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ABSTRACT

This document describes the theory of the single and two-phase Jet Fire (JFSH) model which is implemented in PHAST and SAFETI.
The companion validation document compares predictions of the JFSH and radiation (RADS) models against field data. Two types of jet
fire models are described: cone-shaped flame models and a line source emitter flame model.

In cone-shaped flame models, the jet flame is modelled as a conical frustum, emitting radiation as a solid body with uniform surface
emissive power. The models predict the flame and frustum lengths, frustum base and tip widths, angle between the frustum and release
axes, lift-off distance of the frustum from the release plane, fraction of heat radiated from the flame’s surface, and maximum surface
emissive power of the flame.

Three conical frustum jet flame models are presented. These are: JFSH-Chamberlain, based on the Shell pure-vapour model by
Chamberlain; JFSH-Cook, based on the modified jet flame correlations proposed by Cook et al. (1990) to account for vapour and
especially liquid and two-phase releases and JFSH-Johnson, which is an improvement to the JFSH-Chamberlain model to account for
horizontal/near horizontal vapour phase releases. The dimensions of the conical frustum, and its orientation in space, as employed in the
JFSH-Chamberlain and JFSH-Johnson model, were correlated semi-empirically from results of laboratory and field studies. The
Chamberlain, Cook and Johnson models account for the influence of wind speed, air entrainment rate and crosswind effects on flame
characteristics.

The multi-point source emitter flame model, Miller model, is based on AP flame (Miller, 2017). The Miller model is an extension of the
Chamberlain model, particularly to low luminosity gases, such as hydrogen (Miller, 2017). The jet fire is modelled as a distribution of
individual point sources along the flame centreline. The Miller model predicts flame characteristics as in the Chamberlain model except,
frustum base and tip widths, and maximum surface emissive power. Radiation emitted along the flame centreline is modelled in terms of
a weighting factor representing the proportion of combustion energy multiplied by a fixed fraction of heat radiated at different positions
along the flame length.

The JFSH-Cook, JFSH-Chamberlain, JFSH-Johnson and Miller multi-point source (M-MPS) models have been validated by comparing
their predictions with appropriate field data reported by Chamberlain, Bennett et al., Miller, Selby and Burgan. Within limits of uncertainty,
predictions from the JFSH-Cook and JFSH-Chamberlain models for pure vapour jet flames resulting from vertical releases show good
agreement with field data with a maximum absolute deviation and mean deviation of 12.5% and 5.0% respectively when compared with
predictions from the Chamberlain model. Based on available field data for horizontal liquid/two-phase releases, the JFSH-Cook
liquid/two-phase jet fire model generally predicts flame lengths to within +30% of measurements, while average estimates of flame SEP
lies within -30% of measured data. For horizontal vapour phase releases, the JFSH-Johnson model predicts flame lengths to within £10%
of available field data.

The simulation of received radiation by objects at a distance from a jet flame, using the RADS model, has been validated against field
data gathered by Chamberlain and Bennett et al for vertical and horizontal jet flames respectively. Simulated results were based on flame
characteristics predicted by the JFSH-Cook, JFSH-Chamberlain and JFSH-Johnson models. The predicted incident radiation over a wide
range of observer locations and orientations compare well with field data and generally lie within +40% of measurements.

The comparison of each model including the data set used by Miller to develop his model is explained in the companion validation
document. The results have enabled some advice as to which model to use for different types of release;

. The Cook model for non-vapour releases
. The Miller model for low luminosity gases (e.g. hydrogen and syngas)

. The Chamberlain model for all other releases except horizontal vapour releases where the Johnson model is recommended.

Theory | Jet Fire | Page i
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1 INTRODUCTION

A jet flame occurs following the ignition and combustion of a flammable fluid issuing continuously from a pipe or
orifice, which burns close to its release plane. Releases that fuel jet fires could be accidental or intentional. An
example of the latter are jet flames from flare systems of offshore oil and gas production facilities, which are primarily
operated to provide a safe means of disposal of hydrocarbon gas under a variety of process conditions. Jet flames
dissipate thermal radiation, which, away from the flame’s visible boundaries, transmit heat energy that could be
hazardous to life and property. Thus, in the evaluation of the hazard posed by jet flames, the accurate determination
of the likelihood of flame impingement and/or the amount of radiant energy received by objects at a distance from
the flame is of primary importance.

Model Categories

Models developed for estimating the received radiated heat flux by objects at a distance from jet flames can be
divided broadly into three categories®. These are: Semi-empirical, Field, and Integral models.

Semi-empirical models are relatively simple and are usually designed to predict quantities such as flame shape and
heat fluxes to external objects without providing a detailed description of the fire itself. They can be further divided
into: point source, multiple point source and surface emitter models. Point source models do not attempt any shape
prediction and represent the source of heat radiation by a point (e.g., API-521 model?). On the other hand, multiple
point source models attempt to model the effect of flame shape on radiated heat flux by representing the flame with
a flame centreline trajectory along which several radiating point sources are distributed. Surface emitter models
represent the flame by a solid object (usually a cone or a cylinder) from which heat is being radiated.

Field models are formulated on solutions of the time-averaged Navier-Stokes-equations for conservation of mass,
momentum and other scalar quantities in a flowing fluid. Field models require additional sub-models in order to
adequately describe important physical and chemical processes taking place during the combustion of a flowing
fluid. They are mathematically complex, require a lot of effort in coding and expend significant run times on high
performance computer systems.

Integral models are a compromise between semi-empirical and field models. In these models, with the aid of
simplifying assumptions, the partial differential equations coupled with the sub-models in field models are reduced
to ordinary differential equations and subsequently integrated. They are less rigorous and less computationally
expensive when compared with Field models.

Of the three modelling categories described above, semi-empirical models are the most attractive with respect to
hazard assessment purposes. In comparison with integral or field models, semi-empirical models are
mathematically simpler, easier to understand and formulate, quicker to implement in computer programs, require
significantly shorter computational run times, and predict flame properties that are of interest to hazard assessment
studies with reasonable accuracy. However, semi-empirical models are heavily dependent on experimental data,
and are limited to the specific type of fire studied during experimentation and the range of conditions under which
model correlations were derived.

JFSH/M-MPS models

In all, a number of semi-empirical models exist for jet fire modelling that have been correlated over a wide range of
conditions encompassing typical jet fires encountered in reality. Of these, the basic features of the surface emitter
model by Chamberlain®, which was later extended by Johnson et al. (1994)*, as well as a further extension by Miller
(2017)%, i.e., the Miller multipoint source emitter flame model (M-MPS), have been adopted and implemented in the
JFSH model.

The Chamberlain model was originally developed for modelling jet fires resulting from vertical/inclined (i.e. angle of
inclination < 45° from the vertical) vapour phase releases®. The Johnson et al. model specifically simulates jet
flames resulting from horizontal/near horizontal vapour phase releases. In the JFSH-Cook model, the Chamberlain
model has been maodified in order to account for changes in effluent buoyant behaviour following liquid or two-phase
release. The Chamberlain model, when compared with point or multiple point source models, gives a better physical
description of flame behaviour by its representation of a flame with a solid body (conical frustum) emitting radiation
from its surface. The model’s flame shape representation is more attractive as it removes many of the geometrical
inadequacies of point-source models. In contrast to multiple point source (centreline trajectory) models, the
Chamberlain model is easier to program, requires less computational effort (shorter run times), provides a similar
level of accuracy in predictions, and supports an analytical resolution of its heat radiation calculations.

Theory | Jet Fire |
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The Miller model was primarily developed for low to high pressure releases of non-hydrocarbon/low-luminosity
gases, pointed downwind in the horizontal, vertical or 45° inclined release directions. The jet flame is modelled as a
distribution of individual point sources along the flame centreline. The model predicts flame characteristics as in the
Chamberlain model except, frustum base and tip widths, and maximum surface emissive power. Radiation emitted
along the flame centreline is modelled in terms of a weighting factor representing the proportion of combustion
energy multiplied by a fixed fraction of heat radiated at different positions along the flame length.

