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ABSTRACT

Flame tip height, width, and height to base of a lifted flame, formed by a ejected
fuel gas through a pipe of 1/8B, 1/4B, 3/8B, 1/2B, 3/4B, and 1B, were observed
as a function of dimensionless heat release rate. Fuel gas was supplied at the rate
of 100¢/min, 200£/min, and 400¢/min. Pipe heights from the ground level were
set at 200mm, 700mm, and 1700mm. Radiative heat fluxes were also measured at
0.1m,0.27m,0.71m, 1.1m,1.27m, 1.71m, 1.9m, 2.9m from the pipe. Temperatures along
the center line of the flame were measured. Dimensionless flame height. Ha/D, and
dimensionless flame width, W;/D were correlated well by 1/3 power of dimensionless
heat release rate. Radiative heat fluxes to the dummy vessel were also estimated us-
ing the view factor and center-line temperature. Estimated radiative heat fluxes to the
targets were compared with the measured ones and good agreement between them was
obtained. This implies that the view factor on radiative heat flux to the target from a
jet flame is useful to estimate the radiative heat flux to assess the fire safety.
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1 INTRODUCTION

Fuel gas is supplied through piping networks in ur-
ban area but its suburbs propane gas, as a fuel gas
for house use, is supplied by vessels of 20 ~ 30kg. In
order to get the higher cost performance and lower
consumption of labor in the delivery service. in other
words to get infrequent delivery service and lessen the
numbers of vessels transported to houses, it is planned
to set a big volume vessel of 1500kg in house yard (or
in basement) and of which refuel will be made directly
by connecting with a LPG bulk loll track. However,
the setting of a big vessel in house yard may have high
potential of fire risk in case of a neighbor fire occurred.
Fire in neighbor may give radiative heat to the vessel
and which may result high pressure and ejection of
fuel jet. Pressure reduction is designed by the ejection
of gas through a safety-pipe and bulb system so that
jet flame will be generated on/above the nozzle of the
pipe and which may feed extra radiative heat to the
vessel and surroundings. It is demanded to assess the
potential of radiative heat which may be fed from the
jet flame to the vessel. In the first series of the ex-
periment, the semi-full scale test had been carried out
using a big vessel which was exposed to model fires

(wood crib fires). Temperatures of vessel surface and
its atmosphere were measured, and also function of a
safety bulb for pressure reduction was verified [1]. In
the second series of the test, fire safety assessment of
the big vessel was carried out. And a part of the sec-
ond test, basic information on a jet flame formed on
a safety pipe is required, and we dealt with the mea-
surements and observations on jet flame height, flame
width, height to the base of lifted jet flame from a
pipe, and radiative heat flux to the dummy vessel.

2 EXPERIMENTAL PROCEDURE
2.1 Piping and Experimental System

Figure 1 shows the outline of the layout of experi-
ments. Fuel gas was let into the system through pres-
sure reducers and valve system controlling the sup-
ply rate of 100¢/min,200¢/min, and 400¢/min. The
final flow rate of the piping system was monitored
by a mass flow meter every 10sec. Nozzle height
were adjusted at 200mm, 700mm, and 1700mm high
from the grand level. Fuel gas supply rates, pipe size
with mm®,nozzle height and dimensionless heat re-
lease rate designed are shown in Table 1.
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2.2 Measurements and Observations were set at 0.1m, 0.27m, 0.71m, 1.1m, 1.27Tm, 1.71m,

Temperatures in the ejected flame were measured 1.9m, and 2.9m apart from the center of a pipe. Two
along the center at 1m, 2m, 3m, 4m, 5m, 6m, and 7m sets of video system, focusing from North and East,
high from the ground level. Radiation heat flux meters were used for recordings of the flame images.

