A MODEL FOR PREDICTING THE THERMAL RADIATION HAZARDS FROM
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A new model is described for predicting the size and orientation of large-scale,
accidental, horizontally released natural gas jet fires and the thermal radiation
emitted to external objects. The flame is represented by a frustum of a cone. The
relative influences of the jet momentum flux, buoyancy forces and the wind
momentum flux are determined by correlations, derived from large-scale
experiments carried out over a wide range of release and weather conditions. The
surface radiative emission, from the ends and sides of the model flame shape, differs
in a way that is representative of the variation of radiative emission with emitting
path length through the flame. Predictions and experimental measurements are
compared. The model can be implemented on personal computers.
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INTROD ON

Process engineers are required to design systems for the safe disposal of high-pressure gases from
process plant under certain operational and emergency conditions. For flammable gases, it is
important to be able to predict the thermal radiation transferred to objects outside an ignited release.
The orientation of an accidental release could be in any direction, but perhaps the most hazardous
orientation is & horizontal release because the resulting jet fire may be brought closer to nearby
people and process plant, with consequent increases in thermal radiation fluxes and probability of
flame impingement. Inclined flare systems have been installed on offshore platforms, because the
flare stack can be shorter if the flame is carried away from the platform. This also enables aerial
access during an emergency.

A model for predicting the flame shape and external thermal radiation arising from ignited
horizontal natural gas releases is presented. The model is an extension and improvement of an earlier
Shell model, which was developed specifically for vertical and inclined flares(1). The flame is
idealised as a frustum of & cone, which emits thermal radiation from its surface. The model flame
shape and radiative properties are described by simple correlations, based on measurements from 27
large-scale experiments. The experiments form part of a large programme of horizontally released
natural gas and pressurised liquid propane experiments carried out with British Gas plc from 1987
to 1990, and partly funded by the European Community(2).

The effect of buoyancy lifting the flame above the horizontal is considered, as too is the effect
of wind momentum, which convects and straightens the flame when the wind blows in the same
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direction as the release, or deflects the flame sideways in a cross-wind. The earlier model! was
designed for cases the wind momentum dominates over buoyancy to keep the flame below the
inclination of the release. A new model has also been derived, which accounts for variation of
thermal radiative emission over the flame surface.

There are many methods for predicting the thermal radiation from gaseous jet fires, ranging from
crude, point-source techniques, such as given in API RP521(3), to complex computational-fluid-
dynamics calculations(4), requiring many hours’ work on large computer workstations and a very
high level of scientific input. However, engineers working on a day-to-day basis need tools that give
predictions of sufficient accuracy to match their requirements, with the minimum of detailed
technical input, in the shortest possible time. The model described in this paper is suitable for
implementation on a personal computer, and its accuracy is clearly stated, so that safety engineers
can have confidence when making predictions for release scenarios that lie within the range of the
experiments from which the model was derived.

RIEF D N DEL

The flame is modelled as the truncated frustum of a cone, shown in Figure 1, which emits thermal
radiation from its surface. The flame shape is specified relative to Cartesian (x,y,z) coordinates, with
the x-axis pointing in the direction of the release, the y-axis pointing vertically upwards and the z-
axis pointing horizontally, perpendicular to the release direction. The variables defining the flame
shape are:

The coordinates of the centre of the end of the frustum in m;
The maximum flame width, W5 in m;

The minimum flame width, Wy in m and,

The flame lift-off, b in m.

The original idea for the characterisation of the model flame geometry came from Becker
et al. (5), who suggested that the trajectory of laboratory-scale horizontally released flames in still air
could be parameterised by two non-dimensional numbers, representing the balance between the
initial momentum flux of the jet and, respectively, the buoyancy force and the wind momentum flux.
The idea was supported by slightly larger scale laboratory experiments in still air by Gore and Jian(6).

The model outlined here requires a description of the flame shape from horizontal releases, with
the wind blowing from an arbitrary direction relative to the release. The flame trajectory is then
determined by three non-dimensional numbers, representing the balance between the initial
momentum flux of the jet and, respectively, the buoyancy force and the wind momentum flux in the
direction of the release and perpendicular to the direction of the release. The characterisation of both
the buoyancy force and the wind momentum force requires a typical flame length scale over which
the forces act. The length scale used is the flame length for vertical releases in still air, Ly, from the
correlation by Kalghatgi(7). For those flame shape parameters that are affected by variations in wind
momentum flux, the model] correlations are taken to be the product of a term giving the still air
characterisation and a term giving the wind momentum effect.

