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THE FIRESTORM - ITS'SIZE AND' IMPORTANCE
by . R P S AP

R. Baldwin and M. A. North
1. INTRDDUCTION

Thls paper 1s.oonoerned with an aspeot of extenslve olty fires whlch is
nowadays usually associated with war tlme condltlons, namely the fire storm,
The best known examples, perhaps, are those whlch occurred in fires initleted
by heavy bomblng relds on Germsn c1t1es durlng World Wsr 1T, especlally
Hamburg in July 1943, which resulted in heavy loss of llfe although there
are reports of f1re storms in msny grest historic fires includlng, for example,
the Great Flre of Konigsberg in 176# The term “fire storm is often used
subJectlvely by pe0ple who have experienoed the conditions occurrlng in one,
and it appears from thelr desorlptlon thst the dlstlngulshlng charaoterlstlc
of the fire storm 1s 8 hlgh W1nd in many cases reported to be of ‘hurricane
force. Observers also report hlgh 1nten31t1es of. rsdlation, but these are
characteristlc of ell large flres. o

War time fire storms fcllowed bombing attacks in whlch a hlgh proPortlon
of the buildings in a large area were set on fire within a short spaoe of time;

these oondltlons ‘may well fOllOW’the explosion of nuclear weapons, and this has

led to conslderable civil defenoe 1nterest in the fire storm. ‘ It is now more

than 20 years since the V1olent fire storms of World War IT, but the passing
Years have tended, in many ways, to obscure rather than clarlfy our concept

of the fire storm. This paper 15 an attempt to a351gn a definite meaning to

TS

the tenm, to show that a flre storm is a oonsequence of the interaction of a

pEo, e tar S

large number of flres, irrespective of meteorologioal conditions, to evaluate

as far as posslble the w1nd oonditionﬂ in a fire storm area, and to provide

sonme ratlonel besls for the predlotlon of the mlnimum area of fire in which

._._..

fire storm condltlons can occur 1n a glven typs of built-up area.



2. OCCURRENCES OF- FIRESTORMS
1. PEACETIME FIRESTORMS
There are many reports of high winds eccurring in oonflagrations17,
and it appears that the firestorm had beee.knewn for some years previousa to
World War IT and is a characteristic of many extensive city fires, Thus
Rumpf2 in 1932 describea the firestorm in’mucﬂ the same terms as observers
of World War IT. 1In partlcular he quotee some examples of firestorms

occurring in hletorlc conflagratlons as descrlbed by GOntemporery observers:

(i) Great Fire of Konlgsberglf176h

"The steadily rising wind storm caused an endless rain of fire."
"Wind blew firemen‘s water-jete sideways;ifreneforming them
intoja fiee drizzle whicr did not even reach thehfire;"<
According to the aceount giren the.fire appears to have iheluaed
many large buildings and blocks of warehouses, etc. |

(ii) Hamburg, 1842

“The firestorm which raged up the Bergstraese...
(iii) Chlcago, 1871
"The windstorm produced by this sea of fire acted like a
peir of huge bellows on the fire,".

(iv) Baltimore, 1904

"Ten minutee after this explosion twelve great massive buildinge
were alight, set on fire by burning brands carried by the hurricane-
like drauéhfS‘caused ﬁy the fire." ‘

2.2, WARTIME FIRESTORMS ' C
2.2.1. A desoription of & wartime firestorm
Many accounts have been given of rhe firestorms during World War II,
and for a more comﬁlete erpoeition these.should be consulted. The
descrlptlon glven herse 1s a summary of experiences related by eye

2, 13

w1tnesses and is 1ncluded in the present paper for the sake of
completeness. Except for Hiroshima and Nagasaki, the firestorms
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occurred usuall& in attacks in which ineendiary and high exﬁlosive bombs
were alternated, The latter caused stfucteral damage and the incendiary

bombs ignifed the combustible contents. Often Epe water mains were

* demaged and fire-fighting ofherwise disorganised. The fires were thus

~allowed to develop unchecked, and the absence of roofs and w1ndows

L

exposed the combustible material t¢ burning brands and radlatlon s0

"that the fire spread rapidly; within 20 minutes of the dropping of the

'-first bomb extensive areas were frensformed-into a sea of flame and the

.t

firestorms began. The firestorm reached its climax in 2. - 3‘hours,

raglng at its full force for abOut 3 hours, and the flames began to
12, 13, 20 etc.

..9491@9“?;5.7 6 hpurs«from its beginning . A1l the

combustibles within the area were entirely consumed by fire.

Within.the fire area extreﬁely high'winﬂa were experienced
throw1ng over vehicles and men, tearing off roofs, uprootlng trees and
blomng through burning buildings, thus filllng the streets with
flamea and spaxrks, fanning the fires and inhibiting the movement of
personnel, There was a high merta}ity probably because of the
intense heat and becaude clothing was’ignited.- The only meansiof
-escape, other than:in the initial stages of the fife, when many. were
rescued by the Fire Brigade, appears to heve been by the use of water
to‘dampen clothing, and by crawling threﬁgh the fierce sterm on hands
and knees. | |
2,2.2. Occurrence of wartime fifestorme

Table I gives details of some'mejor fire raids on Germany of A

World War II, together with the areag of concentrated damage, mortality
‘and bombing density where these date are available, Fires in’

Japanese cities are not included in the table because of insufficient

'data.
- j -



TABLE 1.

