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hn = homogeneous nucleation

ABSTRACT *

Tour stages of the vapor explosion phenomenon are L = interface 3

distinguished premixing, triggering, escalation g, , g g

and propagation. Fauske proposed that spontaneous ",
nucleation upon contact of the hot and cold liquids mfb = minimum film boiling
eas a necessary condition for the first three stages, sn * spontaneous nucleation
while Board. Hall and Hall have proposed a thermal -

detonati*on theory based upon purely hydrodynamic
fragmentation behind the shock front for the fourth 1. INTRODUCTION
stage. The evidence concerning both concepts is
discussed. and some tentative conclusions drawn.

We shall define a vapor explosion as the result of "

Some data relevant to the triggering and escalation rapid self-mixing of a hot 11guld and a cold vapor =
-

steps, together with some brief coveents concerning isable liquid such that a significant fraction of *

the theoretical energy release appears in the formeyclic propagation models,are presented.
,

of a pressure shock wave. The time scale for the .

mixing process is < 10-4 s, based upon 4 0.01 m
inittel dispersal scale and a shock velocity through

NcMENc!ATURZ the liquid vapor mixture > 102 m/s. Slower frag-~ .

mentation and energy transfer result only in violent
Bo * Sond number ng, c s re at y a ess. De key,

C. C dras coefficient problem from the safety viewpoint, threrefore is to*
O
E = fraction of mass of drop stripped away identify the conditions under which vapor explosions

cannot occur, rather than those under wnich they can.
~

" " '"'I''*"I " This is indeed a difficult exercise, since vapor
Mach number at C J plane explosions are notoriously non reproducible. The

M *
3 stochastic nature appears to stem f rom the randon

occurrence of a local pressure wave strong enough
P * pressure to collapse the vapor blankets around the fuel (hot

't drop radius Liquid) particles before substantial solidificationa

has taken place. There are tctually two related,
t * break up time

"" 9" E' ''"'S""" "*'

T* = dimensionless break up time 1. Assuming that the liquids are poured (or
injected) one into the other, what are the necessary

? * temperature conditions for a vspor explosion to be triggered
ntens ty and use to a W.relative velocity between drops and an t uca ate nu' a sarrounding fluid scale detonation wave?

O = mixture specific volume 2. Without considering the escalation process.
under what conditions will a steady state detonation

de = Weber nuseer wave propagate through the coarsely * dispersed
volumetric fraction vapor in coolant ahead* * "" "

et of shock Bere have hun two map concubuthns to dese
volumetric fraction of drops ahead of shock problems. One is the set of necessary conditionsa *

Jt formulated by huskel for the f ree-contacting mode,
density which has been loosely termed * cne spontaneous: a

J * surface tension

e ,cetets *The term is frequently extended t include the
capture theory of Henry and Fauskej, wnich is a" AIU*I# *
cyclic propagation theory for the escalation phase,i * Jrop

s fa sarrounding

H = not Itquid
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"he other is the thermal 21 Exoerimental Evidence** 3
nucleation theory.
detonation wave ebeory due to Soard. Hall and Hall', The strongest evidence in, fgvor of the SN hypothe- ,

, ranging in scale
which draws on the analogy to enemical explosions. sis is the extensive work '

' ,

81 asks to tank car spilla on the ,

I some features of both theories have been criticized, fr m laboratory
surface et a hay, on uxplos ons of cryogenic hydro-

and we will focus below on a consideration of the Asin addition to these carb ns poured otto or inje:ted into water.questions surrounding them, RG was , its boiling point increases, due to e
two major concepts, a number of theories have been dif ferential distillation of methane away f rom the 1
proposed for the mixing or fragmentation step, or In a large numoer of experi- y

for the elementary cyclic process heavier components.more esacorately,
of mixing and energy transfer by which the chain ments it was f und that the homogeneous nucleation ar

hn, of the hydrocarbon mixture had
,

reaction escalates *. Dese are much dif ficult "*"P''"IUT** Ito

verify (and hence speculative) in view of the to lie in a narrow band around the ambient water O
extremely small length and time scales in the fine temperature in order to obtain a vapor explosion. y

We shall discuss some of the F r any particular mixture there was thus an explo- .

comon f eatures of these theories, without going sive composition envelope, outside of which filmmixing process. ;

into too much detail, doiling and ice formation occurred without an ex-
For example, only af ter 93*. boil.of f did