The thermal radiation in natural gas jet fires comes from the hot gaseous combustion products
and incandescent soot particles deep within the flame. Natural gas jet flames contain relatively low
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concentrations of soot particles compared to flames fuelled by heavier hydrocarbon molecules. As a
result, the spectral radiative emission from shorter paths through a flame, of the order of 5 m say,
shows peaks from gaseous emission against a lower background continuum emission from the hot
soot. As the radiative pathlength through the flame increases, the contribution from the soot emission
increases and the total wavelength integrated radiative emission increases until, for pathlengths of
the order of 10-20 m the emission spectrum becomes black body in nature at an emission temperature
of around 1500 K. Thereafter, no further increase in the radiative emission occurs for increasing
radiative pathlengths through the flame. The same change in radiative emission with scale of fire has
been observed for the flames above pools of burning liquefied natural gas(8).

Account therefore has to be taken of the size of the flame when making the transformation from
the volume radiative emission of the real flame to the model surface radiative emission. For
horizontally released flames, objects in the direction of the release receive radiation from emitting
paths roughly equal to the flame length, which is much larger than the flame width. A different
surface emissive power is thus assigned to the ends of the model flame shape from the SEP used for
the sides of the model flame shape.

The thermal radiative flux q (KW/m?2) at a surface element outside the flame is given by:
q = (VFgideSside + VFendSend)™ wdl)

where VF is the view factor,
S is the surface emissive power (SEP) in kW/m? and
1 is the atmospheric transmissivity, the fraction of emitted energy not absorbed or
scattered by the atmosphere.

The subscripts side and end refer to values calculated for the sides and ends of the model flame
shape.

The view factor VF quantifies the geometric relationship between the model flame shape and
receiving surface, it describes how much of the field of view of the receiving surface is filled by the
flame. The view factor equals 1 if the flame fills the field of view of the receiving surface, otherwise
it is a fraction of 1. The view factors for the ends and sides of the model flame shape are calculated
separately using a contour integration technique(9,10).

< is an effective atmospheric transmissivity for all the paths through the atmosphere from points
on the flame surface to the receiving surface. The atmospheric transmissivity is calculated using an
efficient algorithm developed by Wayne(11). The algorithm is based on the assumptions that the
flame is a black body source at 1500 K, that CO; and H,O are the only absorbing gases in the
atmosphere and that atmospheric scattering is negligible. The transmissivity can be calculated for
absorbing paths 10 to 1000 m long through atmospheres of any relative humidity, at temperatures
between 253 and 313 K. For atmospheric pathlengths less than 10 m, = is set to unity and for
pathlengths greater than 1000 m, = is set to its value at 1000 m.

The pathlength is taken to be the distance from the receiving point to the geometric centre of the
model frustum. This model gives reasonable estimates of the atmospheric transmissivity for
pathlengths up to about 50 m, which corresponds to the distance from the centre of the experimental
flames to the radiometers where measured heat fluxes were about 1 kW/m*.
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EXPERIMENTAL AND DATA ANALYSIS

The experiments used in the derivation of the new model were carried out at the British Gas test site
at Spadeadam in Cumbria. Full experimental details are given in reference 2 and the individual test
data reports. The release conditions mostly conformed to one of four standard types, B, C, D or E,
listed in Table 1, except for test 1046, which has the same release configuration as for types B and C,
but a mass flow rate of 5 kg/s, and test 1045, in which a square-edged orifice was used, with the same
cross-sectional area as for types B and C. The flames were released 3.2 m or 1.7 m above ground
level. The source diameter was varied by placing 20 mm or 75 mm diameter circular orifices, or a
square edged orifice as in test 1045, on the end of the pipe, or leaving the end open for a full-bore
152 mm diameter release. The molar composition of the fuel was approximately 94% methane,
5.31% ethane, 0.425% nitrogen and 0.265% propane and other hydrocarbons. All data were averaged
over a period of about 10-20 seconds when the flame was in a relatively steady state. The ambient
temperature, relative humidity, and the wind velocity were measured during the steady period.