The first step in estimating flame dimension and orientation involves the calculation of the discharge followed by the
post-expansion state of the fluid at ambient pressure. During this calculation, the post-expansion fluid state (i.e.,
temperature or liquid fraction) plus the post-expansion fluid velocity or expanded radius are determined.
Subsequently, the effective source diameter corresponding to the physical state of the fluid is estimated. The
iterative calculation of flame length in still air follows, from which other parameters that describe the flame dimension
and orientation in space are determined. Using an empirical correlation expressed as a function of the ratio of the
wind speed and post-expansion velocity of the escaping fluid, the fraction of heat radiated from the flame is
determined. The latter in conjunction with the heat of combustion of the released fluid is employed in estimating the
surface emissive power of the flame. The correlation employed in the JFSH-Cook model for estimating the frustum
base width differs from that presented in the Chamberlain model. For liquid or two-phase releases, the equations
employed in the Chamberlain model for the effective source diameter and lift-off distance are slightly modified in the
JFSH-Cook model to try to account for changes in the buoyant behaviour of the release.

Chapter 2 describes the vapour phase jet fire model, including the JFSH-Chamberlain, JFSH-Johnson and
JFSH-Cook models. Chapter 3 describes the modifications applied in the JFSH-Cook model to model the jet
flame from a liquid or two-phase release. Chapter 4 sets out the M-MPS flame model correlations and
extensions to JFSH-Chamberlain/Johnson for low-luminosity/non-hydrocarbon flames. Chapters 5 and 6
describe the adjustment of the flame source term for time varying releases and flame shape in case of ground
impingement, respectively. In Chapter 7, the document closes with suggestions on possible improvements to the
JFSH jet fire models.

2 THE VAPOUR PHASE JET FIRE MODEL

Figure 1 shows the basic features of the conical frustum used in the Chamberlain model to describe a jet fire
for all wind directions.
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Figure 1 Jet-fire geometry (Chamberlain model accounting for crosswind effects)

Figure 2 on the other hand shows jet flame dimensions for the special case in which the prevailing wind and
pipeline axis lie in the same direction (i.e., ignoring crosswind effects).
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Figure 2 Jet-fire geometry (side view) ignoring crosswind effects (JFSH-Cook model)

Figure 3 is a schematic representation of the flame shape and dimensions as employed in the Johnson et al. (1994) model.
Expressions describing the dimensions of the conical frustum and fraction of heat radiated from the flame under a wide
range of ambient and flow conditions have been correlated from laboratory and field tests.
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Figure 3 Jet-fire for horizontal jet fire model (Johnson et al.)

Prior to determining the flame dimensions, the model requires the determination of the post-expansion properties of the
fluid. These correspond to the dynamic and thermodynamic states of the fluid following its expansion from storage
conditions to ambient pressure. The thermodynamic state of the fluid is defined by either its post-expansion temperature
(single-phase) or liquid mass fraction (two-phase), while the fluids’ dynamic state is defined by either its expanded radius
or post-expansion velocity. The DISC® model is employed in simulating the fluid expansion process from storage to
discharge conditions. Subsequently, the DISC model invokes the ATEX’ model to determine the post-expansion
characteristics of the released fluid.

The flame orientation and dimensions followed by its surface emissive power are determined using a combination of
empirical correlations and relationships derived from analytical plane geometry. The algorithm employed in determining
the flame (frustum) dimensions and its surface emissive power based on the Chamberlain model is summarised below:

e Depending on input to the jet fire model, calculate either the post-expansion jet velocity (vj) or expanded radius
(r)

Calculate the effective source diameter (Ds)

Calculate the flame length (Lg)

Calculate angle (@) between the hole axis and flame axis

Calculate frustum lift off distance (B)

Calculate frustum length (RL)

Calculate width of frustum base (W<1)

Calculate width of frustum tip (W2)

Calculate the surface emissive power of the flame (Wsurtace)
Determine the flame co-ordinates

Determine the likelihood of flame touch down (ground impingement)

In the following, the equations employed in the JFSH-Cook, JFSH-Chamberlain and JFSH-Johnson models are presented.

Theory | Jet Fire | Page 8
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2.1 Calculation of the post-expansion jet velocity (v;) or expanded radius (rj)

Depending upon the post-expansion dynamic state input supplied to the JFSH model, either the jet velocity or the
expanded radius is calculated as:

Jet velocity
m Mass discharge rate (kg s™) )
Vv; = =
7 pjmr?  (Mass density (kg m3))x(Cross-sectional area (m?))
Expanded radius
1
m 2
"= ()

Where:
o, = Post-expansion density of the fluid [kg m-]
m = Mass discharge rate [kg/s]
Vj = Post-expansion velocity of the fluid [m/s]

f Expanded radius of the escaped fluid [m]

2.2 Calculation of the effective source diameter (Ds)

The effective source diameter represents the throat diameter of an imaginary nozzle from which air at ambient density
issues with the same mass flow rate and velocity as the fuel. For pure vapour release, the effective source diameter is
given by 3:

D, = 2r; ®)

Pamb

Where:

amb = Ambient air density [kg/m3]

2.3 Calculation of the Flame length (Lg)

For all wind speeds and directions, Chamberlain suggested the following expression for the calculation of flame length?:

Ly = Lpo(0.51e4Uw +0.49) (1 - 0.00607(6;, — 90))
4

Where:
Leo = Flame length in still air [m]
Uw = Wind speed [m/s]
Ojv = Angle between release direction and wind vector in the plane containing the release

direction, flame axis, and wind vector [0] (see Figure 1)

In the absence of crosswind effects, 6;, in equation (4) is replaced by 6; (see Figure 1)2.

Theory | Jet Fire | Page 9
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Where:
4 = Angle between hole axis and the horizontal in the vertical plane [0] (see Figure 1)
In the Johnson et al. model, the flame length from plane geometry is expressed as:
Ly = /(X2 + Y2 +272) (5)
Where X, Y and Z refer to the position of the centre of the frustum tip with respect to the flare tip (origin) (see Figure 3).

From extensive experimental data, X, Y and Z have been correlated in terms of dimensionless numbers and are
respectively given by*:

X/Lpo = f()A+1(H2y) (6)
Y/(X - B) =0.1782, @)
Z/Lpo = h(§)(1 — c(5)22,) )

Note: Equation (8) is subject to the following constraint*: 0.0 < Z/Lso < 1.0 while a similar constraint is imposed on
equation (7) and is given by: -1.0 <Y/Lso < 1.0

B is the luminous flame lift-off distance (described later, see section 2.5), while Qx and Qy are dimensionless parameters
which represent the balance between the initial jet momentum flux and the wind momentum flux in the x and y directions
respectively (see Figure 3). Qx and Qy are given by*:

Pamb 12 LBO Uw cos @
0, = 9)
pj d;v;
1/2 .
-Qy — [pamb] [LBO Uw sin (P] (10)
pj d;v;

The variables f(&), r(d), h(&), c(&) are expressed respectively as*:

0.55 + (1 — 0.55)e(~0168¢(Ls0)) &(Lpy) <5.11

re = {0.55 + (1 - 0.55)e(-0-168{Wp0)~03(¢(Lpo)~5.11)%)  £(L .0y > 511 ()
_ 0.0 E(Lge) < 3.3
r(f) - {0 082(1 _ e(—o.s(f(LBo)—3-3))) f(LBo) > 3.3 (12)
h(§) = 1/ +1/§Lpo)* " (13)
c(§) = 0.02§(Lpo) (14)
Where:
1
&Leo) =  Richardson number based on flame length in still air = <%)3 Lo
s Vj

In the calculation of the flame length, the only unknown in equations (4)-(14) is Lego. It is obtained from the iterative solution
of Kalghatgi’s® 2 correlation derived from experiments on vertical flames in still air. The correlation is given by:

(Db

2
3
=0.2+0.024&(L
LBOWst> + &(Lpo) (15)

Where:

Theory | Jet Fire | Page 10
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B =  Becker and Liang’s®?, 2 flame length constant = <WAirT1)2
WpTAir
Wst = Mass fraction of fuel in a stoichiometric mixture with air [-]
g = Gravitational acceleration [m/s?]
Wp = Mean product molecular weight [kg/kmol]
W air = Molecular weight of air [kg/kmol]
T1 = Adiabatic combustion temperature [K]
Thair = Air/ambient temperature [K]

For a paraffin of molecular weight (Mw), the stoichiometric mass fraction (Wst) of the fuel in air has been derived by
Chamberlain as?®:
My

w., =
st 15.816 My, + 39.5

(16)

However, equation (16) is only valid for paraffins and so in JFSH there is an option to calculate Ws: calculated using the
DIPPR property system. This allows the model to be extended to alternative fuels and mixtures

Assuming typical conditions during the combustion of a paraffin mixture3, then: Wp ~ 28 [g/mol], Wair = 29 [g/mol], T1 =
2250 [K], Tair = 288 [K]. Substituting these values into the expression for g gives g = 2.8445. In the JFSH models, gis
assumed to be equal to 2.85. (Note setting S~ 2.85 is only valid for paraffins burning under typical atmospheric conditions
as given above)?!