.

plosion.
spillage of comercial !JG in tank load quantities

#

2. $PONTANEOUc NUctJATION (sNi W EORY result in explosions. It was also possible to
Fauskc 'd proposed the following necessary cond1= obtain delayed explosions with less-enriched mix-

"

l

tions for a vapor explosion when the hot liquid tures in sufficient quantity by boil off from the
'

is poured or injected into the cold liquid hydcocarbon layer as it spread over the water sur-
_(fuel)

face, which could be predicted from a simple model( coolar)t ) , or vice versa The
Initially stable film boiling, so that of the spill spreading and vaporization ratd* .

nucleati n requirement was thus found1

a vapor film separates the two liquids and permits sp ntaneous

course premixing without excessive energy transfer. consistently to be operative over a wide range of
-

.

due to breakdown of hydrocarbon mixtures and spill sizes. .
2 1.iquid-liquid contact

film boiling (either due to cooling of the hot 3en is preaW no real magreemnt that exten-
liquid-liqutJ contact with interfacial temper.

-

Liquid or arrival of a pressure wave). sive *

p Jtures JC or abovo the spontaneous nucleation tem.
3 Spontaneous nucleation upon contact perature is a sufficient condition to produce at

.

least W L explosion. 31s is shown by exped-Adequate pnysical and inertial constrJ ~ints mentsljell.towhichasmallvolattledroprose4. -

to sustain a shock wave. slowly through a column of a secund liquid with a
vnucal tuwentun gradent. m ps M va M us

$ ctually, the principal concepts of initial film organic liquids oxploded at ceperatures witnin
IKWt e d cal Thn, but wam Metacolling, followed by collapse of the vapor blankets

-

liquid and very ranid vapor forma risinc in milicano 11 bshavuJ quita dif forently.
that significant misciallity ofaround the hot

tion due to homogeneous nucleation, were enunciated Desp ue the het

sarltur in connection witn t.E explosions tn '" * I' N '**" *** d *** # *''h"***
'**#P'*

water **'. Fauske sharpened the concepts bv recos. P N ' '* " * * "* * "'""N U D * M (#" # ''''' "#'"* 'Int: Lng that the interfacial contact temperature,
*

80 I"* '
appeared to nucleae bubbles at 73-

rather than the hot liqutJ bulk temperature, was ( .1 0. 5 vt >spontaneous nucle. E' " ** I'#3" I * #?' * 'd *
the important quantity. and that
ation (due to statistical density stuctuations. cimetnous train f buboles f rom thuir surf ace un.they ex.

plode%.rwashed a high temperature wnere:his indicates that heterogeneous nucle.
can occur,

rather than pre estating nucleation sites) til t

particularly with water, in poorly. wetting systems. d
ation can proceed with water f rom a pre * existingAnother important contribution was the distinction L tquid superhwata and nucleatesavtween large and small scale Jxplosions. site, whilu the The special nucle.explosively in a nearby region.of an exploston scoposed by 30ard ation properties of water are well known, as shown

g ie three stagesand Hall , namely coarse pre =Jispersal, triggering measurements of liquid tenstle strengths byI
spinning f re shly. drawn glass capillary tubes U,
byin the nec*and propagation, (which are implicitshould properly be to T d a pu6 sedessary conditione due to Fauskel *and of tne heating time.
platinumwarotnvariousifq,uidsNnvocalation. 'S t s ecessary to sup.supplemented sy a fourth stage:

ene early propagation, or vocala. press pre-uxtsting sites l3 For a sariety of or.
reccantaes that
(ton, pnase may have an enttre'ly Jtiferent mixing gante liqutJs *, ~ 10 bs, but for vator "q * shs.

fully Jeveloped snockmecnanism than the steady, to have long heating times angIt is not necessary
the ex.prc94gatton phase. intim.ste Itquid=11guid contact throughout

g take into account ex;;tostons in wnich the con. in orJer f or small Jrops to explodel*, * 15perimenttemperature to supercritical, a prefersole
J. IPediate local Small (~ j evu trops of several organte itqutas,tas,

pressurtsetton upon contact. ;* tis is automatically
incluJtng methunol, ethanol, and pentane, serefot nulation is the (Jllowing.