OCCURRENCES (F FIRESTCORMS IN GERMANY IN WORLD WAR IT

Percentage of]"

Maximum bombing
density on

Date of population
Place attack Area des;royed of destroyed 1 km squar?14) Comments
(mile”) area killed |tons/sq mile
1 oan2
BERLIN _ 2 mile _ _ Small or partial firestorm (Magnus and Leutz)(s)
EBBttcher(s) g No flrestorm(s) (Brunsw1g)(
BREMEN _ _ _ _ One small area fire burned rapidly under firestorm
tonditions
: ( 1,02 mile? ) . Medium strength firestorm after about & amim-,.OOF
BRUNSWICK|14/15 Oct 1944 (655 acres(10) ) 0.7 Furniture sucked up by tornado, v101?nt dust devils,
- showers of sparks and burning embers, 10)
. 30/31 May ' (5) 0.6 Firestorm (Leutz)( ) No flrestorj(Bj( h)
COLOGNE - 1942( 1.04 (3200 deaths) . 90 (Brunswig and Magnus)
_ Firestorm emerged after 1 hr and ofter 2 hrs wind
DARMSTADT 11/%2 Sept 1944 1.5(1)(5) 21 ( 1?) - speed Force 10-12 and subsided after 4 hrs.(10)
Flrestorm(1)(5)(10). No firesitorm (Brunswig) 6)
. (1)(5)(6)(10) o
DRESDEN |13/14 Feb 1945 [8-11 sq miles(1o) - 13) - Firestorm' ~2770 70 s ng?ge did not approach1
' that of Hamburg (Brunswig) Yiolent firestorm
2L/25 July 1943 1.5(1)(12)" No firestorm. Street frontage 5i mlles(12)
_ : : '(1)(12) Firestorm (general) Street frontﬂ ge 133 mlle(1)(12)
HAMBURG |27/28 July 1943 5 1 ' Generally accepted as the most severe fire in
Hambur?, ‘
29/30 July 1943 5 2(1)(12) Firestornm® - . No firestorm {all others). Street
_ frontage 104 miles 1)(12).
-4 Totals 55-606% ] 15 {(22) 190

¥ Ref, 6 is a recent colléction of data and observations by wartime German of'ficials and englneers.

refers to the orlglnator Qf the 1nformat10n.

>

The name in brackets here

)
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TABLE I (continued)

Percentage of déﬁz?t;ozzing
Date of population
Place attack Area destroyed of destroyed 1 km square(1h) AComments
(mlle ) area killed |tons/sq mile
Probabl f’restorm (Brunswi )(6) Probab o
HEILBRON | L Dec 194 - - - ably f1 ig)" "+ Probably n
firestorm (Magnus)
( ) Firestorm(1)(5)(d0) (Deut;stsj. Probably no fire-
1 ¥ N .
KASSEL 22/23 0ct 1943 2.9 (5) 6.2 ( 10) 24,0 storm (Brunswig and Magnus) . TMirestorm
' ' 34 7 : within 30 minutes and centre partly evacuated
. .10
before raid .
KREFELD {21/22 June 1943 - - 70. No firestorm.
LETPZIC - - 2.2 - Fire stormtS)
Lo First mass fire in Germany in World War II,
| LBECK - - - - : . . 6
' Probably approached firestorm conditions® /.
| MANNHEIMl 1 Mar 1945 _ _ - Probably no flrestorm( ). _One block burned under }
' firestorm conditions in summer 1943 (Brunswig) 6)
PF CRZHETY _ _ _ _ Firestorm (Maﬁnus)( ). Probably firestorm
' (Brunsw1g) No flrestorm(s) Leutz(s)
STUTTGART| 19 Sept 1944 - 0.6 e - Fire stormcqh). No firestorm(E) (Magnus)(6)
1




TABLE 1 (continued)

Percentage of

Maximum bombing

: density on
A Date of population
- Place attack Area des;rqyed of destroyed 1 km square(1h) Comments
(Mile"™) area killed |tons/sq mile
- ﬂUPPﬁRéAﬁ ."3 Haf (5) Firestorm(15)(£%eu@z)(6). Prqba}i&_?o fipestprm
R 194,37/ (Brunsms) ! "
Z BARMEN |29/30 Ma . A(15) L5 190 (1 )(5) (6)
e 1943{1)(10) 1.0 No firestorm (Magnus)
-ELBERFELD | 24/25 June - - (15)
. <. 191‘_3(15) 2.0
WURZBURG - - - - Verbal reports of firestorm still persist(6)




It can be seen that there 15 a w1de dlver31ty of 0pinlon as to
vwhether or not firestorms occurred, althOugh some authorltles are
merely reflecting the opinion of others. ThOBGACItleE which are
generally accepted to be the scenq_of a_fipestorm are Hambﬁrg
(27/28 July), Kassel, Darmstadt and Dresaén. |