By substituting the expression for &Leo) defined above in equation (15) and rearranging gives:

2

0.2 + 0.024N g ardsonLpo + P2jslys =0 7
Where:
NRichardson = _‘g :
Div}?
2
Dsp\3
P23 = - (W_st)

Equation (17) is solved iteratively for Leo using the Newton-Raphson procedure.

2.4 Calculation of angle between hole and flame axes (a)

Chamberlain® observed the angle between the hole and flame axes (o) (see Figure 1) to depend on the ratio (R) between
the wind speed (Uw) and post-expansion jet velocity (vj) (i.e., R = Uw/vj). For R < 0.05, « is jet dominated, while in the
range R > 0.05, o becomes increasingly dominated by wind forces. Chamberlain® gives two correlations which describe
the behavior of « within these ranges of R. These are:

( 8000R
| ¥+ (0j, —90)(1 — e 255R) R<0.05
a= 4 NRichardsonLBO (18)
1726VR — 0.026 + 134
I ), (6, —90)(1— e 256R) 0.05 <R
NRichardsonLBO
In the absence of crosswind effects, 0;, in equation (18) is replaced by 0; (see Figure 1)&:
For the Johnson et al. model o can be easily obtained from plane geometry as (see Figure 3):
a =cos ((X-B)/R)) (19)

Where RL represents the frustum length (described later, see section 2.6).

1 IMPROVE. Develop a generic method for calculating /3 for non-paraffins. This may involve the development of a database which stores values of T1 and W, for all
major non-paraffinic combustible materials.
Theory | Jet Fire | Page 11
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2.5 Frustum lift off
The ‘frustum lift off’, B, is defined as the distance along the hole axis from the hole to the point of intersection of the cone

axis® (see Figure 1). Chamberlain® derived an expression that correlates B as a function of « and R in the range 0° < a <
180°. The expression is given by:

sin((0.185¢72% + 0.015)ar)

= (20)
Ly sin(a)
For a = 0° or 180°, B becomes:
B= { 0.2Lg a=0° (still air) 1)
0.015L; a = 180° (Lazy flames)

Note: the condition o = 180° (i.e., “lazy” flames pointing directly into high winds®) can only occur for a horizontal release
(see Figure 1)

For jet flames resulting from horizontal releases, Johnson et al. observed B to be directly proportional to the square root
of the product of the local jet momentum and the local air density. Thus, B was found to be given by*:

B = 0.141(G;pams) (22)
Where:
Gj = 7 A (u)?

2.6 Calculation of the frustum length (RL)

From Figure 1, the frustum length Ry, for the JFSH-Chamberlain and Cook models can be calculated from the geometrical
relationship between Ry, Ls,  and B as:

R, = [L} —B*sin?a—Bcosa (23)

Similarly, from Figure 3, Ry, for the JFSH-Johnson model can be determined from plane geometry as:

R, = ((X—B)2 +Y2 +72) (24)

2.7 Calculation of width of frustum base (W)

Chamberlain found the width of the frustum base to correlate with R as®:

1
Wy =Dy(13.5e" +1.5)| 11~ % e~ TOREDC (25)
I j

1
3
&(Ds) 9 _V'p
Div)
C = 1000e100R 4 08

Where:

However, in the JFSH-Cook model the Cook et al. (1990) correlation for calculating the width of the frustum base is
employed. It is given by®:

1
Wy =D,(13.5e fF +1.5)(1—-|1-— Pamb | 757 (26)

Theory | Jet Fire | Page 12




DNV

Equation (26) is a simplification of equation (25). It was adopted in the Cook et al. (1990) model in order to overcome
some form of numerical instability when calculating W1 at very low wind speeds?!?.

For jet flames resulting from horizontal vapour phase releases, Johnson et al. found W1 to correlate with the B and &(Lso)
as*:

W,/B =—-0.18 + 0.081¢ (L) (27)

Equation (27) is subject to the following constraint: W1/B = 0.12

2.8 Calculation of width of frustum tip (W>)
For the JFSH-Chamberlain and Cook models, the correlation developed by Chamberlain, which expresses the width of
the frustum tip (W2) as a function of R and Ls is employed. It is given by3:

W, = Lp(0.18e 5% 1 0.31)(1 — 0.47e725F) (28)

For jet flames resulting from horizontal vapour phase releases, Johnson et al. found W2 to correlate with Qy and &Lgo)
as*:

W,/Lb,, = —0.004 + 0.0396&(Lg,) — 2, (0. 0094 +9.5x1077 (E(LBO))S) (29)

Where:
Lb,, = (X? + 22)"* (30)

Equation (29) is subject to the following constraint: Lbxy = W2 =W

The above equations define the flame dimensions and orientation in space. The estimation of the flame’s surface emissive
power is described below.

2.9 Surface emissive power (Wsurface)

The surface emissive power (SEP) [W/m?] is the heat flux due to heat radiation across a flame’s surface area. For a jet
flame, the surface emissive power can be expressed as®:

Wsurtace = W (31)
Where:
Fs = Fraction of heat radiated from the surface of the flame [-]
m = Mass discharge rate [kg/s]
Hcowme = Heat of combustion of the fuel mixture [J/kg]
A = Total surface area of the flame (conical frustum) [m?]

The predicted surface emissive power is limited to a maximum value which could be set based on experimental data or
engineering judgement. The previous current default value (Phast 7.2 and Safeti 6.7) for the maximum surface emissive
power was 400kw/m?, and has been reduced to 350 kW/m? in subsequent releases following correspondence with
Chamberlain (2011)*2.

Chamberlain found Fs to correlate with gas post-expansion velocity (vj) as:
Fg =0.21e7009323% 4 0,11 (32)

However, the JFSH-Cook model makes use of a modified expression for Fs, which expresses the latter as a function of
the fluid’s post-expansion velocity (vj) and molecular weight (Mw). It is given by:
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( 0.21e70:00323v; 4 0,11 My <21

’M
Fs =1 (0.21¢7000323v 4 0,11) 2—;’ 21 <My < 60 (33)
|

(1.69%(0.217000323 £ 0.11) 60 < M,

Experimental evidence suggests that Fs increases with Mw'*!3 Equation (33) is an improvement on equation (32) as it
better approximates (based on available jet flame data) the effect of heavier releases (Mw > 21) on the predicted value of
Fs.

Johnson et al. found flame SEP to vary with average emitting path-lengths through the flame. The authors suggest different
values of Fs and SEP for the ends and sides of the flame. The overall behaviour of the flame as a radiant energy source
was found to be better correlated as a function of W2 and/or RL depending on the location of the observer. W2 and R.
where chosen as representative path-lengths for emission through the sides and ends of the model flame shape
respectively. Thus, expressions for Fs and SEP for the sides and ends of a jet flame are given by*:

Emission through flame sides:

FSIPE = (1 — e7042)(0.21e7000323Y 1 0.14) (34)
FSIDEmHCOMB
Wilhtace == o

Emission through flame ends:

FEND — (1 _ e_0'4RL)(0. Zle—0.0032317]- + 0. 14_) (36)
FNPmH copp
ngrl}uce = f (37)

WP fuce and WERD . represent the flame’s SEP as experienced by observers whose view is respectively restricted to
the sides and ends of the flame. Wsﬂf,face is adopted as a representative value for the overall flame SEP in the JFSH-

Johnson model.

