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SUMMARY

The prediction of the temperature rise downwind from a long fire front

d in the copen is of interest in the study of fire spread. This report

; ds and revises an earlier repcer®t Fire Research Note 510 presents a
aplifisd correlation in terms of dimensionless variables of the experimental
shed by Rankine on the effsct on the downwind temperature rise of the
put from & Line burner and the wind speed. Despite some variations of
e ire rise with the absolute values of the wind speed and heat output other
en those accounted for by the dimensionless variables, the correlations are on

7 G. I. Taylor assuming & uniform wind velocity U, and allowing only
al diffusion with a diffusivity inecreasing in proportion to &1 the
snce from the burner, or to the local height of the plume, gives a diffusivity
€ squal to 0:048 =T

{ ~4.95

AL Lo T
the ratic of U, %o the veloocity = (w3

(e} ¥ &y

is the acceleration due to gravity ’
Q is the rate of heat release per unit length of fire
¢P is the density of air
¢ i the specific heat of air

and T, is the absolute temperature
The simplified theory employed was shown by G. I. Tayler to be not entirely
consisgtant and this is discussed further.

self

The wmost immediately practically useful result is that over the range of

dimensionless wind speeds in these experiments the maximum temperature rise at a
distance ¢ downwind is near the ground and given by
2 T 0.14
6 = 2.35 lfg;rg- ST
oy rowghly 2
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THE EFFECT OF WIND ON PLUMES FROM A LINE HEAT SOURCE

by
P, H, Thomas
Introduction'

During the lagt war the possibility was examined of clearing airfields of
fog by uging line sources of heat to set up a horigzoptal flow of ailr near the
gmund(’ij and as part of the investigation Rankine&s1 studied the effect of wind
on the flow from a long line burner in the BEmpress Hall, Earls Court, Londen.
Air was drawn by a large fan across a leng line burner and extensive velccity and
temperature measurements were made. In addition some full scale tests were
undertaken in the epen and satisfactory agreement was obhained between the field
and laboratery experiments. Such experiments are of considerable interest in the
study of the effect of wind on the spread of a long fire front and in this paper
the experimental results tabulated by Rankine are correlated by dimensionless
variables. At lomng distances from a finite source the diffusion of the plume is
contrelled by the turbulence in the wind and the role of thermal instability is
negligible, The upper edge of the plume would appear fo diverge from a source
above the ground by an amount dependant on the bueyancy. Near to the real source
the effects of buoyancy are predominant and these results are examined on this
basis. Some observations are made regarding these various assumptions and other
%ggﬁgfs of the problem which have been studisd theorstically by Sir Geoffrey Tayler

Results obtained by Rankine
Fig 1 shows diagrammatically the experimental arrangement and also defines
the measured quantities, The ranges of the independent variables and the
positiens at which the temperature rise and velocity were mesasured are given in
Table 1.
TABLE 4

The Range of Experimental Variables

Grcés héat ogtput Wind Distances Heig?ﬁs
per unit length . above
) speed dowrwingd
af burner ground
U, X 4

0.04 ~ 0.48 15 -5 £fs | 30 9%, 70 6% | 1,6" to 8O"
Therms per hour in steps and 157
per yard in of % /s
steps of 0.04
1 Therm = 100,000 Btu

Rarkine states that ®he results have been analysed, interpolated and smoothed
to remove evident errors in the custemary mannex’. He did not in his tabulation
of the data include any temperature rises over 30%C, and he estimated from a heat
balance the net convection flux to be 80 per cent of the gross input. Of the
remaining 20 per cent the major portion (15 per cent of the total) was lost as
thermal radiation, presumably largely from the flames. The remaining 5 per cent
was taken to be lest to the ground. This constant factor of 80 per cent is used
throughout this paper to convert the tabulated gross values to net values of
convected heat. The results are given in Ramkine's report in tables for each
value of distance =x dewnwind from the line burner and the height 2z above the
ground, each table giving either the temperature or horizontal velocity for all
heat flews and wind speed Ug.




Scaling Laws

Let Q be the net convective flux per unit length of line per unit time,
(i.e. 0.8 of the tabulated value), U the local horizontal velocity, U, the
applied wind (free stream velocity) Ty the absolute ambient temperature, /D
the density of air, ¢ the specific heat of air, g the gravitational
acceleration, and © +the rise in temperaturs at a distance x downwind from
the line burner, and a height 2z above the ground.

The following assumptions are made here.