The mass flow rate, m, was calculated from the pressure and temperature measurements 400 mm
upstream of the release point using an isentropic flow equation, together with a correction factor for
non-uniform flow across the pipe cross-section, derived from orifice plate measurements of the mass
flow during a later series of experiments.

Flame shapes were obtained by image analysis of & video recording of the test in side view. The
boundary of each image-analysed instantaneous flame shape is the projection of the luminous flame
envelope onto a vertical plane containing the release axis. The measured mean flame shape was
derived by superimposing the instantaneous flame shapes from every video frame during an
averaging period and selecting all those areas for which flame was present for more than 50% of the
averaging period. The amount of flame fluctuation during an averaging period can be estimated from
the 5% occurrence of flame contour.

In some tests temperatures within the flame were measured using thermocouples mounted on
arrays of poles fixed to the ground. The poles did not affect the overall flame behaviour. However,
part of the poles occasionally reflected light from the flame so strongly that they were discriminated
as flame by the image analysis system. Thus some of the 5% and 50% occurrence measured flame
contours have small fin-shaped blips on their lower edges. This error meant that maximum flame
widths had to be measured by hand perpendicular to the local mean flame centreline.

Since there were no video cameras looking down, it was impossible to use video information to
determine how much the wind deflected the real flames away from the release axis. There is evidence
from the temperature measurements inside the flames that the flames were deflected off axis by
cross-winds. However, the thermocouple arrays were placed at the same height as the release point
and the bulk of the buoyant flame, which would have been deflected the most, was always above the
thermocouples. The most reliable measure of the amount that the flame was deflected comes from
the radiation heat flux measurements at radiometers placed symmetrically on either side of the flame.

In all the natural gas flames there is a region nearest the release point, which burns as a blue
flame. This region is almost invisible on the video records and consequently is not discriminated as
part of the measured flame shape. It is therefore impassible to measure the true flame lift-off distance,
the length -of the initial part of the jet that cannot support combustion because of the strong
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hydrodynamic shear in the part of the jet that is flammable. The size of this blue flame region is an
increasing fraction of the overall flame length as the jet source strength increases. However, the
thermal radiation from the blue flame region is small compared to that from the luminous yellow
flame region further downstream, which contains incandescent soot. Therefore, the measured flame
lift-offs and minimum widths were taken from the end of the 50% occurrence contour nearest the
release point, with the minimum width measurement taken by hand across the first portion of flame
where the width is almost constant.

External thermal radiation measurements were made using radiometers of either Medtherm or
Land type. The field of view derived from the orientation and position of each radiometer was
compared with the measured mean flame shape to ensure that it received thermal radiation from the
whole of the flame.

MODEL FLAME SHAPE CORRELATIONS

The initial jet behaviour, when the gas expands down to atmospheric pressure, is calculated in
the same way as described by Chamberlain(1). Hence the expanded jet momentum flux G is given by,
:2d.2
Gu AR )
4

where  p; is the expanded jet density in kgjm3.
uj is the expanded jet velocity in m/s and
d; is the expanded jet diameter in m.

pj» u; and d; are defined using the equations in the Appendix of reference 1.

The balance between the initial jet momentum flux and buoyancy is characterised by the
Richardson number, £(L), given by
13
T Pair8
EL) = — - | .3
4G

L is a typical length scale of the flame, over which the buoyancy force acts.

The length scale used is the flame length for a vertical flame in still air Ly, The flame length in
still air is determined by a cormrelation derived by Kalghatgi(7) using vertical laboratory-scale
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releases. The form of the correlation for Ly, is similar to that originally derived by Becker and
Liang(12). Ly, is given by the solution of the equation

w = 02+0.024¢ (L) @)
23
2.85 Dy
where ¥= LogW

W is the mass fraction of fuel in a stoichiometric mixture of air and Dy is an effective source
diameter, which is the throat diameter of an imagined nozzle from which air of density p,;, at ambient
temperature issues with the same mass flow and momentum as the fuel.

172

Dy=dj [ — . (5)

Kalghatgi’s equation {4) was derived for 2 < £{Lyg) < 11. However, the experiments of Becker
and Liang suggest that the correlation is valid for values of &(Ly,,) up to about 20.