From geometry, the total surface area of the conical frustum (i.e., including its end discs) can be expressed as:

T T 1
A=Z(W§+W§)+E(W1+Wz)\]Rf+Z(W2—W1)2 (38)

2.10 The flame co-ordinates

The flame simulated by the JFSH models is always defined by four circles. Each circle is defined by four co-ordinates, the
x and z co-ordinate of the centre of the circle, the radius of the circle and the inclination of the circle. The first and second
circles and the third and fourth circles have the same centre and inclination respectively. The first and fourth circles have
zero radii.

The x-axis of the above [X, y, z] Cartesian co-ordinate system corresponds to the horizontal projection of the flame axis
along the vertical plane cutting the jet flame into symmetrical halves (i.e. the [x-z] plane). The x co-ordinate of each circle
is taken with respect to a virtual origin located along the [x-z] plane. The virtual origin corresponds to the orthogonal
projection of the release source on the [x-z] plane?.The z co-ordinate of the centre of each circle corresponds to its vertical
height above the x-axis.

The calculation of the x co-ordinate of each circle requires the knowledge of the angle (¢#ame) between the vertical plane
cutting the release source into symmetrical halves (i.e. the [X-Z] plane) ® and the [x-z] plane. These planes intersect along
a vertical line passing through the centre of the flame’s frustum base. From geometry, the (X, Y) co-ordinate set of the
centre of the frustum tip with respect to the centre of the frustum base (i.e. the adopted origin of the [X, Y, Z] Cartesian
co-ordinate system) can be derived as:

For the JFSH-Cook and Chamberlain models:

2 This axis transformation permits the easy and accurate incorporation of crosswind effects in jet fire radiation calculations (i.e. JFSH-EXPS model)

3 Here we define a new [X, Y, Z] Cartesian co-ordinate system whose co-ordinates are expressed in terms of upper case characters (see Figure 3)The X axis
corresponds to the projection of the release axis on the horizontal plane. Thus, the vertical or [X-Z] plane corresponds to the plane in which Y = 0. For a vertical
release, the X axis is defined as the geographical East direction.
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(X,,Y,) = Ry [sin(8;, — a) cos 8; + sina cos f] R, sinasinf |22 0; #0
vz sin b, v 4 "sinb, J
oY) = (R cosa,R; sina) 0;=0;f=0 (39)
(X2 ¥2) = (R, cos(—a), R, sin(—a)) 0;=0;f<0
For the JFSH-Johnson model
(X2,Y2) = ((X-B),Y) (40)
Thus, the angle ¢ghame can be calculated as:
Pflame = tan 1 (Y, /X;) (41)

Hence, the co-ordinate sets for each circle for the JFSH-Cook, Chamberlain and Johnson models along the vertical plane
cutting the flame into symmetrical halves can be defined using the following intermediate variables (see Figure 1) as:

(x1,21) = (B|cos8; cos @fiame|, B sin8;) —90 < 6; < 90 (42)
(x2,22) = (x1+ Ry cosA,z; + Ry sind) —90 < 0; <90;0 < 0;, < 180 (43)
Where:

For the JFSH-Cook and Chamberlain models:

sinQ;(sin(6;, — a
A= sin—1< it - (650 D) (44)
siné@;,
For the JFSH-Johnson model A is given by:
A=sin"Y(Z,/Ry) (45)
From geometry, the inclination of the circles (9 relative to the horizontal plane is derived as:
9=190—-1|—-90<6;<90;0<6,,<180 (46)
Thus, the vector (co-ordinates) representing each circle is given by:
r1 = (X1,21 + Zgier, 0,9) (47)
1
T = (x1,'Z1 + Zgien 5 W1:19) (48)
1
r3 = (x2,22 + Zpien Wz:ﬂ) (49)
Ty = (X2,22 + Zgier, 0,9) (50)
Where:
ZElev =  Elevation of the release point (e.g., flare tip) from the horizontal plane [m]
X1 =  Horizontal distance of the frustum base from the virtual origin along the vertical plane cutting
the flame into symmetrical halves [m]
X2 =  Horizontal distance of the frustum tip from the virtual origin along the vertical plane cutting
the flame into symmetrical halves [m]
zZ1 =  Vertical distance of the frustum base from the virtual origin along the vertical plane cutting
the flame into symmetrical halves [m]
z2 =  Vertical distance of the frustum tip from the virtual origin along the vertical plane cutting the
flame into symmetrical halves [m]
3 = Inclination of the frustum base relative to the horizontal plane [°]
¢ =  Angle between the wind vector and the projection of the release axis on the horizontal plane
]
#tiame =  Angle between the vertical planes cutting the release source and jet flame respectively into

symmetrical halves [7]
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2.11 Determination of likelihood of flame touch down or on-ground
iImpingement

Flame touch down is said to occur if any of the sides of the conical frustum possesses an elevation less or equal to zero.
The lowest point on the conical frustum lies at the edges of the frustum in the vertical plane that cuts the frustum into
symmetrical halves. From geometry, the elevation and horizontal distances (relative to the virtual origin) of the lower
ends of the frustum base (Xvase, Zbase) and tip (Xiip, Ztip) (S€e Figure 8), along the vertical plane cutting the frustum into
symmetrical halves can be expressed as:

w
Xip = X1 + R cos A+ (72) sini (51)
w
Xpase = X1 T (71) sini (52)
w,
Zup = 22 — (T) cos 4 (53)
w
Zpase = Z1 — (71) cos A (54)

In the event that zvase OF ziip is less than zero, the exact point of on-ground impingement (ximpg, 0) relative to the virtual
origin can be determined from linear interpolation as:

For zbase < 0

XpaseZbase
Ximpg = Xbase @ = 2pacd) (55)
Forzip < 0
(xbuse - xtip)ztip
Ximpg = Xtip — (56)

(Zbuse - Ztip)

The distance of the point of on-ground impingement (Ximpg) from the release point can be expressed as:

Ximpg = \/[B €05 0 + (Ximpg — X1) COS (pﬂume]z + [(Ximpg — x1) sin (pﬂame]z (57)

3 THE LIQUID/TWO-PHASE JET FIRE MODEL

3.1 Effective Source Diameter

The jet flame resulting from a liquid/two-phase release is modelled using a modified form of the JFSH-Cook pure vapour
jet fire model. Apart from the expression employed in calculating the flame’s effective source diameter (Ds), the correlations
defining flame dimensions, fraction of heat radiated and surface emissive power for the vapour and liquid/two-phase jet
fire models are essentially the same.

Based on experimental evidence on the behaviour of jet flames following condensate releases!#, liquid/two-phase jet fires
are modelled by determining a gas flame having the same release rate and initial momentum as the liquid/two-phase
release. The flame’s effective source diameter is given by:

D, = 2r; L

I | DvanTsat(Po)] (58)

Here pvap[Tsa‘(P°)] equals the saturated vapour density of the fuel at ambient pressure [kg/m?]. Furthermore, Ds represents
the diameter of a hole that gives the same exit velocity for the release of the material as a gas. Ds, pvap[Tsa‘(P°)] (used in

place of py), vi and prevailing ambient conditions are employed in the JFSH-Cook vapour phase model in determining the
flame shape.
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For some materials, particularly mixtures, liquid density could be returned as vapour density by property calculation if the
saturation temperature at atmospheric pressure is very low and this would subsequently lead to under-predictions of jet
fire radiation. This is prevented now by using ideal gas density if no valid vapour density is found by the property
calculation for a 2-phase discharge.*

3.2 Mass discharge rate —two phase releases

For two-phase releases, not all liquid mass may contribute to the 2-phase jet fire. Although representing different physics,
it is envisaged that an indication of this for linked jet fire calculations is given by the rainout mass fraction frainout predicted
by the UDM model. Following consultation with the users and in analogy with the fireball and explosion model assumptions,
the flammable mass is taken to be as given by equation (59) with the default value for the jet fire parameter riemass=3. This
will lead to m=Mg for rainout fractions less than 2/3. Also m gradually reduces to O if the amount of rainout approaches
100%.

m=M, min[l' T}'etmass(:l - nrainout)]

(59)

Time-varying discharge

For time-varying releases the discharge rate My varies with time. In analogy with the above equation the mass
contributing to the two-phase jet fire for each time i is estimated as

M= Mdi min[lrrjetmass(l - nrainouti)] (60)
Where
Mg = mass release rates for record i [kg/s]
Nrainout' = rainout mass fraction for record i (kg/kg)

The mass discharge rate m used for the jet fire calculations is the average of M over the jet fire average time tje; (default
value 20 seconds):

FaME ot MY (L, — Y t)
et (61)

Hereti equals the duration (s) of segment i. Furthermore ti: is the jet fire average time (default value 20 seconds).
Furthermore segment j+1 is the discharge segment at which the jet fire averaging time j is achieved, i.e.

j , j+1
Vi ti<ter <Xl ¢

The above applies for jet overall release duration twt larger than tier. For duration twt less than jiet, the jet averaging time of
tot is applied.