1. The effects of changes in density other than those on the buoyancy
are negligible i.e. & & T,.

2. The gases obey the ideal gas laws so that the effect of buoyancy is a
force per unit mass of g 6/Ty.

3. The main effect of friction with the ground is confined to a thin
layer near the ground. Outside this layer mixing is assumed to be controlled
primarily by turbulence generated by thermal instability, an assumptien which
is discussed further in the Appendixz.

4o The flow outside this ground layer is assumed to be independent of
vigcous forces.

Either from the differential equations governing the heat balance and the
momentum, or from a direct dimensional analysis of the above terms it follows
that the selution takes the form

e _ =
& = 5 - rud) (1)
Whereukﬂ_is the dimengionless wind speed Jo
and v = (BR)3 v
Clg

# may be regarded as a dimensienless temperaturs riss.

Equation (1) is more general than Rankine’s own statement regarding scaling
which is physically equivalent. The data tabuiated by Rankine have been used
te obtain both §£ amde/Ug ag functions of z/x for different values of J), and
alternatively, as functicns of f) for different values of z/x.

Variation in temperature

Rankine's data have been evaluated in terms of the dimensionless @ andJL.
with Q= 0.08 Io/ft3, @ = 0.24 Btu 1b”1@F9“1 T, = B00°R, The accurascy of the
temperature measurement was reported to be about 0.2°F and only one decimal
place was given in the averages recorded. Temperature rises equal to or less
than 0,3%F have therefore been omitted from the dimensionless temperature rises
shewn in Fig. {2 = 14). It is ssen that except near the cold upper edgs of the
plume {Fig. @, 3 and L) where any experimental error is of mast consequence,
and near the ground (Fig. 9~14) the different sets of data are reasonably well
carrelated together; e.z. the one graph of Fig. (5) includes all the data in
three of Rankine’s tables. For the results im Fig. (7) there is a slight
tendency for abselutely higher windspeeds to give abselutely higher temperatures
than expected on the basis of the preceding argument and the effect is mere
pronounced at 15% than at 7% 6" from the burner, At the higher speeds the
results for the two different positions are in cleser agreement than at lower
speeds.

(

In Fig. (9+1k), which pertain te a region close fo the ground.(§%<fﬂnfﬁ§
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where the flow was thermally stratified there is & general tendency at high wind
speeds for an increase in the speed to increase the temperature at the measuring
point. There is a noticeable variation in ¢ with the absolute wind aspeed as
well as with the dimensionless wind speed oL, and for each velocity, £ usually
has a minimum Fig. (9, 11, 12 and 14) which occurs at a value of Vi approximately
proportional to U, i.e. at the same value of % for each.* [However the effect
is absent or ill-defined at 7' 6" the middle (see Fig. 10 and 13) of the three
digtances downwind at which measurements were made. This apparent lack of
systematic behavieur means further study is necessary before conditions near the
ground in these experiments could be discussed in much further detail,

Except near the ground the lack of correlation, although systematic as in
Fig. (7)is slight. If from Fig. (2-14) we take a series of values of ¢ throughout
the range of JL and from the smoothed curves plot § against z/x we obtain the
curves in Fig. (15), For Fig. (10) and (13) the upper line was used. Obviously
the part of the profile near the ground is not expected to be accurate, It will
be noticed in Fig. (15) that above z/x equal to about 0.1 increasing the wind
reduces the temperature; below z/x about 0,1 it increased it.

The variatien in local velecity

In the velocity profiles given by Rankine for the unheated condition the
velocity U was found to be proportional to U, and independent of x. Q/UO
is plotted against log, z in Fig. (16). From the profile equation

U = 2.5 UF Logg %/30

the friction velocity U¥ is obtained as
vk L 0.047 U,

and the characteristic roughness g as

Zy = 0,029 cm = 0.00075 £t

The macre-viscosity U™ Zg varied from 53 x 10"6 ft%/s to 170 xiO”é ftQ/s

so that flow was intermediate between smooth and fully rough., Z, is sufficienfly
large for it to, be Effectively independent of TUy. The skin friction coefficient
C} taken ag 2 %%E% is equal to 0.0045. The eddy viscosity near the wall is
0.4 UXz @

iee. &= 0.019 Uz (3)

and this would obtain for zq%j below about 100. With ¥ the kinematic
viscesity 150 x 106 fﬁz/s, and Uy, din these experiments in the range'1% ft/é to
5 ft/s 1t follows that equation (3) applies for 2z less than sbout 3". In this
region, no veleocity measurements were made and the temperature rises were measured
enly at Z = 1.6" at 3' 9", 7% 6" and 15" from the burner.