at a
Below alloveJ to f all d-15 cm. anto the 42rtac4

'nts temperature e sutficient canJtt ton f or ImuJ1
pool at hot Lltevne ott or glycerol. A .tantesattsited above the critical temperature.
Itquid.lt ma sontact was ootatnua f :he Weber

ate a 10**si local pressurtsattan to spontaneous number upon impact exceeded a c ritica'. salue, vesttnbe met at Innucleetion, although this CJnditton 9tg4C depended wsakly on the surface temperatare.
4 Jirty surface (large asumbers of pre existing sites) the drop!!c evaporateJ smoothly to
at 'emperature Selow. but close to, the spontaneous this e44u

w hat &Jn thresaald.

%_
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materials, in whten the delay time is associatedi

g?,butexplodedatteradelayofi dryness if I <T
(moact Webe r aumou r with cooling of the hot surface, followed by Je-N '

50 2'30 ms if T"s>tabN . If thesas too small, Leidentrost boiling toon place. stabilization of film boiling as the triggering *

>- - ' - - - avent. Fo r examp le , injection of water into molteng
j Tyn . _ Nacl ale.o results in vigorous boiling, a delay of 9

] g anct wo - ~ .1 s. and a violert explosionM. However, the i
] >..

- ' ~ -
-

^

w w -" Ht mou ts NaC'/H,0 system is also unique. Ln that any solid j
a . u u s wnen ene enerm tq crust that forns would be porous and water solable, .g
o

- = .a - resulting in excullent wetting. Furtner, water may q

{
ttng witn sfme. A sman m w.wn t - -

be aosorbed by capillary action, whence it would g4

superheat and spontaneously nucleate, af ter a suit- ,...m.-vet <.N
i T. ,

- .. able delay time. As shown by the rising-drop exper- =
e

imenta, it la perfectly possible to have heterogen- I{ B -

dga - ecus and spontaneous nucleation in the same system,1' e i

'- and even with the same drop. The controversy thus
j -

.- , -

hinges on two points:
ty.... .

.

-
'nde- Is film boiling stable, even for periods of .,'

! of any triggering mechant'sm, since T -

i pendent g , ,g $
Is spontaneous nucleation necessary to induce| .300-1700 K, well below hn. ,,

&

a numour of other small and internediate-scale drop- explonton in this system?
-

<

l
3

ping, pouring and injection experiments, ranging FM
{ grom stade drops to 300 g., have been run with tin / M N tmmma mmm M a m wh _

j

water, copper water, Freon / water, Freon /ott, and
a

j many others. De metal / water studies are the most
extenstve, despite the difficulties in preventing *'

,

contamination of the molten surface with oxides, and {|'''
hence in specifying i and also T De results are ,,,

generally f avorable Cb the concepIn. Bus, Froh16ch, e!'al.
*that i 3 ,.c ,,, ,

,. ,
t ,%,,..., .

' -for a eigorous interaction. ,
|

taunj, in pouring Lead samples at 620 1020 K into "*

water, that 720 820 K was the optimum lead tempera gggp g og gg
:ure range for vapor explosions. Roynolds, et al. tion of CO, drops entering a sodium pool due to- . ,

found a lower tin temperature thresho'.4 for explo-
stans of $73 K in pouring tin into water. Freon. oil it has been pointedf.~ agreement with

| Q exhibits a remarkably close F 1-2 K) As required for condicionsm that 14 4 .

T over a range of coolant temperatures, pre- 1 and 3 (a, wuki a !*" * T for condition 2 in| T =

' sdmablYbecauseofexcellentwetting. On the other
|

hand. Freon'H,) Joes not exhibit a sharp t h r e sho l d ', ' the absuncu ut an extbrnal N igger), pouring exper. |
tmonts ( such as Freon /H,0) may exhibit a temperature j'

I sad a f ew inte'ractions have been reported with T
f W K, illustrating that it is indoej Jifficult to thrcsholJ below wnish t9s twu liqutJs are insuffi- i

mnros heterogeneous nuclet in a poorly wetting e tuntly mt.wd nur uf t tetent t u tu rac t ion. Ihis type |

aqueous system. One can question ths relevance of of expertment Sannut thereforu Jistin ptsh between
these Jata to the UC, Na case. Not only is water whten of the Faun e unjitions is operative, but

since sll are oost hud to be necessary,in its susceptibility to sartaco contamtna-2n & we
t'.an, but soJtum ts also quite unique in its vtgor- .