Some explanations of this diversify of opinioﬁ @;y be sgught
by considefing the areas of firglinvqlved ;n éhe firgétorm{ _ It
appears from the somewhat sparse data on peacetime fires £hat the
aree of fife necegsary to induce firestp?m wirds is coﬁsiderably
less than the extensive areas reported in Table I. Thié is
supported by Rodden et al16 who assert that tpe s;ailest are;iﬁf‘
fire in which wertime firestorms have been og;erved is % sq. ﬁiié.
Furthermoré‘ because of the many parks and dpen spaces tﬁat ocgﬁrrjy
even in heavily buillt-up areas, it is unreasonable to suppose that
the fires in the firestorm areas formed one huge area of fire. '
Rather, one may expect a number of large area flres, each inducing
& firestorm within its own area. This view is supported by the
Reports of the Police President of Hamburg'>, which states "Tens of
thousandS'of.individual fires were‘joined in & very short time into
major area fires, which caused firestofms of hurricane fﬁrcé." -
(July 27/28) "This raid (29/30 July) too caused devastatlng and
extensive area fires and firestorms..." ...thls huge firestorm
caused by .the blendingvof a great number of firestorms." It is
also notable that accounts of the effects of the firestorm do not
vary from one city to another, iq spite of th; differeﬁcés in aréa
involved. The wide diversity of opinion with regard to the
existence of firgstorms may well be due to-the relatively small
aresa neceésar& for the existence of firéstorm cond;tions. " Thus

in a relatively small proportion of the area, a firestorm may

o s
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develop, unnoticed in a largerpr0portion of the area, and hence by the
greater part of the communlty Pbst fire reports would then contain
a diversity of oplnion w1th regard to condltions in the fire, a few
reporting firestorm condltlons, the larger propamtianhnnt )

The bombing density is included in Table I because it'is directly
related to the initial fire density, the number of fires per unit area, -
Stanbury7‘points outAthgf in cities ﬁhefe‘fifesforms developed the °
bombing density wea of the order of 200 tons per sq. mile whereas in .
‘other fire reids the density was 70 tons per sq. milg Since the fire
density is diréctly proportional to the bombing density, this implies
a high initial fire densitj in fifestorm attacks. Reﬁorts staté
that in Hamburg 2 out of every 3 houggsfwe?e on fire after 20 minutes13.'
Stenbury estimates the initial fire density was 2,500 ‘fires per sq. mile
or about 50 per cent of the buildings, ' These initial fires then spread
to include all buildings. |

The figures on percent;ée of deaths are obtained froi.figureé in
the reports of U.S.S.B.S.j, with the assumption of an even distribution
of population over the entire area of the city. Thé figures in

brackets are estimates obtained-by Rodden et al16. Theée statisticsa

are included to illustrate how lethal these fires were - ﬁ.S.S-.BLS.3
eatimate that 70 - 95 per cent of‘the casualties were dus to effectsa
other than blast from high explosive. - ‘
3. DEFIﬁITION Of FIRESTORM
The firestorm has been a recognised characteristic of city fires
for hundreds of yeafs,lﬁuf;ité'eéﬁéhtial features have fegded to be
obscured in recént years ﬁy'fhe mény'dther severe effects related to
area fires. .Reﬁorts of Firestorms in historic fires quoted above
refer only to thg force of the wind, and anpf2 quotes Siegart's
picture 6f a firestonﬁ ", ..when the individual fires begin to meet
-8~
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and merge into one another, and when the- heated air, together: with the
flames shoot upwards as though through some huge chimney :stack, and
when the hot air, as it rises, sucks up the-cbld.airfheafb33 thus
fanning the smaller fires."

Essentially, a storm is a name Ziven to a wind force. (seé
Section L), a firestorm is a storm of wind induced by the fire. This
leads, and has led, to confusion: the fires in which firestorms have
occurred have frequently been themselves ldentified as firestorms,

It is proposed that firestorm conditions at any‘point of aAgivenrfire
area may be defined in terms of a wind velocity at that:pointﬂ _ Wp
thus meke the following hypothesis:-

(i) FPirestorm conditions exist at a point of a fire area when
the fire-induced wind speed gt'that_ﬁoint‘exce?ds some’
critical value, u,. - o ) |

(ii) The definition of an area éf urﬁgn~firéras a firestorm area
is not so straightforward. One-mayztéke thg.;iew éitﬁer
that a firestorm area exists when firqstorm_qonditigpéi
exist at some point of the fi?e'arga, ap& gin#e the”ﬁaximum
velocity will occur at the perimeter of the fire, t£is
implies that the velocity of the Wind‘_fa.t _‘t—he I;e;'imeter, .l..lp,'
exceeds U,s OT alternative}y, that qgfirestorm area exis&s
when firestorm conditions exist over a high pfopo?tioﬁ;

say one half, of the fire area, Formally:




(2) A firestorm area is an area A, of an urban fire in which
uP) uo-,- or .

(b) Let A, be the total srea of fire, and let A, be the area
of that part of A2 in which firestorm conditions exist.

Then A2 is a firestorm area when zgfszQ.

The two latter definitions are quite arbitrary, but they may be
interpreted in a comprehensible manner, In the first case firestorm-
conditions would only be observed by firefighters.and onlookers on.
the perimeter of the fire, and in the second case, firestorm
conditions would be observed by a high proﬁortion of the population

of the fire ares,

k. .EVALUATIONOE.uc

The definition of firestorm conditions of paragraph 4 demands
that some numerical value be assigned to th; parameter L This
will now be evaluaﬁéi by considering the values of windspeeds implied
by existing firestorm reports.
4.1, METHOD OF ASSESSMENT

For obvious reasons no meaéurements were made during the wartime

firestorms of windspeeds, intensities of radiation orocther fire
characteristics, However, there are a number of eye witness12’ 13
accounts deécfibing the effects of wind on objects and personnel, and
from these and other data some numerical estimates may be obtained of
conditions in the fire area. This technique is not unknown, and is
widely employed by some Meteorological observers, who, lacking
sophigticated instrumentation, use the Beaufort Scale to estimafe
wind force by observing the effect of wind on smoke, leaves, trees,
etc,

~ 10 5=




4.2, WIND SPEED DATA

For convenience, Table II gives the Béaufort-Scéle for high wind

speeds, together with effects of wind on land.