The balance between the wind momentum flux and the initial jet momentum flux is expressed
by two non-dimensional parameters, representing balance between the initial jet momentum flux and,
respectively, the wind momentum flux in the release or x-direction and the wind momentum flux in
the z-direction, perpendicular to the jet. These parameters are given by

_ 12
T Pair
Qx = e ——— Lbﬂua]'.f e (6)
4G
i n
T Pair
Q = |———— | LioWar o ()
- - 4G -

The initial jet momentum flux varied from 383 N to 6828 N, the wind speed varied from 0.3 m/
s to 10.9 m/s and the wind direction varied from coflowing with the jet to perpendicular to the jet
release direction.

The correlation defining the x-position of the end of the flame takes the form of a term for
releases in still air, multiplied by a term defining the influence of the wind momentum in the release
direction. Although it is expected that a strong cross-wind will bend the flame away from the release
direction and reduce the x-position of the flame end, no evidence for this could be discerned for the
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experiments used in the model derivation. Therefore, the effect of the parameter Q, on the x-position
is neglected. The correlation for X/Ly,, is thus

XLy = fE(L+r(E)ay) .. (8)
0.55 + (1-0.55)exp(-0.168E) <511
where f(£) = .9
0.55 + (1-0.55)exp(-0.168£-0.3(6-5.11)?) £>5.11
0.0 £<33
and (&) = .. (10)

0.082(1-exp(-0.5(¢-3.3))) E>33

The correlation is shown in Figure 2. The term for releases in still air f(E) follows approximately
the same behaviour as that derived by Becker et al(5) and Gore and Jian(6). The variation of X/Ly,,
with Q, is approximately linear, but the variation is more pronounced for higher values of the
Richardson number.

Clearly, for very high coflowing velocities, air entrainment into the flame will be increased and
the flame will start to become shorter with increasing wind speed. However, there is no clear
evidence of a point at which the flame-end x-position starts to become shorter. Therefore, to maintain
a physically meaningful description of the flame, the maximum allowable value of X/Ly, is
arbitrarily set to 1.0. Thus the model flame cannot be convected further downwind than the still-air
vertical flame length.

The y-position for the end of the flame also takes the form of & correlation for still air multiplied
by a term containing the effect of the wind momentum in the release direction. The experimental data
and the correlation predictions are shown in Figure 3. The experimental data are the y-positions of
the end of the 50% flame occurrence centreline.

The solid curve h() in Figure 3, describing the y-position for the flame in still air, was fitted to
data published by Gore and Jian(6). The effect of the wind momentum is to reduce the y-position.
Again the change in Y/Ly, is approximately linear with 2. The slope of this line increases slightly
with increasing Richardson number. Thus the correlation for Y/Ly, 1s

Y/lpe = h(E)(1-c(8)y) L (1D

where  h(g) = 1/(1+1/8)878 . (12)

The wind momentum has an increased effect for larger Richardson numbers and a linear least-
squares fit to the data gives

c(8) = 002 . (13)
The limits imposed on the y-position correlation, as €, varies, are that 0.0 < Y/Lyp, < 1.0.
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The maximum width of the experimental flame shapes occurs about two-thirds of the way along
each flame. However, a conical frustum flame shape with the same width at two-thirds of the flame
length would have a grossly overpredicted width at the end of flame. Therefore, the maximum width
measurements are used as the maximum widths of the model flame shapes. The parameter Wo/Lby,,
for both the measurements and the model correlation, is plotted against Richardson number in Figure
4. Lbyy is given by

Lby, = (X*+Y)!2 - (14)

where X and Y are given by Equations (8) and (11) respectively.

Wo,Lbyy appears to vary linearly with the Richardson number in still air. For a given value of
the Richardson number, Wo/Lb,, appears to decrease linearly with increasing Q. Thus the
correlation defining the maximum model flame width is

Wo/Lby = -0.004 +0.0396f - ©,(0.0094+9 5x10°7€%) .. (15)
o/Lbyy Qy

W, must be greater than or equal to the minimum flame width Wy and less than Lb,,, for a
physically realistic flame shape prediction.