.ws wetting action. Sodium at 523 g wets comeretal one e,cther noint u ts to be made concernina small |
!

.tainless steel in ~ 10- s, implying that it reacts lars;e sc. lu expertmenta. In "Jtrty" small scalovs. I
sttn and removes the protecttve chromtum iron 04tJa , g gg ,g

I tile. Taking the usual rough rule that the rate of water impacting on molten Wood's metal 23, ef ficient !,

'

intersctions can be obtatnea for T ~ SLO K. or
I reaction Joables every 10 k, this tmplies tnat wet-

, gg g ,p g gg g pty og ,gg,,,:ing of molten U0, by sodium would be essentially
instantaneous (Jt! fusion Ltmited, rather than re- time constants in this range are small enough for
utton rate limited). Local small wale explosions. Huwever, in escala- f

increase |
| .

. J m . Tr : .. ...... , .
Ctns to a larce-scale exploston, a great
taxes place in new contact area. vnten is clean, !

-

| and hence prosaolv Jeficient in pre extsting sites,
,

the spontaneous wcleatton condition 'ntgnt then be;
te m init anJ Nurtni - s

I~
! m a.t.oe. o.~

.
necessary, even f or water, in or jer to maintain the. . . . .'

'
. ) local pressurization JeLay time in the explostve |

)J Pren mt un o f i Nlly Oevelnei shm . Wyt
is turn now ta the propagation of a fally developej [
thermal Jetonation vsve. Bese snoens Amslly ae-

,

, , - - r (in at a potnt source (trigger), and hone s are
~rreJ initially senerical, as angn ta films c f AL/HJ.

i
explostons tu an open tana . However After fome

, ., m.m. .e. nm
ten time the ball escemos suffis m cl/ ;4rge so enac

i

|

\ |
,

i
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .-.
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curvature effects may be neglected and the shock reaction lenah is < !0 cm. and a broad range of
1 initial conditions might result in sustained shockstreated as a plane, steady one-dimenstonal detona-
(Fig. 3). Moreover, reasonable agreement is 00-tion proceeding through inicially coarpelv-mixed tained with Al/H.,0 shock propagation data 2I.N

,

I Nel, coolant liquid and coolant vapon The shock ,

collapses the vapor blankets. inducing a large (10 MPa; 0.1 m rCaction zone length). but only if e

T - u. 5. However. such fast breakup at subcriti- !
j relative velocity between the fuel drops and sur- r cal pres.ures may result f rom violent boiling, j'

<
-

3
I rounding coolant liquid.m ,< - . rather than Taylor instability. As shown in Fig. 4 e

- - ~ < . - -, -*
by since thesu calculations are sensitivo to both C) _;~ - ~ m m 'rmt m

' c y,,

and T . nc at t na ta ag-u

! toe tatter moue 4 ptsatsted to os J manant ws J b th with and 4 th-menting uu-%p systems, A,

i numeers. Bo > 10 . based on local relative veloci- we smaa s cat n, and th with M ale -

! ties 28 The proportionality constant in the theore- pr ps and M unse Wpeens, am rewed. ]
; tical expression for the dimensionless breakup time -

.t

4.0 Trte Nring Phasesas estimated from air water data: s 1 .
' '

It is .tenerally accepted that the triggering step"*

T - (;d f) (u t * r ) - al. ao (1) constats of vapor blanket collapse, either spon-*' ,

b rb J = taneously Jun to reduction of the fuel and/or cool-' ,

y
= WB. (2) ant temperature, or increase in system pressure, or -, ,

3u' r C' SJ''J =50 = 't r# T 6r C o= 2. Jue to an axternal trisser. consistins of a pra
19. J

' di

with C - 2, which is the drar, coefficient for a sure wave arriving at the fuel coolant interfacels!

j single smooth spherical Jrop. The time for velo. Inoue , e t 4 L . 3 d have recently investigated the de-,

stabilization of film boiling on a heated horizon-
I etty equilibrium was estimated from the time for tal nickul tube in Freon-L13 and etnanol due to a

_

acceleraticn or an isolateJ Jrop up to the free- pressuru shock of 0.L 0.5 MPa with a rise time ofi

|
stream velocity. Taking the Chapman-Jouguet con-

I dition2Y tor the end of the f ragmentation region. 0.08-J ms. Su rp ris ingly , the collapse visually .

