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Thermal loads produced by fires from process units and equipment can be significant on process and

portable buildings, especially if the building is close to the source of fire. While some structures can

be good for blast resistance, they might be vulnerable to thermal hazards resulting from different

types of fire. The new API RP-752 recommendations require process facilities to analyze

thermal hazard to onsite buildings and assess its impact on those structures and personnel

working in them. Computational Fluid Dynamics (CFD) techniques were used to assess thermal

hazard resulting from horizontal jet fires and their impact on a portable building located down-

stream of the fire source. The results clearly show that the detailed CFD analysis can be effectively

used to simulate jet fires, assess their thermal impact on portable buildings onsite, and help facilities

comply with regulations and recommendations, irrespective of the geographic location, such as the

new API RP-752 for USA. As expected, thermal impact increases as the distance between the fire

source and building shortens. BakerRisk has a comprehensive test program in place to validate and

refine the CFD simulation approach, and offer a better understanding of thermal hazard impact on

structures and personnel working onsite. This assists in evaluating the protection offered by the

building to its occupants.
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Combustion Modeling, Flame Length, Process Safety, Impinging Fire, Impinging Flame, API RP-752
INTRODUCTION
To better understand and evaluate risk to personnel occupy-
ing process and portable buildings in process facilities,
thermal hazard resulting from jet fires/flames should be
accurately estimated. While some structures on site can
be good for blast and toxic hazard, they could be vulnerable
to thermal hazard, especially if the flames impinge on the
structure and block evacuation/escape routes. Unfortu-
nately, thermal hazard characteristics are not well under-
stood and predicted, especially in horizontal jet flames,
which is the subject of investigation in this paper.

Existing modeling approaches and models used to
evaluate thermal hazard resulting from jet fires have been
described and evaluated in a previous work (Aloqaily
2010). As pointed out in that study, some of these models
such as those discussed by AIChE (CCPS 2000) and
NFPA (SFPE 2002) are simple while others such as the
model discussed by TNO are more comprehensive and
detailed (TNO 2005). A comprehensive model, the geo-
metric solid flame shape model, or Chamberlain’s model
is also used extensively in process safety applications
(TNO 2005). This model is more sophisticated than the
approaches presented by CCPS/API RP 521 and the
SFPE. It has been developed for flame shape and radiation
fields of flares (TNO 2005). Its flame is represented with a
frustum of cone radiating energy from solid body with
uniform emissive power. The flame length is affected by
the release diameter and velocity, and wind speed and direc-
tion. A detailed description of the model with illustration
examples is given in the TNO Methods for the Calculations
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of Physical Effects (TNO 2005). Models that focus on pre-
dicting flame length for specific materials have also been
developed, such as the propane flame investigation pre-
sented in reference (Sugawa 1996).

However, these available thermal hazard models have
focused on predicting the flame characteristics and its
associated thermal field without considering the interaction,
as shown in Figure 1, between the flame and structures/
buildings affected by the flame and hence may not be
suited for problems involving structure/flame interaction.
The usage of Computational Fluid Dynamics (CFD) enables
a more detailed look into these problems with incorporation
of the interaction effects between the flame and affected
structures/buildings as illustrated in Figure 2. Figure 1
does not consider the presence of the building and estimates
a similar concentration of flammable gas at both the front
and back of the building. Since it does not show the effect
of buoyancy, the flame remains horizontal. Figure 2 illus-
trates that the CFD model can incorporate the presence of
the building and estimates the flow of gas around the build-
ing. The approach also effectively captures the shielding
effect owing to the presence of the building. Flame lift off
due to buoyancy of the gas as temperature rises is also esti-
mated appropriately in the CFD model. Capturing these
dynamics allows better estimation of the effect of shielding,
in order to develop exit strategies and other cost effective
measures. While a CFD approach is expensive in terms
of computational resources, it presents a more reliable and
realistic approach to assess the thermal hazard on building/
structures.
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This paper presents CFD analysis results for flame
impinging on buildings, and analyzes the impact of jet
fires on the target buildings/structures located downstream
of the fire source. The interaction between the fire and build-
ing, as well as its impact on the flame shape and thermal
radiation field, are also discussed in this article.

The new requirements of the API RP-752 explicitly
request facilities to assess thermal hazard to building/struc-
tures onsite (API RP 752 2009). Since current modeling
approaches commonly used in process safety applications
do not consider the interaction between jet fires and build-
ings, it is important to consider using CFD, which allows
complex 3-D geometries to be simulated and provides a
detailed description of the fire impact on the buildings.
CFD techniques can also predict the change of temperature
with time at the outer surface of the building (exposed to
fire), the inner surface of the building, and inside the build-
ing, assessing the protection provided by the building to per-
sonnel working inside the building. However, this requires
dynamic simulation, which is beyond the scope of this
paper, and will be investigated in a future work.

