
account the much larger density contrast between pyroclastic flows and their 
environment. In particular, it is likely that many pyroclastic flows are 
controlled by particle interactions in the dense underflow and that  their 
motion is best described in terms of non-turbulent avalanches of cohesion- 
less particles, either in a fluidised or non-fluidised condition (Sparks, 1976; 
Denlinger, 1986). On the other hand, mixing processes in the flow head 
will be highly nonlinear and the overlying dilute cloud will also have a 
density comparable with the surrounding atmosphere where buoyancy 
effects can become significant. 

Figure 10 shows calculations of the density of mixtures of hot ash and 
cold air with a temperature of 0°C and density of 1.25 kg m -3. Curves 
are shown for ash temperatures from 0 °C to 1000 °C and illustrate the 
strongly nonlinear character of these mixtures. For dilute mixtures where 
the ash temperature exceeds about 300 °C and low mass fractions of ash 
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Fig. 10. Re l a t i onsh ip  b e t w e e n  the  dens i ty  of  m i x t u r e s  of  ho t  ash and cold air and  the  
p r o p o r t i o n  of  ash in the  mix ture .  T he  air is assumed to have an init ial  t e m p e r a t u r e  of  
0°C and  a n  ini t ial  dens i ty  of  1 .25 kg m -~. Curves are s h o w n  for  d i f f e ren t  ash t empera -  
tures.  
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(generally less than 0.5), the mixtures are buoyant.  However, it is impro- 
bable that  such dilutions can be achieved within the flow head itself, because 
of the large density contrast between air and ash. For example, a tempera- 
ture of 1000 °C with a flow density of 1000 kg m -3 would have to mix with 
nearly one thousand times the volume of air to become buoyant.  Such large 
volumetric proportions of incorporated air are implausible, so we conclude 
that mixing in the front  of a dense flow will not directly cause the effects 
seen in the experiments. 

The overlying ash cloud is in fact a more likely environment for the 
buoyancy effects to become important. The ash cloud is an environment 
where particle concentration and density are much lower than the pyro- 
clastic flow itself. Moreover, the ash cloud density will depend on both the 
temperature and ash content  and can be lighter than the overlying air if 
sufficiently dilute (Fig. 10). Dense portions of the ash cloud are thought  to 
behave like dilute gravity currents to produce surge deposits (Fisher, 1979), 
whereas the buoyant  portions produce ash-fall deposits (Sparks et al., 1973). 
Observations of pyroclastic flows indicate that the ash cloud can detach 
itself and move independently of the underlying avalanche, even if it comes 
to rest. The nonlinear mixing effects could thus become important  in the 
behaviour of  the ash cloud. 

Detailed observations of the August 7th pyroclastic flow (Hoblitt, 1986) 
during the 1980 activity of Mount St. Helens, and of the 1951 pyroclastic 
flows of Mount Lamington in Papua New Guinea (Taylor, 1958), suggest 
dynamical behaviour similar to that  observed in the experiments. 

The August 7th flow moved down the flanks of Mount St. Helens along 
a well-defined valley containing gentle curves and then ran out onto a 
smooth plain with a much lower slope. Velocity data show that  the flow 
went  through three distinct cycles of acceleration and deceleration. Hoblitt 
(1986) attributes two of these cycles to changes in slope along the valley. 
However, one of the most marked cycles occurred where the flow was 
unconfined on the smooth gently sloping plain. This cycle was also accompa- 
nied by a distinctive change in appearance of the flow front. To quote 
Hoblitt  (1986) : 

"The  voluminous billowing, colloform clouds that  marked the flow front  
ceased to advance and began to rise. Concurrently, the front  became thin, 
wedge-shaped, digitate, and was followed by only small ash clouds. I sug- 
gest that  these changes in velocity and appearance occurred when a 
pyroclastic surge derived from and preceding the pyroclastic flow was 
overtaken by the pyroclastic f low." 

In the case of  the March 5th, 1951 flow of  Lamington, Taylor (1958) 
states: 

"Occasionally the advance clouds of the nu6e ardentes would tend to 
become diffuse as if the gas supply were waning; then a few minutes later, 
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new bursts of energy revitalised the ash cloud with highly-woven convo- 
lutions. The nu6e was evidently a multiple event consisting of a series 
of successive overriding components ."  

Hoblit t  (1986) proposed that the dilute ash cloud accelerated ahead of 
the basal avalanche near the break in slope. The avalanche may have slowed 
down on the shallow plain, allowing the ash cloud to move ahead as a dilute 
density current. Hoblitt  attributes the deceleration of the dilute ash-cloud 
event to the onset of buoyancy causing the cloud to stop and rise. The 
behaviour of  the ash-cloud event closely resembles the phenomena observed 
in our experiments and we concur with Hoblitt 's explanation. 

APPLICATIONS TO THE DEPOSITS 

The results of the experiments also allow some cautious speculation to 
be made about recent models of pyroclastic flow deposition. Sparks et al. 
(1973) proposed a tripartite division of deposits produced by a " typical"  
pyroclastic flow. The lowest unit, layer 1, is typically a stratified, cross- 
bedded deposit with moderate sorting. This layer has been attributed both 
to the passage of a turbulent, relatively low-concentration, surge cloud 
which segregates from the advances ahead of the main body of the pyro- 
clastic flow and to segregation of heavy material by fluidisation within the 
flow head (Wilson, 1980; Walker et al., 1981). Layer 2 is the main deposit 
from the flow and is characterised by poor sorting, a massive structure 
and sometimes by reverse grading of pumice blocks, normal grading of 
lithics and a tendency to fill in pre-existing depressions in the topography. 
Overlying layer 2 there is a widespread, fine ash fall deposit (layer 3) laid 
down by the upper convecting clouds of  elutriated ash. 

In the case of the Mount St. Helens flow described by Hoblitt (1986), 
the acceleration of  the surge cloud ahead of the dense avalanche part of the 
flow would be expected to deposit a thin layer of surge deposits which would 
then be buried by the dense flow. Thus thin cross-bedded layer I deposits 
would underlie the main layer 2 deposit. It will be interesting to see if these ex- 
pectations are realised when the August flow deposits are eventually exposed. 

In much larger and more violent pyroclastic flow deposits Wilson and 
Walker (1982) have described basal deposits to the Taupo ignimbrite which 
they interpret as forming by the en masse deposition of material jetted out 
of the front  of  the main flow. They suggested that  the jetting of the flow 
head is due to expansion of  the gases ingested by the flow head. The experi- 
ments suggest an alternative interpretation of the jetted deposits. Discrete 
jets of flow material may be able to move ahead of the main flow head 
because of the pulsatory movement of the flow head due to air ingestion. 
Entrainment  of  air into the head and shedding of convective plumes could 
cause deceleration of the flow front and allow dense material to move 
momentari ly ahead. 

A (possible) interpretation for the origin of the jetted deposits, based on 
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our experimental observations, would be that  they represent pulses of the 
main flow which temporarily accelerate ahead of  the fluidised flow head. 
The jetting, however, is not due to the expansion of air, but  instead is an 
intrinsic oscillation of  the flow imposed by the nonlinear density mixing 
relationship with the ambient fluid, i.e. the atmosphere. 
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NOTE ADDEND IN PROOF: 
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