Ricou and Spalding(13) suggested that the air entrainment per unit length into a jet flame is
proportional to the square root of the product of the local jet momentum and the local air density. Jets
with high initial momentum thus entrain more air per unit length, in the initial convection-dominated
part of the jet, and burn more as a premixed blue flame, than jets with lower initial momentum.
Further down the jet, less air is entrained per unit length, the combustion is less efficient, and sooting
occurs, leading to a luminous flame. The luminous flame lift-off, b is thus found to be given by,

b = 0.141 (G py)'? . (16)
The correlation is shown in Figure 5. No wind effects could be observed.

The minimum flame width, W, correlates with the flame lift-off and the flame Richardson
number. No wind momentum effects were observed.

W/b =-0.18 + 0.081E (17

The correlation is shown in Figure 6. The minimum observed value of W1/b is approximately
0.12, This corresponds to the jet spread coefficient (2Cy= 0.118) for forced convection jets reported
by Becker and Yamazaki(14) for vertical free turbulent diffusion flames. The jet cannot become any
narrower than in the forced convection limit. Thus the minimum allowed value of W/bis setto0.12.

The deflection of the flame by a cross-wind was estimated by moving the model flame shape
until the predicted heat fluxes at radiometers, placed symmetrically either side of the release axis,
were in the same proportion to the measurements. These deflections were found to correlate with the
balance between the wind momentum force perpendicular to the release axis and the initial jet
momentum flux. The correlation is given by

tan(a) = Z/(X-b)=0.178q, .. (18)
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where a is the angle that the projection of the frustum axis onto the horizontal plane makes with the
release axis. Z is thus the z-position of the end of the flame. The linear correlation with Q, has a
correlation coefficient of 0.9,

THERMAL RADIATION CORRELATIONS

The radiative emission from a flame can be related to the SEP and the model flame shape by a factor,
F, describing the fraction of heat energy radiated from the idealised flame surface, which is the ratio
of the rate of radiative energy release to the power that would be released if all the fuel supplied to
the flame were to burn stoichiometrically and adiabatically. In a jet flame, Fg depends on the
efficiency of combustion within the flame, the amount of energy lost by convection to entrained air
and the radiative properties of the combustion products. Soot is a much more efficient radiator than
gaseous products, and radiation increases with pathlength through a flame.

The SEP, Sw, from large-scale flames, with emitting pathlengths long enough for the emission
to be that of a black body, is thus given by,

Fo.Q 5
Su = KW/m . (19)
A

where A is the total model flame surface area in rrlz,

Q is the net heat released as combustion in kW and
Fg is the F factor for flames which emit black body radiation.

The effect of varying pathlengths through the flame is taken into account by assigning different
values of SEP, S, for the ends and sides of the model flame shape using a grey gas approximation.

S = (1-e4bs, .. (20)

where k is a grey gas absorption coefficient in ml and
L  is alengthscale in m representing the emitting pathlength.

The length scale, L, representative of the average emitting path length was taken to be the
predicted maximum width W5 and frustum length R respectively for emission through the sides and
ends of the model flame shape.

The form of Fj.. and the value of k were obtained in the following manner. For each of the heat
flux measurements at radiometers to one side of the release, which did not receive radiation from the
ends of the predicted flame frustum, Equations (19) and (20) were used with Equation (1) (note that
VFeng=0) to calculate a value of Fg.(1-exp(-kW3)) such that the predicted heat flux matched the
measured heat flux. The average of these values for each test is plotted in Figure 7 as a square,
together with their standard deviation. An estimate was then made for the value of k and the form of
F.. The correlation for Fq.. should be similar to that in the model derived by Chamberlain! for
vertical releases, since the derived F factor was for very large flames. Values of S, were then
predicted using Equations (19) and (20). Then, for each heat flux measurement at radiometers
downstream of the release, Equation (1) was used to calculate a value of S,,4 such that the prediction
and the measurement matched. Hence, using Equations (19) and (20), an estimate of the required
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value of Fy..(1-exp(-kR})) was obtained. The average of these estimates with their standard deviations
are shown in Figure 7. The value of k and the correlation for F.. were varied until a least-squares fit
was achieved between the correlation predictions and the values calculated from the measurements.

The best fit value of k was found to be k =0.4 m™! and, for Fes
Fg.. = 0.21exp(-0.00323uy) + 0.14 wi21)

An average Fg factor can be calculated as the total radiative emission from the surface of the
model frustum divided by the net heat release Q. For the 27 experimental flames studied in the model
derivation, this average Fg factor is within the scatter of the experimental data reported by
Chamberlain(1).