At values of 2%  greater than about 100 the eddy viscesity, according te
Clauser (5) has a uniform value

¥
€,=0.018 U, ¢ (1)
®
where él is the displacement thickness and
co
8 = j(FU/UO)&?,
[

A graphical integration gfithe profile where there was no heating gave

S = 0.3 ft.

*This was drawn to my attention by Dr. B. R. Morton

-3 -




so that for these experiments e;v reached a maximum value varying from

0.012 ftz/s te 0.04 £17/8 over the range of wind speed. I% is shown in the
Appendix that in the range of these experiments this is at most % of the eddy
viscesity calculated from thermal instability and in the middle of the
experimental range an order less. TWhen @ was notf zerc and the wind speed
net toe high the velecity profile had a maximum expeeding the main stream
wind speed - see Fig. (17). TFigs. (18) (19) and (20) give valies of U/Uy
against L for various pozitions in the stream, eash group corresponding to

a particular height of the measuring peint, and it can be seen that the
velocity enhancement, as Rankine desaribed it, disappears for JU>3 even when
Ug is as low as 1% f/s. The curves of Ufyy versus /) show that at high
values of U, the value of U/, does not rise progressively as JL falls,
This is particularly noticeable near the ground — see Fig. (20). The value
of JL at which U/U0 reaches a maximum is approximately proporiional to Uy
i,e. the maximum U occurs at a particular value of VvV (~-1.5 f@/s) which

is clese to the value which was peinted out above as marking minimae in the
temperature curves near the ground. AL higher values of -y the temperaturs
is above and the velocity belew that expected frem the trand of the
correlation for lower values of Y .

The velocities at any ene position appear to be asymptotic to a single
curve for low values of Uy, There is, however, one position (Pig. 18A) where
the cerrelation is particularly poor. . :

At high values of ] the values of U tend to these typical of zero Q,
where U is determined by ground friction and Q/ﬁg is a funchion of &g
For nen-zero Q lecal velecities camnet, however, be correlated in terms of

J and Z., Only two comparisens ars pessilbile for equal values of ?/X and
different 7~ and these (Figs., (18A) and (18B) are incenclusive.

In a vertical plume diffusien in the horizental direction is greater than
in vertical directien, For a bent over plume the reverse is true so there
must be a region of low L where diffusion in one dirgstion cannot be neglected
in cemparisen with the other (i.e. no boundary layer approximation is possible)
but largely because of experimental difficulties with recirculation under the
roof the transition from a vertical to a herizental plans ceuld not be examined
by Rankine.

In s%ill air a horizontal flow is induced inbo a veriical plnme(6> equal
to 0,295 from each side, If the transition weres a gradual one it might be
expected that as Uy decreases the herizontal welocity U should approach a
1imit

U - 0,29V~
i.e. U/Ug;‘>0°‘29/3’2. as )90

At high values of JL ?/U might be expected to approach the limit
given by the profile in Fig, {163 for zero Q, ioeayﬂ,Q/go should tend to be
linear with UQz° AcoordinglyulQ/UG has been evaluated and plotted against

(not shown here), but in view of the lack of cerrelation between data
for different values of Us and the limited range of JL for which there is a
large enough excess of U/Ua above its minimum value, the extrapolation fo
zero J is rather imprecise. It was possible fo use six sets of data and
the extrapelation gave values between 0.6 and 1.2 with a mean of 0.85, Thig
is three times larger than the figure 0.29 and it suggests that it may not be
possible to regard the limiting form of these plumés as one half of a vertical
plume nor perhaps even as one half of a vertical plume entraining as much air
on one side as a vertical plumeé entraing en beth sides.



Discussion

Sir Geoffrey Taylor@)(h’) considered the theoretical interpretation of this
problem by assuming as an approximation that the velocity was uniform and in one
directions Only transport of heat in the 2z direction was allowed for.  The
heat balance equation then becomes

38 _ D (g \
ﬁCUo I = E(ng) (5)

Two forms for the effective diffusivity were considered viz:

éT = —-I—(Zr 01{/&.??__ (6a)

and € - 5z H[Z|90) (62)

where C, and C, are constants to be determined from the experiments, 1 is a
mixing length assumed proportiocnal to the height of the plumes

l

/v‘( x Tangl (7)