Table 1: Experimental Conditions

Experiment | Fuel Flow Rate Bore Size Nozzle Height Q*
Number (£/min) (mm) (mm) (=)
1 100 1/8B, 6.5mm 700 3.99 x 10%
2 200 — 180 — 160 | 1/8B, 6.5mm 700 6.39 x 107
3 100 3/8B, 12.7mm 700 7.48 x 103
4 200 3/8B, 12.7Tmm 700 1.50 x 104
5 300 3/8B, 12.7mm 700 2.25 x 10%
6 400 3/8B, 12.7mm 700 2.99 x 104
7 100 1B, 27.6mm 700 1.07 x 103
8 200 1B, 27.6mm 700 2.15 x 103
9 400 1B, 27.6mm 700 4.30 x 10°
10 400 1/4B, 9.2mm | 200 6.70 x 10%
11 200 1/4B, 9.2mm 200 3.35 x 10%
12 100 1/4B, 9.2mm 200 1.68 x 107
13 - 400 3/8B, 12.7mm 200 2.99 x 10%
14 200 3/8B, 12.7mm 200 1.50 x 10*
15 100 1/2B, 16.1mm 200 4.14 x 10°
16 200 1/2B, 16.1mm 200 8.27 x 10°
17 400 1/2B, 16.1mm 200 1.65 x 10%
18 400 1B, 27.6mm 200 4.30 x 10°
19 400 3/4B, 21.6mm 200 7.93 x 103
20 200 3/4B, 21.6mm 200 3.97 x 10%
21 100 1/8B, 6.5mm 1700 3.99 x 10%
22 400 1/4B, 9.2mm 1700 6.70 x 10%
23 200 1/4B, 9.2mm 1700 3.35 x 10%
24 100 1/4B, 9.2mm 1700 1.68 x 10*
25 400 3/8B, 12.7Tmm 1700 2.99 x 10%
26 200 3/8B, 12.7mm 1700 1.50 x 107
27 400 1/2B, 16.1mm 1700 1.65 x 10°
28 200 1/2B, 16.1mm 1700 8.27 x 103
29 400 3/4B, 21.6mm 1700 7.93 x 10°
30 200 3/4B, 21.6mm 1700 3.97 x 103
31 400 1B, 27.6mm 1700 4.30 x 103

* In the test #2,gas supply rate was changed 200¢/min to 160¢/min with the changing rate of 20¢/min to
observe the blow-off of the flame.
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Figure 1 Outline of the experimental sets. Fuel gas vessels are set outside of the facility. Temperature along a
jet flame and on the surface of the dummy vessel were measured by sheathed K-type thermocouples. Radiation

meters were set on the same level of the dummy vessel.

3 RESULTS AND DISCUSSION

3.1 Flame Height and Width

Flame tip heights, Ha, were estimated from 90 suc-
cessive images and are shown representatively in Fig-
ure 2 by a rigid line. In this case about 600kW
(400¢/min) flame from 1/4B pipe was used, and the
averaged flame tip height estimated was 3.04m with its
maximum and minimum heights of 3.43m and 2.756m,
respectively. The difference between highest and low-
est flame tip height was about 0.6m and of which stan-
dard deviation was about 10% of the full flame length.
The flame width, W; were estimated from the same
images and are superimposed representatively in Fig-
ure 2 by a broken line. Standard deviation for W
is about 20% and the fluctuation in both height and
width of the flame is almost coincided with each other
as shown in Figure 2. Average flame tip height, Ha,
was normalized by pipe size, D, and are obtained in
the dimensionless flame height of Ha/D. Figure 3
shows the logarithmic plots of dimensionless flame tip
height, Ha/D, as a function of dimensionless heat re-
lease rate @* = Q/pCpAT+/gDD? [4]. The figure in-
dicates the relation of Ha/D = 9.61 - Q*'/3 for higher
flame height, Ha/D = 6.69 - Q*1/3 for lower flame
height, and Ha/D = 8.14 - Q*1/3 for average jet flame
height for the range of @* of 10% ~ 6.7 x 10* based
on the tests. The number of power, 1/3, for the re-

lation is greater than that 0.23 which is reported by
McCaffrey [2].