Table II.. A selection from the Beaufort Scale of Wind Force

o Force | Windspeed Description Effect on land
No. - m.p.h. o
- A 8 39 - L6 Fresh Gale Twigé broken off trgas,:progress
. o impeded. .
. 9 47 - 54 Strong Gale | Slight structural damage occurs,
' chimney pots and slates blown
A "~ off. ‘ .
10 55 - 63 Whole Gale. - | Trees uprooted and considerable
SR S ' structural damage.
1 | 6k =75 Storm -Widespreﬁd damage, seldom
. . experienced inland.
12 | 75:+ Hurricane - ] Wind of this force only
|- . involved in tropical
revolving storms.,

Below are listed some of the many effects of wind observed in firestorms

described:by eye witnesses and others

obtained from the Meteorological Office

1, Walking against wind impossible.

1,3,9,10,12,13,20

Force 9, for all at Force 10.

2.. People thrown along the ground,

and & probable

. wind speed is estimated by reference to Table IT or to other data

18,19

Walking against the wind is

- difficult at Force 8 and for most people likely to be impossible at

N6 definite information is

available except that this is probably:very rare and happens only in

hurricanes (Force 12 and above) ana'on'mountains.

There is a report

of one person thrown over on a mountain at a velocity calculated. to be

of the order of 90 m.p.h. Force 12 seems to be a likely value.

-11 -




3, 3%, diameter trees torn up. Whether'or not mature trees are

uprooted depends on the type of aoll, 1ts state at the tlme, exposure, N

.

type of tree 1ts age and many other factors. waever large areas

of" forest were destroyed 1n Scotland on January 31st 1953 (Foroe 10 or

Y

11) and a con31derab1e numher were uprooted in Yorkshlre on February 16th
1962 (Force 9 or 10), where extensive damage to trees 30 =4O ft high
;was recorded, | ' )

-

‘L. Large branohes.torn offvtrEes..'.Force a Will,breakﬁoff twigsland £

‘ small branches, so it is not a 1arge extrapolation to antlcl pate that

- Force 9 winds would be éapable of breaking off larger branches.

'5. Cars, 1orr1es etc. overturned Eantechnlcons were overturned

near Doncaster on November 1st, 1965 (Force 8 - 9) ‘ On February'ZTth

. 1966 a train was blown off a viaduct in Lancashire. (Force 10)..

! 6.  Window DaneS'blgpted.‘ This depeﬁds very much on its lecation in
the building, its size, shape, and thickness, as well as the geometry
" of-the building itself. = In some modern tall#buildings window breakages.

occur at Force 7 - 8,

{.___Roofs:torn off., This depends very much on the pitch of the roof
and its construction, flat orllOWhpitched roofs being subject to much
higher loadings than steeply pitcheéd roofs. On November L4th 1957erpofs
were removed from new houses at Hatfie;ov(Foroe 8 - 9){ but,thege_were
low-pitched and there was-some doubt-about their fastenings. ﬁﬁoofsprere
removed from schools in Northern Ireland on Septeﬂber;16th,1961J(Fbrceh10)
and in leeds on November 1st 1965 (Force 8 - 9).-. Tt seems likely that
some roofs, especially low-pitched, lightweight cnes, may'pe:pqrn_off in
a Force 8 -~ 9 gale,- but more conventional roofs are not likelyrto be torn

off until ‘speeds reach Force- 10,

- &ZSSi.'




8. Other wind effects. Tables, doors, etc. thrown along streets, crowns

of young trees blown to the ground -~ no information,

1+03o ASSESSENT OF 13 9%

It appears from the data reviewed in 4.1.2, that the damage to
structures and effects on personnel in the firestorm areas of Wbrld War 1T
are those normally associated with a wind force in excess of Force 10 - 11,

Thus the wind force in the definition of firestorm conditions could

well be considered as compatible with the Beaufort definition of the storm
as a wind of Force 11, i.e. u, = 70 m,peh.

It should be realised that the assessment of the data in L.1.2,
although in general, from reliable measurements, depends very much on
local conditions. Furthermore, the wind force quoted is a mean figure,
and gusts have been observed in many parts of the British Isles ranging
between 30 - 4100 per cent of the mean windspeed. Thus. in the reference
cited to "Gales in Yorkshire", although the recorded mean windspeed in
Sheffield was 46 m,p.h., the maximum wind speed recorded was 97 m.p.h.
Hence a Force 10 wind may well be associated with gusts in excess of.

100 m.p.h.
: 5. CONDITIONS UNDER WHICH A EIRESTDRM-MAX OCCUR
5.1.‘EMPIRICAL CRITERTA

By & survey of the values of certain parameters in known firestorm
areas, ﬁndden et 5116 have derived a set of minimum conditions which, it
is asserted, must all be met before a firestorm may occur. These

conditions are as follows:

Fire load density 8 ib;/f£2 of fire area.