The constant of proportionality can be abgorbed intc €4 or Co and o is the
angle the upper edge of the plume makes with the horizontal. He assumed that
there was a similarity solution such that the distribution of temperature across
any vertical section of the plume was the same though the scale both of the
temperature distribution and the height of the plume were assumed functions of the
wind speed and the heat outputs The only independent parameter in this
formulation that can determine these sgales dis the dimensionless wind speed and he
assumed a similarity sclution and that the dependence of the scales on this term
tock the form of a power law. Equation (1) then takes the form

P o=l By | (8)
where
Tan o "(Ji (9)

The indices m and n have yet to be determineds If equations (8) and (9) are
substituted into equations (5) and (6) we obtain whichever form is used for -

m=2

S Tan K en (10)
The heat balance is At
fe Juean =g (11)
3

and using equations (8) and (9) this gives
m¥n + 1 =0 (12)
Equating the indices of ‘_/L in equations (9) and (10) then gives
mo= % and n = 5/2

The tangent of the plume angle should therefore vary as Q%/UB/ 2 and the
maximum dimensionless temperature ﬁo as A%, These results have recently been
discussed again by Sir Geoffrey Taylor(AL and he emphasized that they are a
congequence of assuming that the turbulence is produced by thermal instability.
If the turbulence were assumed to originate from horizontal shear then Tan «%
would be independent of the dimensionless windspeed, 1In fact the experimental

i

m5‘._




ebservations(z) showed that

0.286
Tanof «Q—g%)

and he commented that this is intermediate between the two results and suggested
that shear and thermal instability were of comparable importance, Rankine
refers to field measurements 75 yds downwind and this represents a scale factor
of frem 15 : 1 to 60 : 4 compared with the measurements at 15% and 37 9" in the
laberatory. To obtain similarity between the effects of shear and thermal
instability would require equal values of

X
3} i.e. equal values of (% Ju

The comparisen was made at equal values of vQ_ so it must be deduced that the
values of Cp¢ were effectively the same ¢r of little consequence.

However there is an interesting alternative. Equations (6a) and (6b)
are both baged on the view that the characteristic mixing length is proportional
to 1 the local height of the plume ?n the assumption that plumes (and jets)
are in lecal equilibrium. Maczynski 7) has recently argusd that this fails
for a jet injected inte a stream moving in the same direction and showed that
his results were in accordance with the characterigtic mixing length being
proportienal to the distance from the source,

It ffris written as

= G,:z: £22 (134)

K
€= pe = O=[g

' 5
o é-r - PKE - cg‘xw (13B)

8) and (9) into equations (5) and (13)

1

we obtain on substituting equations 7 (
m_ 2
Tan L w B 3

Equating the indices in equation (9) and (14) and using equation (12)

we obtain = 5 and n= ~%

(14)

Hence ?an.%? is proportienal te uﬂf% i.e. the tangent of the plume angle
varies as QZ/U@Z and thig is very close o the experimental result of V-
as given by Rankine. In accordance with this and the assumption of a uniferm
velocity we obtain

g = G ENT)
3

It can readily be shown that QUQ% and (z/x) (J* correlate the data better than
do 4 A7 and (z/x) V] 5/2 but in fact no pair of variables of the form g™
and (z/x) Q-0 is satisfactory. For low values of /L the value of Uy, is
neticeably larger than 1 and there are insufficient data fori/L¥? to provide &
satigfactory test of a simplified theory assuming U 1is constant, Fig. (A
shows an empirical correlation between (P AP=14 and z/x A9-75. For many
practical purpeses 1t will be necessary only to estimate the maximum temperature
rise downwind and this is seen from Fig, (21) to be approximately given by

: . 0.1
o= 2.35 “jx" JU

Since balo‘jh'varies only slightly in “the range ‘5<: Jj.»<:: :S

>
6= 2.5 ¥l
g X

-6 -




It is shoyn in the Appendix that 1% iz passible from the experimental data te
express Cmp as
€ _ _0.0L8 Uy %
T = e

\/lj <95

Equation (13) would, however, lead to £p being proportional to @fpf€°5 instead
of the n=3 from squation (6)., The above expression for € 7 should give Tan o
as preoportional to d2”0°98 but the temperature profiles show this is a little too
large a dependence on . A model assuming a constant plume angle and a
diffusivity propertional to either the distance frnm,tg burner or the height of
the plume and a velocity having the dimensional farqj%zr i.e, elther of equation
(13) or the modifieation ef it used in the Appendix is thus not entirely self
consistent.,