4 THE MILLER (M-MPS) JET FIRE MODEL FOR LOW-LUMINOSITY GASES

4.1 Introduction

The Miller model is an extension of JFSH-Chamberlain/Johnson models to low-luminosity/non-hydrocarbon jet flames
from flare stacks inclined horizontally, vertically or 45° to the horizontal.

Instead of a cone, the flame is represented as a line source with two distinct straight line segments. The first segment
near the release is projected in the direction of the release itself. The second segment is angled according to uplift due
to buoyancy, tilt due to the wind and/or sideways due to a crosswind.

4 IMPROVE. For multi-component mixtures one should ideally use the vapour density at the bubble point, pvap[Tnunme(Po)] instead of the saturated vapour density,
pvap[Tsal(Pu)] since the latter is ill-defined for MC mixtures.
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Buoyancy/wind length
Momentum length

o P

Figure 4 Miller model flame representation for horizontal jet fires

The different release orientations are illustrated in Figure 4 and Figure 5.

Figure 5 Miller model flame representation for vertical jet fires

With respect to radiation this is considered to be emitted along the flame centreline with an intensity distribution that
rises and falls in a linear fashion with a maximum at a distance corresponding to 2/3 of the overall flame length. This
concept is illustrated in Figure 6.
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Heat radiation

NZ.

Distance along flame

Figure 6 Miller model radiation intensity distribution

In this document we refer to this model formulation as M(iller)-(M)ulti (P)oint (S)ource model, M-MPS.

In spite of the apparent differences in formulation between the Miller and Cone models, this model is using the
Chamberlain model as it's basis. The key modifications applied in M-MPS to JFSH-Chamberlain/Johnson models can
be summarized under the following broad topics:

e Calculation of wind velocity at flare tip

Calculation of still air flame length parameters for non-hydrocarbon/low-luminosity gases
e Calculation of angle between flame axis (flame tilt or lift) and the horizontal

e  Calculation of flame momentum and lift-off distances

e Calculation of flame centreline, hole-to-tip and frustum lengths

e Calculation of flame radiant heat fraction and radiation characteristics

Flame (centreline) co-ordinates

In addition, the M-MPS model implemented in Phast/Safeti has been extended to support the following:
e Determination of equivalent natural gas flowrate for vertical flame tilt angle calculation

e  Modelling of crosswind impact for non-vertical releases

e Modelling of radiation impact on planar observers

e Application of numerical integrators for radiation effect modelling

e Finite flame lift off distance and height relative to release location
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e Application of the HyRAM radiative fraction correlation
Note that in the implementation of the M-MPS model, any releases with:
e 0;>n/3is modelled using the vertical inclination logic,
e 0;<0.16n is modelled using the horizontal inclination logic,

e 0.167 < 6§; < /3 is modelled using the 45° inclination logic

4.2 Calculation of wind speed at flare tip (Uw)

The M-MPS model assumes wind speed at the flare tip (Uw) to vary with flare stack height above a reference height (hg)
of 10m. The relationship between wind speed at reference height (Uw,0) and actual wind speed at flare tip follows a
power-law profile given by:

aw
U,=Uyp (Z;Z'llev)
0 (62)
Where:
ho =  Reference height for the measurement of wind velocity, assumed as 10m [m]
Uw,0 =  Wind speed measured at reference height [m/s]
aw =  Power law exponent, dependent on ground roughness of surrounding terrain

4.3 Calculation of still air flame length parameters for non-hydrocarbons

The M-MPS model employs the Kalghatgi correlation (see equation (15)) in determining the still air flame length (Lgo) for
non-hydrocarbon flames. For flammable materials, the key parameters in Kalghatgi’s correlation may be determined as:

e  Mass fraction of fuel in stoichiometric mixture with air (Ws):
My C,

Wt = My + (A= Wy (63)
e  Mean product molecular weight (W) [kg/kmol]:
Wp =A4,(Ce My + (1 —CHOW ;) (64)
Where:
moles of fuel
Ci= : (65)
moles of fuel + moles of air

moles of fuel + moles of air
A= - (66)
moles of combustion products

e Adiabatic combustion temperature (T1) [K]: Miller (2017) presented the following correlations for estimating
adiabatic combustion temperature for mixtures containing flammable and inert gases,

Ty = T1fuet(—0.7395CDZ g, + 0.0366CD gy, + 0.9972) (67)

T1fuet = 321.08H3,4,;,, — 310.88H5, 4, + 144.03Hy ey, + 2223 (68)
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CDequiv = Xcp +0. 84xWA +0. 59xN2 (69)
xHZequiv
Hequiv = 70
zequiv xHZequiv + xClequiv ( )
XH2equiv = XH2 + Xcm (71)
Xclequiv = Xc1+ Xcz + Xc3 + Xca + X, (72)
Where:
T1fuel = Adiabatic combustion temperature for combustible materials [K]
XCD, XWA, XN2 = Mole fractions of Carbon dioxide, water vapour and Nitrogen in fuel mixture [-]
XH2equiv = Sum of mole fractions of flammable non-hydrocarbons [-]
XClequiv = Sum of mole fractions of flammable hydrocarbons [-]
XH2, XCM = Mole fractions of Hydrogen and Carbon monoxide [-]
XC1,C2,C3,C4,C.. = Mole fractions of hydrocarbons [-]

4.4 Angle between flame axis (flame tilt or lift) and the horizontal, aap

For vertical releases, Miller (2017) proposed the following momentum correction to the Chamberlain flame tilt correlation
originally developed for natural gas flames (see equation (18)):

Ap pore = MAX (0, MIN (a y Gf)) (73)
’ m 2
Where:
QAP vert = Angle between flame axis and the hole axis [°]
Myg = Mass flowrate of natural gas that gives the same Lgg as the gas of interest, for

the same flare diameter (do) [kg/s]

Miller (2017) gives the following correlations for estimating 1, in terms of the flare diameter (do)®:

Tyg = 255.42d3Y (74)

2.0074X%; —1.0103Xy; + 0.0185,  Xy; > 0.665
Yng = 2.9013 (75)

0.7873X%2°13, Xy < 0.665

Lgo
XNG = o owe
N6~ 174.834387°4 (76)
As such, the angle between the flame axis and the horizontal (a.ap) for vertical releases is given by:
3

App = 2 Appyert (77)

For releases inclined at 45° from the horizontal, aap = 1/4, i.e., the ensuing jet flame is assumed to be straight,
continuing at ca 45° from flare tip to flame end tip (Miller, 2017).

For horizontal releases, Miller (2017) gives the following correlation for the horizontal lift angle (i.e., aap):

L ¥4 [
Aup = MAX (0, MIN {sm 1 (Lf——ZBM> ) (E - aAp,vert)}) (78)

5 NOTE: From a review of Kalghatgi's correlation for Leo (equation (15)), it is possible to show that there are a family of natural gas flowrates that give the same Lgo for

a fixed do. It is also possible to show that 1 2/3 Varies linearly with -1/ 23 for afixed do.
DS,NG mNH
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Where:
Lt = Flame centreline length [m]
AP vert = Flame tilt from vertical for the same flame released vertically [°]
Z2 = Horizontal flame lift due to buoyancy (see Figure 1 and Figure 3) [m]
Bwm = momentum dominated flame length measured from release point [m]

Where Ly, 2 and By, respectively, are given by®:

z, = MAX(0, MIN( 0.05N gicharasonlso, 1)) (80)
By -0.13N L
T — MAX (0‘ MIN(e 13N Richardson 30,1)) (81)

Lpo
Equation (78) implies that the maximum lift angle for horizontal releases is capped at the flame tilt relative to the
horizontal (n/2 — aap.ver) for the same flame if released vertically”.