Fire densit& 50 per cent of the structures on fire
simultangously.

Surface wind 8 m,p.h.

Firestorm area 0.5 sq. miles,

- 13 -



This list also included a comment on atmospheric stability.

Bond?? postulates that the 'bﬁi']:d‘:i‘:ng- density must exceed 20- per -cent
in order that a firestorm may_ﬁccur. ‘fhis’v;lue éeems raﬁhér iSW.inﬂvieﬁ
of the known characteristics of German cities reviewed in 6500

These empirical criteria may Qr may not gi&e anjindiéationlbf the
mimimum conditions under which a firestofm may océﬁr, bﬁt they ceftainly
have no physical basis at présent; An attémpf ﬁili be made'inAfhe
following paragraphs to calculate conditions for a firestorm from
known physical data.

5.2. THEORETICAL CRITERTA

The problem of predicting the occurrence of a firestorm is twofold,
The following must be calculated: Firstly, under what conditions a
firestorm exists, and secondly, what minimum inifial fire configuration
will spread to meet these conditions?  The present paper is concerned

with the first problem.

5.2.1. A theory of the firestorm

The definition of the firestorm proposed in Section 3 leads
to the consideration of means of calculating the windspeed in the
streets in the fire area. Each fire as it burns entrains air,
and the total air requiremgnts of the fires must be drawn from the
atmosphere outside the fire.. Because of the mass of hot rising
gases above the roofs, when the fires are close enpugh fogether
it is difficult for air to be drawn from above and air must be
drawn towards the fires horizontally,‘being channelled through

the streets, thus increasing the windspeed,



Clearly, whether or not air can be drawn from above depends
largely on the spacing of the fires, the nearer they are the more
difficult it becomes. This assertion is supported by the
observationithat fuel beds, burning separately, give flames which
tend to merge together, because of the pressure gradients induced
by restrictioh to lateral air 22, 23 flow.  The separation at which

22’233nd will be discussed further

this occurs has been calculated
below., When the fires are far enoﬁgh apaft, air may be drawn from
all directions, and each building behaves approximatelf as a point
source since the plume above the fire entrains relatively little
air. It can then be shown that firestorm conditions would not
develop in the areas listed in Table I.
5.2.2, Entrainment of aif o

The rate at which a building fire entrains air depends on
the stage of development of the fire, In the eg?;y stages, where

only Single compartments are on fire, the mean velocity of

entrainment of sir over the window area 1is given29 by

1
g 2
7 =0y (& fL y) eeees (1)

where Hw is height of the window @ are the temperature rise

£10 Te1
of the flame sbove ambient and its absolute temperature., At a
later stage in the fire, when compartment walls and floors have

failed, the mean entrainment velocity over the window area is

v

. o) 1
Y = 0.565 8§ gﬁ_f_:’;ﬂgz ceeee. (2)
e ‘n Tf’l )
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=1
and n, is the number of storeys, and H is the height of the.building.
Both of these formulae are calculated by assuming the compartment or..
building to be full of hot- stagnant gas, and in the latter, an- even
distribution of windows.

The entrainment in the later stage is considerably larger, and
the time taken for trénsition from one stage to the other is
approximately the mean fire resistance of the compartment boundaries,
This might well correspond to the 2 - 3 hour growth period observed

in the wartime firestorms 12, 13.

The aerodynamic behaviour of the

flames in the later stage is also very different, any applied pressure
gradient across the building causing the flames to be deflected out of
the building, behaving as a free burning fire. The mean entraimment.
2k

velocity over the surface area of flame is then™ .
: 1
- ( ) 2 o
v :0.051}- fng ceo0as (3)
¢ - - (Ty ‘

where L is the flame height which is comparable with Equation 2 for
ventilation of openings of 20 per cent when H = L and Equation 2 is
averaged over the entire vertical area of the building froat.
5.2.3. Theoretical model of the firestorm

We now develop a aimple theoretical model of a fully devéloﬁed.
firestorm, It will be assume@ that the dinitial fires have spread.sé
that all buildings are alight, and sqfficient time has‘elapse& so that
the compartmentation of the individual ﬁuildiﬁgs'haé failed, Since
entrainment is & maximum at this stage, £hié model represents the

most likely situation in which firestorm conditions could occur.

- 16 -



In high building density cities the unit of buildiné;is the
building block, the development of which is described in some detail
by Bird1. The area of the block is almost entirely covered by.
buildings, with narrow streets and few opeﬁings to the surrdpndihg
streets. When all the buildingﬁ in the block are on fire, the
bﬁilding block may be regarded as a singie area fire, especially
from the point of view of calculating entraiﬁmeht, since; because
of the lack of external openings, only the outer surfaces of the
building block need be taken into account. Inspéctién-of ﬁaps
indicates that over éuite extensive areas, the‘building blocks
form approximately a rectanguiar street pian. - The idealised
model considered here will thus consist of an array of sqﬁare
fuel beds, arranged on a rectangular‘street plan, This model
is not expected to be representative of all.eities, nbr will it
be adequate to descfibe all physical processes, but in. the.
context in which it is required it is expected to give a reasonable
representation of airflow in German cities,

5.2 conditioﬁa for a fully-developed firestorm

Oﬁ the basis that firestorm conditions occur when the wiﬁd
velocity in the streets exceeds a certain valﬁe, the caiculétions
described below ﬁre aimed at determining the air Gelocity in the
streets of the fire area, Flames from separate fuel beds, when
placed sufficiently close together, give flames which merge
together and form a canopy of fléﬁes over the street322’ 23.