The conclusion from the arguments given absve would seem o be that the values
of /] although sufficiently high to make the plume bend over are not all sufficiently
high for it to be considered as a fully herizental piume in the sense demanded by
the assumptlen of a uniform horizental veleelty and negligible horizental diffusion.
The difficulties in accepting that the ground fristion iz of comparable importance
to the thermal instability can be partially met if the mixing length is determined
by the distance from the heat source inatead of the distance from the ground.
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APPENDIX
A value for the Effective Diffusivity

To obtain numerical values of &'L‘ from the data we shall assume that GT is
independent of 2, 1.6« it is constant across the height of the plume at any
sections

If as an approximation U is taken as constant egual to U, equation (5)
may be written from equation (1) as

(%) ;zf”+ P R (151)

where the dash denotes differemtiation with respect to N (== )« €q (= I%-) is
prop'orgional to the distance from the burner or the height of the plume; “in either
case &L is independent of Ao If Mo is the value of )\ at which ;25 is zero,

equatiog (14) becomes
g = g

where fo is the value of B at ¢  Flgure (15) shows that )§ is a Broxlmately
between 0,08 and O«10x Figure (223 shows Log Ji plotted against fg-Aog with
values of ' f taken from the curves of & against JLfor various z and x and

o = 0,09, © There are few data in the outer region of the heated flow but they
suggest that the regime changes for )25~<,O,,‘1§ where all the data comprise
temperature rises of less than 29F., Apart from this outer region and the
stratified layer near %o the ground the data lie on straight lines, the negative
slope increasing Withﬁ/u This set of data are shown in a different form in
Pige (25) where no assumption is made regarding(&n but the data are plotted in
terms of an estimate of Qfg,i Here too the lines are straights

Uox 2

For simplicity we shall take the sguare root term in the expression for é“l’
as\/ 3 7Ta~ d instead of the forms in equations (6A) and (6B). This is
= | Gz ‘

3

dimensionally of the same form and the difference will be partly absorbed by the
congtant of proportionality.

We now write b W‘Mgd
éT = Czx (Tan K)\/f(d@@’ (16)

where f = 1 1f the mixing length is proportional to the height of the plume and

zero if it is proportional to the distance from the burner.

From equation {(15) we have

Tan of & / & (17}

L1 >

From the heat balance equation (11)

> K Oeem o
@dz ~ 5__4_-& (’18)
o o /CZU"

86 that from equations (16) {17) and (18)

1= f
(u%) i N

£




2-p
Uo¥ JL
1.8, AR
CET .

The inversesof the slopes from Figs. (22) and (23) are plotted in Fig., (24)
againstj)/for seven chosen values of‘/{' in the range/<ﬂ< 3.

The line drawn through the peints corresponds te

é _ 0.048 Uox
T A 1.95
L

The dependence of éT on tﬂ,is greater than thatf corresponding to p = 0
but differs from it by more from that corresponding to p = 4. The above
result would imply that Tan K varies almes} inversely prepertionally to
but the correlation in Fig. (21) would be less satisf actory if this were used
instead af’ﬁ"oﬁi The correlation of the results with this type of theory
is therefore not entirely comsistent. The ratio of 61\ to @in equation (L)
is

€r. oo x L 2T

Ev o018 ST
The minimum value o%w in these experiments is "2"2}2 z 8,7 and dLis less
than 5, Vel

rbr oS 2.7x8.7 .
€ '(':' > 8.5 . i Z:iz"‘?

In the middle of the range =t is 7 £ 6 in and (L= 2 so that 'thereél ~10,
Thus except at the positions nearest the burner, at the highest wind ¥peed and
lowest heat output the effects of thermal insitability are expected to be
predeminant.

Nearer the burner the value of 6) 7 deécreases relative to ﬁ/but the
affective thickness of the plume becomes less and it becomes more appropriate
to Use equation (3) for €,. The value of % is less than x Tan o so one
can obtain the minimum value of the ratieo of é{r} ta Qaﬂ

0.048 . N
70004.9 Toe ol ULaS

3
Tan . frem Fig., (1 5) may e takeén as approximately 0.7/01% se that T > V“'L
» Over the range of /] used in the experiments this ratio varles from

ahou't?: 0.9 to 3.4 and so near the burner it is net possible to disregard either
thermal instability or shear. TWhether Cq depends on the distance from the
burner ¢r on the height of the plume the implication of the above is that
thermal instability becomes more important as 3¢ inereases, provided ther forms
taken for 6\/51}111 apply. This of course is not so for all 2 Beyend a
distance frow a finite line source where the lateral diffusion of heat and the
less of heat te the ground become 51gn1f1c:antly large bueyancy per unii width
of plume iz ne longer censerved as is lmplied by the use of equation (18)
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