Flame widths, W, were also estimated and aver-
aged based on 90 images and which was normalized
by D as Wy/D. Figure 4 shows the relation of di-
mensionless flame width and @* in logarithmic scale.
This figure shows W /D increased with the increase
of Q*/3 and is expressed by W;/D = 1.92 - Q*1/3.
Figures 3 and 4 indicate that the characteristic flame
length, both height and width, grows with Q**/3,

3.2 Height to the Base of Lifted Flame, h

Some of the tests showed the lifted flames. When
we gave 200¢/min and 180¢/min to the 1/8B pipe,
the lifted flame was observed once but it extinguished
soon showing the lifting flame. In the case of ejec-
tion velocity exceeded 250m/sec at the bore resulted
in the blow off of the flame. Except the test #2, we
observed the stable flame with lifting. When lifted
flame was observed, the height from the opening of
pipe to the base of lifted flame, h, were estimated and
averaged based on the 90 frames of successive images
on the video system. Averaged one was normalized
by pipe diameter, giving a dimensionless lifted height
h/D, were plotted against @*. Figure 5 shows the
h/D as a function of Q* in log — log scale, and which
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implies that h/D increased with 3/5 power to @* in by h/D = 1.39 x 102 . Q*3/5 .

the region of 103 ~ 10* and is expressed empirically
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Figure 2 Typical time histories of flame tip height and its width. In this case, propane gas as a fuel was
supplied at the rate of 400¢/min from a 1/4B (0.92cm®)) pipe of which length was 200mm from the ground.

3.3 Excess Temperatures, AT, along the Cen-
ter Line of a Flame

In the lower region of a flame, (Ha/D)/Q*%/® < 2,
excess temperature, AT, showed almost constant of
850 — 950°C for the vertical direction. And AT de-
creased with Ha™(n = —3/2 ~ —5/3) for the region of
(Ha/D)/Q*%/® > 2. These gradients are quite similar
to the ones obtained in the flame and plume in a dif-
fusion flame as McCafirey reported {3]. However, de-
creasing mode for intermittent, (Z/Q%°)~!, was not
observed clearly in our tests as shown in Figure 6. De-
creasing modes for vertical direction along the center
line were characterized into two regions and are ex-
pressed by empirical equations as,
AT = « - ((Ha/D)/Q*?/%)*~3/2, where @ = 1600°C
for (Ha/D)/@*%/® > 2 and
AT = 850 ~ 950°C for lower flame region of ”the base
of lame” < (Ha/D)/Q*?/5 < 2.
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Figure 3 Logarithmic plots of dimensionless flame
height, Ha/D, as a function of dimensionless heat re-
lease rate Q: with gradient of 1/3.
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Figure 4 Dimensionless flame width, W¢/D, as a
function of dimensionless heat release rate Q*. Wy/D
increased with 1/3 power of Q*.
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Figure 5 Dimensionless height to the base of lifted
flame, h/D, are plotted against Q* when no blow-off
was observed.
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_Figure 6 Excess temperatures along the center line
of jet flame are plotted against normalized height by
Q*?/5. Vertical distribution of excess temperatures
showed two regions with no decreasing and —3/2 ~
—5/3 power to the dimensionless height.

3.4 Radiation Heat Flux

Figure 7 shows the typical distribution profiles of
radiation heat flux for horizontal direction with pipe
heights of 200mm, T700mm, and 1700mm. It is
clearly observed that distribution of radiation heat
flux showed flat in the near region from the pipe and
then decayed in the far region.