In these circumatances, downdrafts are éonsiderably inhibited and
the air required by the flames must travel down the streets between
the fuel beds. The fluid flow problem now posed'is that-of a

number of finite sinks drawing air horizontally from the surroundings.
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The velocity fleld 1n the flre erea may be determlned as a problem

in potential flow but 1n 71ew of the llmlted accuracy requ_red and i

4 AL

the uncertalnties 1n some of the que.ntities to be estlmated th:.e
degree of' SOph:Lstlcatlon seems un,]ueta.fled at this stage. Suppose, .
as an approxmat:.on, the.t the flow is. the same in all the 8% eets
between flree whioh belong to the same r:Lng, con51der=ng the flre
area as con31st1ng of a system of concentno rings of fuel beds

about the centre of the flre. Then it. can be ehownz3 that the

onset. of merging oocurs when - o ' h
H )“'K H '~—- 0 05i+ .7 . . o‘-uoo‘u'- (1‘") -
where D is the 1:mear ch_mens:Lon of a fuel bed, S the separation 'of

fuel beds, and L the he:l.ght of‘ the fla.meso The average vélocity -

of the peri_meter 13 then glven by
S w=nD ?’é _5'K't 1 D gL from Equa.tlon 3
. C "_“ ) 1 oY - 41.
where K’ =K Egﬁ 22 and. .n = N2

Tei

and N is the ﬁﬁniber of fires. -

K ;_‘n%_ gL>,.’u0~- o )

Suppoae an a.rea. f:.re ocuurs in 8 o:Lty vuth glven buJ l.ding sharacfe:istics..

A
1 # 8

Then puttlng n D

A>1 g Szg B e

in Equa.t‘on-Swhere A is ‘the area ofAthe'fire
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For a firestorm to occur in more than helf the total area of fire, .
the area A2 must obey the inequality 42 ;>;2A4.(see Sepjion-3), .

6. BUILDING CHARACTERISTICS. P
The calculations of paragraph 5 show that to make any. numerical .
prediction of the 'size of fire in which .a firestorm occurs.certain data

on the building characteristics of_Germap.ci%ies'musp:firgttpg gatqered

together. At the same time, for the sake of completeness,. and because

of the possibility of comparing the German cities involved in firgstorms
- T A P PLPRA

with cities in other countries and continents, it is\cpnjgnientfﬁq
tabulate other building data hot_required:in the calqulqtionsfi, N
6.1. CONSTRUCTION OF GERMAN CITIES

. German cities in general consisted of five types of building = |
construction as follows:25 -
Zone. 4. - The city centre. This consisted of an Tpld Town" with a
6ongested medieval street plan, narrow streetg.and‘manyhplq:bui;dinggjzu:_.
mingled with shops and offices, L e
Zone -2. The residential aresa. This was built around the Ol Towm -
aﬁd consisted, in the inner portion, .0f thickly populated\blocks_of_i,.
all types, slum to middle class, corresponding roughly to British
terrace-type houses and flats. The outer residential area contgingd
a small proportion of separate houses and villas, but the building.
density was rather high, There were often small industrial buildings
in the centre of blocks.
Zone 3. The suburban area, with houses and blocks of flats at 20 to

the acre.

Zones 4 and 5. Consisted of industrial buildings, communication, etc.

. 1§%;




6.2, CONSTRUCTION OF BUILDINGS

Zones 1 and 2 céntaiﬁedFYO'Q 85 per cent of 19th Century_buildin5326.
These were heavily constructed, with exterior brick walls -averaging
1 £t 3 in thick, interior partitions 5 in to 10 in thick, and plain wood
or mud-filled pugged floors, or light brick arch construction. - The roof
was constructed of wood covered with slate or tiles, and there were many
heavy wooden beams., Brunswigza.has analysed a block of buildings, and
evaluates a fire load of 68 1b/ft2.
6.3. BUILDING STATISTICS

Table . JII summarises the available data on building density, street

widths, building heights, eto., It can bé seen that data are rather
scarce and uncertain, and there is some disagreement over the value to
be assigned to some of the parameters.. It is more or less.universally
accepted that buildings were on average about 5 stories high, fhgt the
average dwelling had a ground area of 1500 sg.. ft., and that the zoning
described in 6.1. is adequate. There is élsa some measure-of agreement .
about street widths and layout. |

There is conaiderable disagreement about the value of :the building
density, . Although the actual value of is not important from the -
point of view of the calculations described in Section 5, it .is clear -
that the building block, taken as a unit of construction, will occur f“
largely in areas of high building density, This question may be
resolved to some extent by comparison with the building density of
London, which has many similarities with German cities. Both are
built on medieval street plams, both have undergone considerable
rebuilding throughout their hisf&qy, although building construction
may differ in detail. It may well be that the building densities

of the two, depending largely on street layouf, .are very similar.
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"Table. IXT. Average Building Characteristics of German Cities

Building

Building Number of [Average ares
Source density Streets height buildings |of building
Ministry of Home |60 - 75 Medieval street - - - City centre,
Seourity2d per cent | plan with narrow
streets.
50 - 5§ Terrace type - - - Inner residential area,
per cent | houses, )
LG - 45 Small proportion - - - Outer residential area.
per cent | of separate
houses.
T
30 - - Houses and Suburban area,
per cent blooks of
flats,
20/acre.
Fire Effects'’ 20 - 3 - 5 storéys ~ 1500 sq. £t. | Central Area - "old
of Bombing per oent ' : town".
Attacks.
Fed. C.D, Admin,
- R=ctangular 2 - 6 storéys - 13000 sq. ft.

street plans.