4.5 Calculation of flame momentum (Bwm) and lift-off (B) distances
For releases inclined vertically or at 45° to the horizontal, the momentum dominated flame length (Bw) is calculated from
equations (20) and (21), but with a.apverr employed in place of o (Miller, 2017) 8.

For horizontal releases, flame lift off distance is calculated from equation (81).

Miller (2017) assumes jet flames to burn very close to source, i.e., with zero flame lift off distance (B).

4.6 Flame centreline (L), hole-to-tip (Lg) and frustum (R.) lengths
The flame centreline length (L) is given by equation (79). For releases inclined horizontally or at 45° to the horizontal,
Miller (2017) recommends setting L equal to Lgy, i.e.,
szLBO =BM+RL (82)
For vertical releases, the frustum length (R,) is calculated from equation (23), but with aap ver employed in place of a

(Miller, 2017). For releases inclined horizontally or at 45° to the horizontal, R, is simply determined from equation (82),
ie.

R, =Lpy— By (83)
From geometry and assuming the buoyant portion of the flame is blown crosswind in the direction (¢rame) relative to the

release plane (see section 4.9), the flame hole-to-tip length (Lg) may be calculated for releases inclined horizontally, or
at 45° to the horizontal, as:

(\/z§ + B% + (R cos asp)? + 2R By €OS a4p COS Pr1ame,  Horizontal

Lg (84)

\/z% + (cosayp)?(B% + RZ + 2R By €OS @fiame),  45° inclined

6 NOTE: Equations (80) and (81) differ from equations published in Miller (2017). These correspond to correlations employed in the current implementation of AP
Flame (provided via private communication with Miller, D., February 2021). The equations for zz and Bw as published in Miller (2017) are given by: Lz—’ =
‘BO

0.125NRichardsonlso — 0.25,0 < Lzﬁ <1and %”; = —0.125NgichardsonLpo + 1.25,0 < fT”: < 1. Equations (80) and (81), as implemented in AP Flame, supersede
published correlations in Miller (2017).

7 CLARIFY: Itis not clear why the constraint on maximum horizontal tilt is not applicable to releases inclined at 45° to the horizontal, i.e., equation (78) with a,p =
MAX (O,MIN {% (g - aAP,,,m)}). On the other hand, if aap = n/4 for all releases inclined at 45° to the horizontal, irrespective of wind speed, it would seem logical
that the maximum lift angle for horizontal releases, should not exceed n/4.

8 CLARIFY: For releases inclined at 45° to the horizontal, the flame lift-off distance is calculated using aap.er derived from equation (73) before aap is set to n/4. It is
not clear why the seeming inconsistency.
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For vertical releases, Miller (2017) recommends applying the Chamberlain correlation in calculating Lg, i.e., equation (4),

for scenarios with aap vert < /3. Otherwise, Lg should be determined using the following correlations:
Lg

— b
= qae aAP,vert’

p
z=a <5
LBO 3 APvert 2

Where:

a=e9%

b=t ( 1 )
=—In{——m

30 \(Lg/Lpo)so
(Lg/Lgo)eo = 0.49 + 0.51e %4Uwso

Uweo = Reo?;

[ m 2 60N pichardsonlBom
0.026 ((60N ; Lgo— — 134) 1726) , cagreson > 0.05
R60 _ ! + Richardson®B0 Ty / fOT mNGSOOO
|6ONRichardsonLBOm fOT 60NRichardsonLBOm <0.05
([ 8000 ’ 118000 =

(85)

(86)

(87)

(88)

(89)

(90)

4.7 Calculation of radiant heat fraction and radiation characteristics

Miller (2017) recommends the following correlation for determining the total heat radiating from the flame along the

flame centreline (Qrad):

Qraa = FapmHcoyp

Where:
Fap = Flame radiant heat fraction along the flame centreline [-]

Fgp = MAX{(xCquuist + xHZequivFHZ)r 0. 05}

Fs, Xr2equiv and Xciequiv @re given by equations (32), (71)and (72), respectively, while Fy2 is given by:

Fz = F0r(0.1691—0.011In(Mjy,,))

Where:
M _ 4m
flux — pdg
F 1, for vertical
€T = 11.36 + 0.076MIN{10,L;/hgc},  for horizontal/45°

Zgier + MAX(0,(0.66L; — By )sin(a,p)),  for horizontal

RC = ZEjey +0.66Lssin (g), for 45°

(9)

(92)

(93)

(94)

(95)

(96)
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The radiated heat is assumed to be generated from point sources evenly distributed along the flame centreline (L7). The
amount of heat from each point source is linearly weighted with minimum values at each end and a maximum at the
radiant centre of the flame, 2/3 along L¢ (Miller, 2017).

4.8 Calculation of equivalent natural gas flowrate using similarity approach

As indicated in section 4.4, the correlations proposed by Miller (2017) for estimating my; , i.€., equations (74) to (76)
may not give a unique solution. In essence, it is possible to show that there are a family of natural gas flowrates that
give the same Lg for a fixed do.

As aresult, an alternative approach for determining my; , based on similarity considerations, has been developed. In
this approach, my; corresponds to the mass flowrate of natural gas that gives the same Lgo and uncorrected
(Chamberlain) flame tilt, o, as the gas of interest.

From equations (15) and (18), this implies that:
M= Ds,NGﬂNG

Wst Wst,NG (97)
1 _ 1
D? V,g D?,NGv]g,NG (98)

From equations (97) and (98), the equivalent natural gas source diameter (Dsnc) and post-expansion velocity vjne can
be calculated as:

Wst NGDsﬁ
D =—— (99)
NG WeBne
Dg NG
Vinp = - 100
],NG nglz ( )
As such, my, , can be calculated from Dsng, VinG and pamb as:
. DZ e
myg = Pumbvj,NG”sT' (101)

Note that Wsne and Bne are calculatable quantities for a fixed natural gas mixture, see equations (63) to (66)°.

4.9 Modelling of crosswind impact for non-vertical releases
The M-MPS model intrinsically accounts for crosswind impact for vertical releases given that the buoyant portion of the

flame (R.) will orient in the direction of the prevailing wind (¢).

However, the Miller (2017) model does not account for crosswind impact on non-vertical releases. To address this
limitation, the M-MPS model has been extended to support two methods for modelling crosswind impact, these are:

e  The “full-deflection” approach: In this method, the buoyant portion of the flame, as with vertical releases, is
assumed to orient in the direction of the prevailing wind (¢), i.e.:
Pflame = ¢ (102)
e The “modified Johnson” approach®®: In this method, the orientation of the buoyant portion of the flame is
calculated from equation (41), based on the Johnson methodology, where:

9 NOTE: by default, the properties of natural gas is based on pure (100%) Methane.

10 NOTE: default and only option available in Phast/Safeti
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Y, =Y =1X,0.1780, (103)

MAX ((L; - By)" - 23,0)

5 , 0; <0.16x (horizontal logic)
1+ (0.1782,)

X, = (104)
2
((Lf — By ) cos aAp)
2
1+(0.1782,)

T
, 0.167<0; < 3 (45° inclination logic)

To model scenarios where the Johnson model predicts the impact of crosswinds giving rise to flames that bend back on
themselves, X; is assigned a negative value if the value of X, calculated from equation (6) is less than the Johnson
model’s predicted frustum lift off distance, determined from equation (22).

4.10 Modelling of radiation impact on planar observers

Planar observers represent objects for which radiation impact may only be experienced on an exposed surface i.e., with
a given orientation and inclination in space, relative to the radiation source (e.g., distinction between radiation received on
a front facing surface as against its back [covered] end, radiation measurement readings on narrow-angle radiometers).
With point observers however, there is no restriction in terms of observer orientation or inclination on received radiation.

The Miller (2017) model conservatively models radiation impact from simulated multi-point source jet flames to point
observers only.