I
and solving the jump shock balance, supercritical appeared to be complete in * 1 frame (5000 f/s). .

102 even at these Low shock overpressures and at
| pressures were predicted bjhtnd the shock (~ reduced surf ace temperatures (T /T ) as high as h i

!
MP for tin' water and * 10 StPa for CO,'Na). These
cafculations JiJ not take into account *the slowing- 1.3. Furthermore the heat fluk,$veragedover

'

|
Jown of the eoolant in a dense droplet dispersion, l ms after collapse, showed a maximum at surface i

j

f ja

!
and more detailed analyses have therefore been per- temperatures well above f,.

s. "I
~

t amed.
| ,g,, ,

.u .p. . . - _ ...
;

|j y . .'.
-*'

5. 0 Enalation Phase
j

This pha3e Jepends upon elementary reaction steps j
E |involvtoc m xing, fa mation of new contact area
A ;rasma am nc t w.e. -m mm wm.- and vapur produe:Lon. and is 16ast undurstood of !.

| mJLately in velocity and temperature with all the phases of the explosion. A number of cyclic |ibrate !g g, p,, 33.*J, none of wntch cantho saolant, andtheraceofmassstrippingwasgti-| Q mated f rem a formula due to toinacke ana Waldman , at presunt be constJered to be on a fim theorett- f- y , ' . 3 cat and operiaental foottng. We confine ourselves t

N t allewing para l d: T. a

h, basqJongrwatergtp*vaueswereuse. and mora ry-water 1,.b 'tato a few rearks on the general nature of several f| *

of thesu thwortus. One .;rJup of theortes La based |j
, I, 3-5) .aca $4lthough some new m reury water da

A
stve constJersely faster breakup * (T =.4; C on the notton of fragmentaticn Jue to bubble col- I

stnglemeg= lapse, while another focusses on mixing daring the !,

* 2. snich astees with observations o
g g gg g g gy , g jHowever, Tauske $g eary 1rops trag*enting in water. )

has estimated that C 6 5 f or Jwnse Jis.>e r s tons. ,n,,,ggy ,,k, ,,, , g , c , g ,u g , g g,n,, , g g n, ,, y,; ,, -
'

y metric collapsu of a cavttation Sub3La inttiatly
qancJ on thp.ercury water flooJing Jata etI shows the tin pater cateula-tanaont to a solta wall, let.n wntcn the tength,M wtatel4Jte flg.

for example inttial conJttaans- tequal vol- <eloetty nd st ruter of the entering jet can be i
tions 6

u es ttn at 1273 N,. water and stuam at j73 s,.. .au g
m

Itreetton of trop mass stripped at the end Jr the to !apor uiankotea fael particles La that the
reacttan tone. E ts a tree parameter, giving a tangon y condition is not even apstontmately sac- |

>

ramtL/ Jf parttal Hugontots for )', I*, , ' . . All taiteJ. pt for W special of CO,Jrops
(

|
urves exhibit a sharply defineJ anee. correspond- h eh WM m mo M M L ei

'

N ta in, jtsappearance Jf vapor at suberittcal 50tlinq can de expected. On the other nand, films
j

.ri. .are.. Munce the sangency point Jt tacca dv gg , m g,,r , ngl 3 Lg ,,g,, ,nny ,,,,,g,4
j te cnapm4n Joaguet (C+1' conJttton is always de- g, ,w th and collapse Jue to penetration of

,!; ov 2; MFa. watch implies that vapor 14 present water inta the Jrop, followed my raptj vaportaa-
!j ; r aa 4 ' Nt the reaction acne. $tntlar resalts are tLan. 11 some respe ts the ooservations corres.

mtained with A '4 4. Nevertheless as shown in Fig. pona more closely to the cratering theory sketches
|

j

| is theorettsally posstole ce obtain sonts and 3y ,g4atw39, ta nL n m n, p,n,gg,g,, t3, gu,LLt Jue to e rfa e instabtLittes snJ turoulent mixtag [.j onJtttons (M = 1) witn htan press,4re at smaller
i

otttal votJ fractions. However, the reacttan tone o castonej 5y large relattve reluctttes. It then j<

captJty,;blawtna a crater af matertai
i

LS 1 m tor 7 * 3. etca w wtj de J1fft- vuortausm th * 3;
'g, , g w s the m s Jf N at y m lil: '. 4 sustatn. For 7 ~ ).$. ho.e/er. the %,g,'

j 3
-N

< .