18th Century town.




Table III, Average Building Characteristics of German Cities (Cont'd.)
Building Building Number of [Average area
Source . density Streets height buildings |of building
Stanbury? 33 - - 6000/sq. 1400 sq. ft.| Overall figure,
per cent mile, .
U.S.5.B.8,° - 55 - 75 £t wide |k - 9 stordys, - 1500 sq. £t.| Hamburg.
with average of |average 5 = _ for ' :
60 f't,  except 70 ft, dwellings,
in 014 Town. 10000 sq. ft;
for offices, i
ete.
40 Central zone with| - - Kassel, Dormstadt
per cent { rectangular ete.
014 Towm street plan,
wide streets
and many open
spaces,
Streets 40 - 60
ft. wide, Main
streets 70 - 100
ft. wide, 014
Town 40 ft. down
to 20 - 30f%t.
wide.
‘ Br1.1nswii.g28 43 - 5 « 8 storeys - Area of ‘Hamburg, study of one -
per cent block: of oity bloek 800 sq, ft,
‘buildings
800 sq. ft,
Magnus6 67 ' - - - -
per cent
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The building densities of London are as follows

City 72 per cent
West End 53 nm m
Closed residential L3 n on
Open residentiel 19 n n
Docks ' 18 n n

These figures are remarkably similar to tﬂe first group of figures
in Table'III, and the figure of 40 per cent for the centres of German
towns given by other authorities seems rather low, It seems likely
that this area did, in fact, have a much higher building densify, more
of the order of that given by the wartimehuinistry of Home Security.
6.4. BLOCK STRUCTURE

There are no sfatistics availaﬁle oﬁ the“average'sizé of building
bléck in German cities, although some random médsﬁfémenﬁé—from'maﬁg of
Hamburg seem to indicate a likely velue of.;ts,linéar dimension of about
LO0 feet., Some values may also be obtained indirectiy from values of
total street léngths in the fire afea quoted in Table I. Assuming a
rectangular street plan and blocks of comparable sizes, the linear
dimensions of a square block D are then'given in‘terms'of the area
involved A, the street frontage ¥, and the street width 8 by the
equation | | |

S+D=L..A/F

Substituting the values of F and A from Table I leads to the
following values for Hamburg, which are .probably representative

also of other German Cities,
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(8 +D)ft.

Reid of July 24/25 590
Raid of July 27/28 820
Reid of July 29/30 450

Assuminé a value of § of the order 80 ft leads tc thc’conclusicn that D
lies approximately between 400 and 700 ft. Brunswig28 gives an analysis of an
area of buildings with linear dimension of 800 ft although it is not stated
whether or not this is a bulldlng block. » -

7. EVALUATION OF FIRESTORM CRITERION (Equatlon 6)

The above data, although rather crude allow some estimates of the
firestorm areas to be made on the ba81s of the crlterlon developed in
Section 5, Owing to the approximate nature of the model itaself, the
uncertainties in the definition of firestorm, and the ranges of values.
encountered for many of the physical characteristics of the arecs involved,
these calculations cannot be expected to give a very accuratc estimate.
However, the order of accuracy required for most purposes is no greater
than the order of magnltude and the figures and theories used should be
sufficient to do this.

7.1. SUMMARY CE DATA | _ | =

(i) Wind Speed. We take u, as the wind speed characteristic of a

Storm (Force 11), so that u, = 100 ft/sec. | | >

(ii) Linear dimension of buildings. D = 400 - 700 ft, and street

widths are of the order of 80 ft,

(iii) Flame height, Thomas* has correlated flame heights by an
expression 2 i g%
AJS—D‘ Lo
where m is the rate of burning per unit area,
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The mean rate of burning may be estimated, since Brunswig gives the

fire load as 68 1bs/ft2 (about 12 lbs/ft2 for each storey), and the

£8
360 x 60

duration of the fire was approximately 5 - 6 hours. Thus i

1bs/ft2 sec., and 0.15 &£ L & 0.2, the limits being attained when
: . D

D =700 £t and D = 400 ft respectively.
Thus 80 & L & 100 ft approximately, say 90 £t, which is comparable with
the average building height of 70 ft.
7.2. MERGING OF THE FLAMES |
Substituting the values of L in Equation L4 gives the separation at the

D _
onget of merging-

2 e« 0.1
D =

which is of the same order as the value 6f‘§,derived assuming S = B0 ft,‘
D = 400 - 700 ft;'and'within the ordgf of.agcuracy of the‘data and theory,
this value indicates that the flamgs are at Or.near-the.onset of_merging.
The theory deveiOpgd above is thus‘appliqablé,

7-3. FIRESTORM AREA |

Substituting the values of L, S and 8 in Equation 6 leads to the
D. . .

minimum area of fire A1 in which firestorm conditions can exist

A1 = 0.4 s8q, mile for a typical German city.
A firestorm involving the greater part of the fire area thus occurs in a

fire of ares A,, given by A, = 2A1 = 0,8 sq, mile,

i ,25 *:-.? .