NUMERICAL STUDY
This section describes the CFD numerical modeling
approach used in the simulations presented in this paper.
The jet flame results discussed herein were simulated
using the commercial CFD software PHOENICS, devel-
oped by CHAM, UK (PHOENICS Manual 2009). The
characteristic equations defining a jet flame requires
solving turbulence and combustion phenomena, simul-
taneously resulting in a set of complicated Differential
Algebraic Equations. This makes it impracticable to solve
for both phenomena directly, due to the complex interaction

Figure 1. Modeling Horizontal Jet Fire in presence of a

building using simplified approach

Figure 2. Modeling Horizontal Jet Fire in presence of a

building using CFD
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between turbulence and combustion (Aloqaily 2008). As a
result, a set of models are used to simplify the calculations.
These models are discussed in this section. The geometry
used in the simulation presented here is also described in
this section.

NUMERICAL MODEL DESCRIPTION
PHOENICS is a commercial CFD code that can be used to
simulate flow, heat, and mass transfer problems. It contains
a range of turbulence, combustion and thermal radiation
models suitable for simulating turbulent flames. PHOE-
NICS implements the Finite Volume formulation with struc-
tured grids to perform the numerical calculations. It uses
interpolation between cells and cells’ surfaces to evaluate
scalar and vector quantities at cells’ centers and surfaces,
respectively. A special form of SIMPLE algorithm is used
in PHOENICS to handle the coupling between continuity
and momentum equations, namely SIMPLEST algorithm
(PHOENICS Manual 2009). Convergence can be assessed
and controlled in different ways. The residuals of all
variables and spot values of interest can be monitored for
relevant variables in order to assess convergence. PHOE-
NICS mainly implements relaxation techniques to control
and promote convergence. Note that an automatic relaxation
mechanism is available and was used in most of the calcu-
lations, but since parameters can be controlled manually
as well, that was used to aid convergence in some cases.

Models for turbulence, combustion and radiation
were used in combination to simplify the calculations and
solve for the mixing and reaction aspects of the flow. The
models are briefly described below. Detailed description
of the different models, discussed above, is given in a
previous work (Aloqaily 2010).

. The standard k-1 turbulence model (Launder 1982) was
used to solve for turbulence. This turbulence model has
proven to have accurate predictions of flows with recir-
culation, boundary layer, and sheer layer type of flows,
and is widely used in engineering applications (Aloqaily
2008; Launder 1990; Zhou 1999; Mattick 2005).

. The Simple Chemically-Reacting System (SCRS)
model, which implies mixing-controlled and fast reac-
tion, was used to simulate the combustion in this
paper. This model was chosen because the combustion
reaction between the fuel used in this study (methane)
and air is fast, and the combustion phenomena is con-
trolled primarily by the mixing rate of fuel jet and sur-
rounding air (Spalding 1971). This assumption has
proven to be valid especially for highly volatile and
gaseous fuels such as the one considered in this analysis
(i.e. methane). It has been proven that this assumption
simplifies the calculations significantly (Spalding
1979; PHOENICS Manual 2009).

. The IMMERSOL radiation model, as implemented by
PHOENICS, was used in combination with the combus-
tion and turbulent models to estimate the heat radiation
from the jet flame. The model was chosen for this analy-
sis as it can handle the uncertainty in the absorption and
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Figure 3. Schematic of Geometry and Simulation Domain for Fire Cases Simulated in This Paper
scattering coefficients, and is not computationally
demanding (PHOENICS Manual 2009). The combi-
nation of standard k 2 1,

˙
SCRS, and IMMERSOL

models provide a robust and efficient solution method-
ology for simulating horizontal jet flames that combines
good accuracy with reasonable demand for compu-
tational resources. The results presented in this paper
are generated using these three models, as implemented
in PHOENICS.

GEOMETRY AND BOUNDARY CONDITIONS
This paper focuses on the simulation of horizontal non-
premixed methane jet flame, which can result from burning
of methane subsequent to its accidental release from flam-
mable processing units/sources. The fire is impacting a
target building located downstream of the fire source. The
formulation of the problem is given in this section.

Figure 3 illustrates the simple geometry and the simu-
lation domain for the impinging flame. Figure 4 is a closer
look at the geometry of the target building, showing its
dimensions. The target building represents typical Blast
Resistant Modular Building (BRMB) used onsite, which is
common in process facilities. Three cases have been
modeled in this study, covering a building located at differ-
ent distances downstream of the fire source.