, '

! '. ,- ' *), ) '

|
g.& & & ['.CL m n o{ :' ': '[
' ,,,,. ** 'i

' -
,

T a., o , n -
- ,

- ,m. e -i > .
.

--- ___ _ __. . _ - __. _
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cxploalve" (TNT), in turn depending on coolans and 3. Fauske, ll.K., Proc. Fast Reactor safety Meg..
i 30 p. 99 2 1005. Sevu rly Hills. Cal. , Ap ril 19 74

Ocniai-34naofftheory'*ghysicalpropertes.
iust emperatures and,

is somewnst more specific 9. Po r t eou n . '4. . Ph.J. Dests. Mass. Inst. Te cn .' . f

A -

concerning the nature of the surf aea instability. Cambridau. 1975 '
modeling it by an annular splash jet followb 4 con * 10. Wakushima. H. , and Takata. K. . J. Phy=. Soc.,
tcet of a liquid coolant tongue wtch the fuel sur* Vo l . I J . p . 678. Japan L958 f

e
t'cce and rapid local pressurization. ti. Stander M. Hengstenberg. D.. and Katz, J.L.

J. Ph y s . caem., Vol. 75, p. J 613. 19 71 .j
a,3. , 12. Briggs, f.. J. , J. 01em. Phys.. Vol. 19, p. 970

1 Despite the criticisms which have been voiced. 1951

the spontaneous nucleation condition for a large* 13. Sk ripov, V.P. , and Pavlov P. A. . High temp. , g
scale vapor explosion, which implies instantaneous yot, 3, p, 732 737, 1970

"Elocal pressurization upon vapor film collapse, has 14 Waldram. K., M.S. Thesis. Ch=m. Eng. Dept..

been violated in practice and appears to be Northwestern Univ. . Evans con. Ill. *not
raesonably intact. F.*trapolated to the IM BR. this 15. Waldram. K. . Sanko f f. S.G. , and Faoeu. H. K. , .

*

implies that a U0p Na vapor explosion 14 unlikely J. chem. t,n g . . Vol. 54. p. 4 56. 19 76

in thu reactor en71ronment. 16. Frohlich. G., ut 41. . J. Non-Equt t. Be rmo- ,
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would be difficult to attaiti if T ' 3 (boundary IS' 'tenry. 4.r!.. Fauske. H.K., and McUmber. L.M.
However,reasoNableagreement a M . W 4 3pcc. Mtg. on m . Tonyo. _Lcyer sr. ripping).

can be obtained with Al'H,0 shock data at sub-
critical pressures by asscaing very fast breakup, An en. .P., and A m trong, 3.R.. in Nuclear

.

possibly to local boiling. However, these pre- "**"*' AdI".ty Hoat Transfor. A.A. Bishop. F.A. ,

Jictions are sensitive to the drag coefficient and Kulacki. s.u. 3ankoff and 0.C. Jones, ed., ,

dimensionless breakap time, which to datu have been * * '' =-

estimated from data under conditions f ar removed gg
f rom those in a vapor explosion. 21 Faranat. M.K., Ph.D. Thesis. Northwes te rn Univ.

-

*

'J . 8vlatively Low pressure shocks can collapse he Evanston, 111., 0 73
vapor film, even when the hot surface r**yerature is 22. Mizuta. H., Crest 2nd Spec. Mtg. i.,n $FI in Fast

supercritical, indicating that triggersng and est..L- Reactors. EUR 5309e. 1973
lation in most large scale explosion 4 proceeds inde* 23. Ams t reng. D . R. , AN L RD P- 2. p . 31. Argonne -
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is entrapped in the fuel, vaportaes explo. Northwestern Univ.. Evanston. Ill. 1975coolant

sively witn f ragmentation, followed by overexpansioY. 26. Anderson, R.3. and Sova. L. . ANL 76 57, 1976
ecllapse and further penetration of the fuel by 27. Br W . T.J., Ar.E Winfrith (unpublished films)
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