8. DISCUSSION '

The results of the calculations carried out above indicate-that:a
" firestorm can exist in conditions "similar to those of German cities in
fire areas in excess of 0.4 sq. mile, which, in termgvof wartime‘fires,
18 a relatively small fire area. This reSulf is supported by Rodden et
al16, who give a minimum firestorm area of ¥ sq. mile, and it also | ' ‘.
explains the reports of high winds in many, relatively small, ﬁistoric
conflagrations and the disagreement about occurrences of firestorms in
many of the wartime fires. ‘ _ ~

Equation 6 also indicates the relative importance of some of the
characteristics of the fire areas in determining the occurrence of.
firestorms, For high density areaa% << 1 and Equation 6 may be

closely approximatédﬁby the'inequalify

‘ S2 u‘2'
A (s

1,_? ' neanse (7)
K‘tsz: )

Thus having defined the value.o% u;,.in terms of the building'
characteristics of the area, the mipimum value of A, is proporfional
to %?, and hence the most important factor is the street width S. The
value of L may be calculated from Thomas‘-single fire correlatibnszh,.in .
which L ©€ (it D)%, but there is little or no data on the value to be
assigned to M, the rate of burning per unit plan area of each building, T
or its variation with the characteristics of the building, and thus, o
for the time being, L must be regarded as an independent variable of the
firestorm' calculations.

Since the available data are rather coarse, and since Equation 7 is
very sensitive to samall changes in S, the estimates of the area A1 cannot

be expected to be very accurate. However, it should be pointed out that
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from the point of_view of escape from the fire area, tﬁe average length of
the escape routes will be approximately proportional to the linear
dimensions of the fire area ( o€ SL‘%) and this is also the dimension
that would be used in assessing potential firestorm areas from maps.
Thus this inaccuracy is not as important as it would appear, within the
limits of the accﬁfﬁcy required, It is clear that considerably more
data and theoreticel evaluation is necessary before the validity of the
simple theory presented above can be established, and in particular
whether the scaling laws implied by Bquations 6 and 7 are valid.

The firestorm has been defined as a storm 6f wind (Force 11) induced
in the streets by the large air requirements of the‘many fires, and it
is appropriste at this point to consider the effects of the firestorm
on other fire characteristics, and to Asaess its importance in urban
fires. _

(1) 'The high wind increases the pmb;b;lity of the spréad of firer

12, 15 have

~both within and between buildings. Eye,witnesses
described burning beams hurled along sfreets, and a high

' density-of-burning brands and sﬁarks. - 8ince the roofs and
windows are iikely to have been damaged or destroyed the
chance of spread by brands supported by radiation is very
high, The passaéé of wind_thrbugh'thé-buildings, dragging
flames and sparks from the burning compartments through the
corridors and door cpenings further_increasés the spread to
previously ﬁnignited matérial, ana by maintaining an ample
supply of air to the burning fuel, ensures complste combustion

of the fuel.



(2) The conditions in the streets, scorched.by the-intense radiation
from the fires, aré 'considerably aggravated by.the-high-.winds,
which in Germany inhibited both escape from -the’ area’ 2, 13 and - -
firefighting®” 7 and resoue operations. : The flying brands -

and sparks ignited clothing ‘and.blew into unprotected eyes, "

and high winds of'ten made progress possible only by crawling

on hands and lknees. : : . S

(3) Because of the large area of fire, unléss a person is nedr the -
outer edge of the fire.area; the ‘direction of escape must be
uncertain, and the choice of an escape route would tend to be
random unless outside aid’is given. - In a panic stricken -
state most people would tend to move in’ the direction of ‘the
wind, particularly in a wind against which it is impossible
to walk, and this would tend to lead them further into the

fire area. - It seems likely, therefore, that-the firestorm °
is at least indirectly fesponsibie'for'the highedeath‘rates
observed in wartime fires in which firestorms occurred.

CONCLUSIONS

4. It is proposed that the term nfirestorn” should be reserved for the

high wind obgerved in many large area fires, and that firestorm conditions

exist at any point of a fire area when the wind epeed é£ that point
exceeds a certain value, taken to be that characteristic of a Storm

(Force 11 on Beaufort Scale), that is 100 ft/sec. —

2. The value of the veloclty definlng the flrestorm has been derived

from a review of reports of wartlme flrestorms The reported effeets

of wind on objects and persommel have been found to be consistent with

a storm Force 10 = 11 (Beaufort Scale), which is high enough to impede
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seriouély both escaﬁe from the fire area and fire-fighting activities,

and it may also increase the probability of spread of fire between

Buildings;

3. A Eimple theory of the fully developed firestorm has been derived

in which the air requirements of the‘many fires are calculated from

single-fire data. The wind speeds in the streets are calculated on

the basis fhﬁt bécause of the mass of hof gds rising above the fire,

the entralned air must be channelled through the streets. This

assertion 13 supported by reference to calculations and data on the

merging of flames.- The theory leads to a ¢riterion for the fully

develope&.fifesform in terms of-the'building characteristics of the

fire area and tha height of the flames.‘

11-. " Both theory and. data. from reports of wa.rtlme and peacetlme

'firestorms suggest that the area of fire necessary for firestorm

oondltlons to exlst is conslderably smaller than the very extensive

areas dggtgqyfd-by:fire in some of_the_wartlme fires.. .
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