The radiation intensity, | [W/m?], received by an observer is a product of the flame emissive power, Qraq [W], and an
effective geometric intensity I with dimensions [/m?].
I=Qraql’ (105)
The geometric intensity (I’) for radiation received by point observers from radiating point sources along the flame
centreline (Ls) may be expressed as an integral given by:
Ly
, Tf (D)
= 106
I max(4rwD?,1) dl (106)
0

The M-MPS model has been extended to support radiation impact to planar observers as well, with equation (127) re-
written as:

L

f
_ [ fDcos(B,) dl (107)
) max(4rD?,1)
Where:

b = vector from a radiating point P along the flame centreline (L) to

the observer, O (0 —p)
B2 = angle between the observer plane normal (no) and -D
T = atmospheric transmissivity, the fraction of radiation not absorbed

by the atmosphere
f(l) = weighting factor representing the proportion of energy being emitted at

different positions along the flame length (see section 4.7)

4.11 Application of numerical integrators for radiation effect modelling

Miller (2017) models radiation emitted along the flame centreline in terms of a weighting factor f(l), representing the
proportion of combustion energy multiplied by a fixed fraction of heat radiated at different positions along the flame length.
The model employs a discrete approach in integrating the combined radiation impact from all point sources modelled
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along the flame centreline length (Ls). The (n) radiating sources are evenly distributed along the flame centreline with the
radiating heat weighting factor at a point (i), i.e., f(li) given by:

fA)=JU)K+G (108)
Where:
‘o 1
Zn_ 2 109
lilli+%(2%+n+1) (109)
3G /2
K= 7(?"— 1) (110)
(2 i-1 . 2n
3\izn_ ) 53
J) = (T - 1) (111)
| 2 i 2 2n .
372(m3) 3 <isn

The geometric intensity (I’) for radiation received by point and planar observers, as calculated using the discrete
approach, is given, respectively as:

For point observers:

N ()
= Z max(4mD?,1) (112)

i=
While, for planar observers:

= Z tf (Li)cos(B2)

smax(4mD}, 1) (113)

i=

Note that f(li) is maximum at the radiant centre of the flame, i.e., 2L#/3 away from the release source and a minimum at
each end (Miller, 2017).

The M-MPS model has been extended to support the use of numerical integrators in evaluating radiation impact at
observer locations. The radiating heat weighting factor at a normalized length f(Inom) along the flame centreline is given
byt

flaorm) = 3(](lnorm) + G) (114)
Where:
( b2
I _ { L' 773 115
](norm)_lz ) lf 2 ZLf<l <1 ( )
B “\t;, 3/ 3~ T=H

s is any distance along the flame centreline measured from the release point, while the normalized length, lhorm, is given
by I/Lt. The geometric intensity (I') for radiation received by point and planar observers, as calculated by numerical
integrators, is given, respectively as:

For point observers:

11 NOTE: The expression for f(lnorm) includes the minimum radiative fraction term “G” to ensure that the integral applies a finite radiative fraction at the flame ends. By
default, G is calculated with n=30, in alignment with Miller (2017) and AP Flame. G tends to zero as n tends to infinity.
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Tf (lnorm)

= ——"" aq 116
max(4nD?,1) (norm) (116)
0

While, for planar observers:

1
= [Hlwrmicosts)

117
max(@nd? 1) (norm) (117)

4.12 Finite flame lift-off distance and height relative to release location

As indicated in section 4.5, the Miller (2017) model assumes jet flames to burn very close to source, i.e., with zero flame
lift off distance (B). This assumption is somewhat tenable for hydrogen??, given its high laminar burning velocity, wide
flammability limits, hence, propensity to burn (high combustion reactivity/potential). For less reactive materials, e.g.,
hydrocarbons, field/experimental evidence on jet flames®#, suggest a finite (flame lift-off) distance exists between the
release source and onset of visible combustion.

As such, the M-MPS model has been extended to support the modelling of a finite flame lift-off distance (B) given by:

B=0.2By (118)

4.13 Application of the HyRAM radiative fraction correlation

The M-MPS model has been extended to support the HYRAM®® flame radiative fraction (Fap) correlation for pure
hydrogen releases, i.e., as an alternative to the Miller (2017) model correlations (see equations (91) to (96).

The HYyRAM flame radiative fraction correlation is given by:

Fap = 9.45x107°(t;a,14)"" (119)
Where:
t = Flame residence time [ms]
ap = Planck-mean absorption coefficient for an optically thin flame (0.23 for
hydrogen)
The flame residence time (tr) is given by:
WiLw
= P st (120)
f 12m
Where the flame characteristic width (Wr) and flame density (o) are given by:
P,W,
= 122
Pr=R,T, (122)

12 Review of infra-red/thermal imaging pictures taken from field tests involving jet flames from high pressure hydrogen releases seem to indicate the existence of an
unburnt core of the flame near the release point (i.e., finite lift-off distance). This observation is corroborated by CFD (KFX) simulations of some of these field
tests: where predicted results show very good agreement when compared against observed flame characteristics. These CFD (KFX) simulations indicate that
the unburnt core is due to supersonic jet velocity from these high-pressure releases preventing flame propagation back to the release point (i.e., finite post-
expansion distances and/or insufficient air entrainment close to the release point to support combustion).
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4.14 The flame (centreline) co-ordinates

The flame simulated by the M-MPS model is defined by three points along the flame centreline (Lj), i.e., the x, y and z-
axis co-ordinates of the flare tip/lift-off distance, end positions of the flame momentum section length (Bm) and flame tip

(RL). The M-MPS flame centreline co-ordinates (xo, Yo, Zo), (X1, Y1, Z1) and (X2, Y2, Z2), are given by:

(x0,¥0,20) = (B|cos 6;,0,B sin0; + zg,,,) 0<6;<90 (123)

(xl,yl,zl) = (Bmlcosejl,o,BM Sinol +ZEle17) 0< 0] <90 (124)

(%2,¥2,22) = (X1 + R, €OS A0S @ f1ame , Ry COSASIN P f1qme 21 + Ry sind)  0<6; <90; 0 <6, <90

Where:

R,
sin@;,

sinayp sing

sin

(
B ! tan™! R
Pflame = I ';9 [sin(6;, — asp) cos O + sina,p cos ¢|
jv
{

sin-1 sin@; (sin(6;, — Aap vert))
A= sin@j,

(125)
, vertical releases (126)
Priame non — vertical releases
) , for verticalreleases (127)

Aup, for non —vertical releases

5 ADJUSTMENT OF JET FIRE FOR TIME VARYING RELEASES

5.1 Options available

The JFSH model at present uses one flame shape to represent the history of the fire. This is a limitation considering that
many releases will have a flame shape that changes significantly with time'3. Some unhelpful model behaviour has been
observed when the default source term assumptions are applied. For instance, stopping the release earlier may give a
larger jet fire than with a longer release time because the early stages of the release have a higher release rate. The jet
fires modelled may also become misleadingly large because in practice there is a limit to how quickly the released material

can burn.

In the product there are four methods for calculating the average discharge rate to represent the time varying behaviour
in the linked modelling. These methods affect dispersion, flash fires, explosions and jet fires in different ways. For a full
description please see the product help — (hint: search for Time varying releases tab).

Table 1 lists the four options and describes their impact on jet fire modelling**:

Table 1 Methods for calculating average rates and impact on jet fire modelling

Method for calculating average rate

Impact on jet fire modelling

Average rates

The discharge rate used will be the average over the time-
scale of interest set by the Jet fire averaging time in the Jet
fire parameters.

Given time

The discharge rate used will be the rate at this particular time
or the rate at the end of the release if the time is greater than
the release duration.

Average between two times

The discharge rate used will be the average rate between
the two times specified. If the release stops before the end
of this period then the discharge rate will be averaged up to
the point the release stops.

13 Improve: introduce flames that change more realistically with time. In many ways this will reduce the complexity caused by the model limitations.
14 Improve: make the choice of jet fire approach more transparent in the product
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Method for calculating average rate Impact on jet fire modelling

Up to 10 rates The discharge rate used will be the average over the time-
scale of interest set by the Jet fire averaging time in the Jet
fire parameters.