In order to estimate the radiation heat flux to the
vessel, we adopted following assumptions and two
models for a jet flame to estimate the view factors
between a flame and a target.

e Flame figure could be expressed by thin cylinder
(including its bottom and of which view factor
was presented in a text[5]) or by thin cone (or
trapezoid) piled up to the average flame height,
Ha, as shown in Figure 8-(a) and (b). Both mod-
els forms a conical flame in total shape.

e Maximum diameter of each cylindrical or trape-
zoidal flame appeared at the height of 0.9Ha and
was estimated as a function of @* and D. Diam-
eter at arbitrary height was estimated based on
the angle of flame jet which was determined by D
at Ha and the length to the base of the flame.

e Flame is translucent and its representative tem-
perature at arbitrary heights can be estimated by
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the empirical equation described along the center
line.

Figure 7 also shows the representative distribution
of radiative heat flux calculated based on the above
flame models. This figure shows that the better co-

100 =

incidence was obtained between the estimated values
and measured one if we adopt the cylindrical flame
model than we adopt the trapezoidal model. The
marginal part between flame and atmosphere is tur-
bulent so that flat inclined surface of the trapezoidal
flame model gave less radiation heat to the target.
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Figure 7 Horizontal distribution of radiation heat flux to the targets measured and calculated ones based on
two models on jet flame figures illustrated in Figure 8-(a) and (b).

4 CONCLUSIONS

This work showed that the jet flame figures of height
and width, and height to the base of lifted flame can
be predicted by the power function of dimensionless
heat release rate.

Excess temperature along the center line of the jet
flame can be divided into two regions; lower flame re-
gion, and upper flame region. In the lower flame re-
gion AT showed almost constant of 850 ~ 950°C, and
upper flame regions,AT decreased with —3/2 ~ —5/3
power to the height. This decreasing rate is similar to
the plume region of a diffusion flame from a pool fire.
We observed no clear temperature decreasing mode of
—1 power to height for the intermittent region.

It is important to note that the cylindrical flame
piled up model, as shown in Figure 8-(a), indicates
that the jet flame is translucent and has very tur-
bulent marginal part between flame and atmosphere.

The representative flame temperature is well approxi-
mated by the center line temperature. And the cylin-
drical flame model was better than trapezoidal model
to estimate the radiation heat flux to the vessel from
a jet flame.
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taking the lengths and angles in the above illustration,

R = /(X-r)2+2Z2
P V(X —r-cosy)?+ (r - siny)2 + Z2

= \/X2+r2+Z2—2Xr-cos7

i

X-r1)
R

/(D —r-cosv)2 + Z2
s :

Z
,c08 3 = RSP =

cosa =

the view factor F can be expressed as

cosf -cost

. . 2p-
_ /Scosa cosy - cos? cosﬁdS

- - P2

or (% T (X-r)-cosy-[(X-r)2+2?-Z
= = dydZ
T Jo Jo R2.p4

where
cosf = cosy-cosa-cosy
cost = cosy-cosf

dS = r-dy-dZ

Figure 8(a) Cylinder model for a jet flame to estimate the view factor.
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taking the lengths and angles in the above illustration,

R = /(X-r2+22

P = /(X~-r-cosy)2+ (r-sinvy)2+ Z2
= \/X2+r2+22—2Xr-cos'y

X+ ta}(w) -sinw _Z /(D —r-cosv)?+ 72
cosa = R ,cosﬂ—ﬁ,cosgo— P

the view factor F can be expressed as
F — /S cosG-cosz,dS

P2
. . 20p-
_ /cosa €os 7y - cos® cos,Bcls
S 7 P2
_ %z/Z/% (Xt ) oy (X x4 22,
™ Jo Jo R2.p4
where
cosf = cCos7y-CosSc-COSy
cost = cosg-cosf
dS = r-dvy- flz
sinw

Figure 8(b) Cone model for a jet flame to estimate the view factor.
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7 NOMENCLATURE

D: bore size (m)

Ha: flame height from nozzle along the center line
of a jet flame (m)

h: height to the base of lifted flame from bore (m)

AT: excess temperature from room temperature (
'C or K)

Wy : width of jet flame (m)
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