COMPARISON OF MEASUREMENTS AND PREDICTIONS

Figure 8 shows a comparison between measured and predicted shapes for examples of flame types
B,C, D and E. The buoyancy is slightly over predicted for the flame type B, which can be explained
partly by the fact that the flame was released at a height of 1.7 m and tended to hug the ground. It was
not possible to include this phenomenon in the model correlations. The flame lengths, maximum and
minimum widths and lift-offs are reasonably well predicted. Tables 2-5 show a comparison of the
measured and predicted radiation heat fluxes values for these tests, together with the location and
orientation of the radiometers and all the input data necessary to use the model.

Figure 9 shows a comparison of the measured and predicted radiation heat fluxes for all
242 radiometers for which valid experimental measurements were available. Most of the pred.lctwns
lie within 15% of the measurements. Of the 192 measurements, which were greater than 2.5 kW}m
only 5% are underpredicted by more than 20%. Similarly, only 10% of these are overpredicted by
more than 20%. During the experimental averaging periods, when the flames were nominally steady,
the radiometer measurements showed fluctuations of the order of 5% of the average measurements.
Thus, the mode!l can be considered to be accurate to within about 15-20%, which is sufficient for
safety engineers to make useful design calculations. None of the measurements, which were less than
2.5 kWp’mz, were underpredicted by more than 1 kW,*’mz, and only seven were over predicted by more
than 1 kW/m?.

The two outstanding overpredictions of heat fluxes beyond the end of the flame, where the
measured fluxes are about 8 kW/m? and the predictions are about 16 KW/m?, are for radiometers that
are within 5m of the flame surface. At this proximity to the flame surface, the assumption that the
flame can be modelled as a surface emitter begins to break down. The one outstanding
underprediction occurs for radiometer 12 on the north side of the flame from test 1037. This was the
only type C test with gas released from 1.7 m above the ground. As in Figure 8(a) the flame hugged
the ground for the first 18 m or so from the release point; consequently, the flame buoyancy is
overpredicted and the radiation heat fluxes are underpredicted.
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CONCLUSIONS

1. The radiation field around horizontally released natural gas jet flames can be described well by a
model in which the flame is idealised as a surface emitter in the shape of a cone frustum, The
model is an extension and improvement of an earlier Shell model, which is specifically designed
for vertical flares, or inclined flares when the wind momentum is strong enough to keep the flame
below the inclination of the release.

2. The correlations defining the model flame shape take proper account of the balance between the
initial jet momentum flux and the forces applied to the flame due to buoyancy and wind
momentum.

3. The model is simple enough to be implemented on a personal computer,

4. The radiative emission from natural gas jet flames varies with jet exit velocity and emitting
pathlength through the flame. The emission along a given path through the flame increases
exponentially with path length until it reaches a maximum and saturates. Consequently, for all
but very large jet flames, the radiative emission through the ends of the flame is greater  than
the radiative emission through the sides. There is a realistic difference in SEP for the ends and
sides of the frustum model flame shape.

5. For both horizontal and vertical releases of natural gas, the average fraction of energy emitted as
radiation 1s the same.

6. The accuracy of radiation predictions is sufficient for the model to provide a reliable basis for
thermal radiation hazards analysis.
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NOMENCLATURE
A Total model flame surface area, m?
b Flame lift-off, m
d;. D Jet diameter and effective source diameter, m
FeFiw F factor
G Initial jet momentum flux, N
k Grey gas absorption coefficient (0.4 ml)
L o Flame length, Ly, is still aj:i m
q Radiative heat flux, kW/m
Q Net heat released by combustion, kW

133



| CHEM E SYMPOSIUM SERIES No. 134

Frustum lcngth, m
Surface emissive power, kW}m

Ugir, Wair  Wind speed in release direction and perpendicular to release, m/s

Jet velocity, m/s
View factor
kilogram molecular weight of gas, kg mol’!