This effectively means this option causes the jet fire
modelling to behave in the same way as that for ‘Average
rates’

The ‘Average rates’ and ‘Up to 10 rates’ options provide a mechanism for users to specify jet fire modelling to be based
on a discharge rate that is different from that used for other consequence modelling (dispersion, flash fires, etc).

The four methods listed above become irrelevant for jet fires if a fireball matching method’ is enabled. This method is
triggered when the options ‘model short duration effects for time varying releases’ and ‘Match fireball duration and mass
released’ are selected.

@ Short duration effects

For time-varying Madel short duration eft Kl Match fireball Yes - Cut off time for short golé
releases “pn and mass continuous releases

(Do not model short duralﬂg‘on effects) d .

Model short duration effects -

5.2 Fireball matching method

The flow rate in the first 20s can drop quite significantly and if the average is used then the fire size may be somewhat
underestimated. Furthermore, if the release is cut off before the end of the averaging period then the average used
becomes higher even though intuitively the hazards and risk should reduce if a release is cut off earlier.

To compensate somewhat for this there is a method that uses the matching fireball mass to adjust the fire size.

This causes the linked modelling to calculate a representative fireball mass. This is used to define a maximum mass
burning rate for the jet fire flame. This same fire size will then be used even if the release duration reduces or increases.

Using this method the fuel mass rate = (fireball mass)/(fireball duration). The duration used for the jet is then adjusted to
compensate. It uses the larger of the fireball duration, release duration and original averaged jet fire duration. It will then
cap this value to the ‘Cut off time for short duration releases’.

6 ADJUSTMENT OF FLAME SHAPE IN CASE OF GROUND IMPINGEMENT?®s

Depending on the release elevation and release direction, the predicted flame could impinge the ground and penetrate
the ground if not modified. In the jet fire models before Phast 8.0, JFSH issues an error message in case the central-line
of the predicted jet-fire cone penetrates the ground and a warning if any part of cone penetrates the ground but not by the
central-line. Following the validation of liquid/2-phase jet fires as described in the companion validation document, the
predicted jet-fire cone is now rotated and/or uplifted in case the cone hits the ground to improve the predictions. However,
the shape of the predicted cone is maintained, i.e. frustum widths and length are not changed Figure 7 shows the cases
considered for adjustment.

15 Improve?: Adjustment for flame in case of ground impingement is only applicable to JFSH cone models and not to the M-MPS model.
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ground

ground

(a) Jet fire above ground; cone not moved (b) Base below and tip above ground; cone not moved

ground ';1
‘

(c) Jet fire cone tip hits ground; cone rotated around centre of cone base

ground

(d) Jet fire cone base and tip hits ground; cone rotated around base centre and moved up

Figure 7 Flame adjustment for flame penetrating the ground

As illustrated in Figure 8, the vertical heights Z, and Zg above the ground of the low points of the predicted cone flame
can be expressed by

=2, () cosp (128)

Zp=27, + (%) cosf3 (129)

where
Z; = Vertical height above the ground of the frustum base centre [m]
B = Angle between central-line of the cone and the horizontal [radians; -n<B< =]
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ZElev

Figure 8 Determining the adjusted flame position

In case the fire cone hits the ground, the new adjusted position of the cone is obtained by adjusting the values of Z; and

@

(b)

©

(d)

The predicted flame is above the ground
The predicted flame is fully above the ground, i.e. Za =i.& Zs =, and no adjustment is needed.

Predicted cone only penetrates the ground at the base and not at the top

In case the predicted cone penetrates the ground only at base and not at the top, i.e. Za <0 & Zs 20, the jet-fire
cone is not uplifted to be above the ground because an uplift would make the predicted radiation at the ground
level less conservative. Thus no adjustment is applied.

Base of fire cone entirely above ground and tip of fire cone penetrates the ground

In this case, base of the predicted jet-fire cone is above the ground, but the flame top impinges the ground, i.e.
Za i.& Zg <0. The location of the centre of cone base is fixed, and the cone is rotated around the base centre
until point B is on the ground, i.e. Z; is kept unchanged, and the adjusted position is obtained by solving the
equation (63) for 8 when Zg is set to zero.

Both base and top of the predicted flame penetrate the ground

If both base and top of the predicted cone penetrate the ground, i.e. Za <0 & Zg <0, the cone is then shifted
upwards and rotated until points A & B are on the ground. The adjusted position of the cone is determined by
first setting Za = 0, Zg = 0, and subsequently solving the equations (62) & (63) for new Z; and S.

There are some validation results presented in the companion validation document.
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7 FUTURE DEVELOPMENTS

The following are recommendations for further work on the present jet fire model.

e Further validation vs field tests as data becomes available
Validation vs Spadeadam liquid hydrogen tests
Adapt some aspects of the Sandia model and see if this improves validation (curved flame, emissive power

correlation)
e  Adjust the Miller model radiation calculations to avoid overprediction along the flame axis
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NOMENCLATURE
A total surface area of the flame (conical frustum) [m?]
B frustum lift-off height/distance [m]
Bwm momentum dominated flame length [m]
do orifice or discharge diameter [m]
Ds combustion or effective source diameter [m]
F Mach number of non-choked discharging fluid at stagnation temperature and ambient

pressure [-]

Fap Flame radiant heat fraction along the flame centreline [-]
Fs fraction of heat radiated from the surface of the flame [-]
g gravitational acceleration [m/s?]
Hcowme heat of combustion of the fuel mixture [J/kg]
Le flame length measured from tip of flame to centre of exit plane [m]
Leo flame length in still air [m]
Lt flame centreline length [m]
m mass flow rate [kg/s]
M mass release rates from discharge calculation [kg/s]
Mi Mach number of the expanded jet [-]
Mw fluid’s molecular weight [g/mol]
Mwkg fluid’s kilogram molecular weight [kg/mol]
Pc static or choke pressure at the discharge plane [N/m?]
Po atmospheric pressure [N/m?]
Qrad total heat radiating (flame emissive power) from the flame along the flame centreline
(W]
r expanded radius of the escaping fluid [m]
letmass mass modification factor for jet fire calculation
R ratio of wind speed to post-expansion jet velocity [-]
Ry gas constant [8.314 J/mol/K]
RL flame frustum length [m]
tj durations of the release rate [s]
tiet jet fire average time (set under jet fire parameters) [s]
Tair atmospheric temperature [K]
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temperature at discharge plane during choked discharge [K]
post-expansion discharge temperature [K]

stagnation temperature [K]

adiabatic combustion temperature [K]

wind speed [m/s]

post-expansion velocity of fluid [m/s]

Mass fraction of fuel in a stoichiometric mixture with air [-]
Molecular weight of air [g/mol]

Mean product molecular weight [g/mol]

Surface emissive power of flame [W/m?]

width of frustum base [m]

width of frustum tip [m]

horizontal distance of the frustum base from the virtual origin along the vertical plane
cutting the flame into symmetrical halves [m]

horizontal distance of the frustum tip from the virtual origin along the vertical plane
cutting the flame into symmetrical halves [m]

elevation of the release point (e.qg., flare tip) from the horizontal plane [m]

vertical distance of the frustum base from the virtual origin along the vertical plane
cutting the flame into symmetrical halves [m]

vertical distance of the frustum tip from the virtual origin along the vertical plane
cutting the flame into symmetrical halves [m]

angle between hole axis and flame axis [degrees]
constant in Becker and Liang’s® flame length correlation

angle between the wind vector and the projection of the release axis on the horizontal
plane [degrees]

angle between the vertical planes cutting the release source and jet flame
respectively into symmetrical halves [degrees]

ratio of specific heats [-]
rainout mass fraction for segment i (kg/kg)
inclination of the frustum base to the horizontal plane [degrees]
angle between hole axis and the horizontal in the vertical plane [degrees]

angle between hole axis and wind vector in the plane containing the hole axis, flame
axis, and wind vector [degrees]

density of air at ambient conditions [kg/m?]
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e, density of expanded fluid jet [kg/m?]

PTsatvap Fuel's saturated vapour density at ambient pressure [kg/m?]
&Ds) Richardson number based on Ds (i.e., source diameter) [-]
&Lgo) Richardson number based on flame length in still air [-]
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