Wi Wy Minimum and maximum flame width, m
XY Z X,Y . Z-position of the end of the flame, m

Angle between flame axis and release axis, degrees

Richardson number

Pj» Pair Expanded jet density and air density at ambient temperature, kgjms
Atmospheric transmissivity

Q, 0, Balance between jet momentum and wind momentum in release direction

and perpendicular to release direction
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TABLE 1: Experi E it
Flame Orifice Stagnation Mass Gas Wind
Type Diameter Pressure Flow Velocity Speed
mm Bar Gauge kg/s Range m/s
B 152 02-03 23-28 subsonic 1.4-3.0
C 152 2.0-23 7.8-9.0 sonic 03-109
D 75 11.1-12.2 79-9.5 sonic 13-39
E 20 60.5-66.1 36-38 sonic 13-69
1046 152 093 50 sonic 2.4
1045 135 (square) 31 109 sonic 1.1

QOrigin at release point. All radiometers oriented horizontally, pointing perpendicular to release,
North is in the -z direction.

No. Location, m Measured Calculated
(xy.z) kW/m? kW/m?
1 15 -0.5 103 86 11.5
2 15 -0.5 143 6.7 7.4
4 15 -05 243 33 3.1
5 15 -0.5 303 22 2.0
10 10 -0.5 183 55 5.1
12 15 -0.5 -14.3 9.6 9.6
13 15 -05 -24.6 39 35
Mass flow rate, kg/s 2.8
Stagnation pressure, bar gauge 0.3
Stagnation temperature, K 277
Hole diameter, mm 152
Wind speed, m/s 1.7
Wind direction, degrees clockwise from North 247
Ambient temperature, K 279
Relative humidity, % 89
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) ated radiation leve

Test 1083, type C
Origin at release point. All radiometers oriented horizontally.
Radiometers 1-6 point perpendicular to release axis.
Radiometers 10-14 point back along release axis towards origin.
North is in the -z direction.

No. Location, m Measured Calculated
(x,y,2) kW/m?2 KW/m?
1 < -2 103 14 13.1
2 9 -2 14.3 114 10.3
3 9 -2 183 8 8.1
4 2 -2 223 6.6 6.5
5 9 -2 263 5.2 5.2
o 9 -2 303 34 42
10 9 -1 443 0.7 23
12 50 2 03 4.6 45
13 55 2 03 33 33
14 60 -2 03 2.2 24
Mass flow rate, kg/s 8.4
Stagnation pressure, bar gauge 2.1
Stagnation temperature, K 267
Hole diameter, mm 152
Wind speed, m/s 0.3
Wind direction, degrees clockwise from North 326
Ambient temperature, K 281
Relative humidity, % 80

TABLE 4: Comparison of calculated radiation levels with measured values
Test 1 T D

Origin at release point. All radiometers oriented horizontally, pointing perpendicular to release.
North is in the -z direction.

No. Location, m Measured Calculated
(eyz) kW/m? kW/m?
1 15 -2 10.3 20.2 19.1
2 15 -2 14.3 14.1 126
4 15 -2 243 59 55
5 15 -2 30.3 4 3.7
9 5 -2 18.3 6.8 43
10 10 -2 18.3 83 6.5
12 15 -2 -143 14 12.6
13 15 -2 -24.6 5.7 54
Mass flow rate, kg/s 79
Stagnation pressure, bar guage 11.1
Stagnation temperature, K 279
Hole diameter, mm 75
Wind speed, m/s 39
Wind direction, degrees clockwise from North 271
Ambient temperature, K 282
Relative humidity, % 81

136



| CHEM E 8YMPOSIUM SERIES No. 134

Origin at release point. All radiometers oriented horizontally, pointing perpendicular to release.
North is in the -z direction,

No. Location, m Measured Calculated
xy,2) KW/m?2 KW/m?
1 15 -2 103 9.5 9.4
2 15 -2 143 5.8 53
3 15 -2 183 38 33
4 15 -2 23 2.6 23
5 15 -2 263 2 16
Mass flow rate, kg/fs 38
Stagnation pressure, bar gauge 66
Stagnation temperature, K 281
Hole diameter, mm 20
Wind speed, m/s 6.9
‘Wind direction, degrees clockwise from North 269
Ambient temperature, K 286
Relative humidity, % g1

FIG. 1 - Horizontal release flame shape model
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FIG. 7 - F factor correlation
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FIG. 9 - Radiation heat flux comparison - New model
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