The jet fire simulations presented in this paper were
all performed for methane releases from 2 inch release
size at 1,000 psig and atmospheric temperature. As a
result a fixed burning rate was used in all simulations.
Three cases were analyzed for this fixed burning rate, and
the distance between the release source and target building
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was varied to represent three different levels of thermal radi-
ation on building surfaces (high, medium and low thermal
impact). The high, medium and low thermal loads are rep-
resented with thermal radiation levels of 37.5 kW/m2,
12.5 kW/m2 and 4.0 kW/m2, respectively. These thermal
levels are capable of causing different levels of damage to
structures and injury to personnel (as will be explained
later in this paper).

The type of boundary conditions (BC) used in the
simulations was identical for all cases. The jet fire is

Figure 4. Schematic of Target Building used in Simulations

Presented in this Paper
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represented with a release of methane from a horizontal
pipeline, where fixed mass flow rate BC was set at the
exit of the pipeline. The pipeline was assumed to be at a
height of 1.0 m above the ground level. A fixed velocity
inlet BC was defined for surrounding air, which was
assumed to flow uniformly with low turbulent intensity of
5%. The released fuel (methane) was assumed to be
flowing in the same direction as the wind (no crosswind
effect was considered). This results in the flame being sym-
metrical in shape around the plane that goes through the
center of the simulation domain. This in turn implies that
it is sufficient to solve the problem using half of the
domain and assuming the other half as a mirror image (i.e.
applying symmetry boundary condition across the calcu-
lation domain shown in Figure 3 to divide it into two).
Note that although Figure 3 and Figure 4 show a complete
domain, the majority of cases analyzed in this paper were
simulated using half of the domain due to symmetry,
which reduces the time needed for calculations and allows
for higher grid resolution.

An outlet BC was set for the four other edges of the
simulation domain shown in Figure 3 (in the case of sym-
metry, one of these edges was set to symmetry BC).
Outlet BC, as defined in PHOENICS, is a fixed-pressure
boundary that allows mass to leave or enter the solution
domain as needed. The ground level is defined as a Plate
BC with adiabatic conditions, thus permitting no material
to flow through. The logarithmic law is used for the wall
function close to the ground surface, and for the purpose
of this simulation, the ground roughness was ignored.

The temperature of the surrounding atmosphere was
set to 258C, and the fuel content in the atmosphere was
naturally set to zero. These parameters applied to the air
inlet BC and all outlet BCs as shown in Figure 3. The con-
ditions at the exit of the release source were assumed
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to be pure methane at 258C, and sensitivity analysis
showed that temperature has insignificant impact on the
simulation results as the jet temperature rises quickly due
to combustion.

The CFD analysis presented in this paper was per-
formed using a standard numerical approach that was well
described in a previous work performed by the authors
(Aloqaily 2010). As described in this previous work, the
approach was validated against experimental tests per-
formed by BakerRisk, and the results were used to verify
the simulation output.

CFD AND MODELING RESULTS
It is important to mention that while the analysis that is
usually performed for non-impinging flames (usually per-
formed using screening models in Process Safety Appli-
cations) provides information about thermal hazard of
horizontal flames, it still does not take into account the inter-
action between the flame and the affected structures/build-
ings. In this paper, three different cases have been modeled
with the building located at distances chosen to produce
high, medium and low thermal impact on the target build-
ing. These analyses will show the effect of the flame on
the target building, thus providing some of the details not
covered in the typical non-impinging flame analyses cur-
rently performed in process safety applications.

CFD results of jet flame simulations can be
extracted in several formats. Of interest to this work is
the temperature, thermal, and fuel distribution profiles.
These profiles characterize the flame and describe its
thermal hazard and impact. The results are presented in
this section.

All cases were simulated for a 2 inch release size
from a methane source at a pressure of 1000 psig. The
Figure 5. Velocity Distribution for Flame Impinging on Target Building Located 10 m Downstream of Fire Source
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release flow rate was estimated to be 23.7 kg/s. The target
building was located 10 m, 65 m and 95 m downstream of
the fire source. These distances were chosen through an
iterative process to represent the required thermal thresholds
intended in this study (high, medium and low thermal
loads).

Figure 5 shows velocity profiles for the first case
(building located 10 m downstream of fire source). Both
side view and top view (at 1 m above the ground) show
that the target building is impacted with high momentum
from the jet fire because it is too close to the source of jet
fire. The jet fire did not have enough time and space to
disperse and lose momentum before it impacts the building.
However, momentum impact is not the main concern for
this case. Figure 6 shows a distribution of the unburned
fuel (in terms of mass fraction), which represents the

Figure 6. Visible Flame for Fire
209
flame envelope. The figure clearly shows that the building
located at 10 m from the source is engulfed in flame.

The building is predicted to be exposed to high temp-
eratures from the jet fire, as shown in Figure 7 (top view and
side view of flame temperature around the target building).
The temperature at the surface of the building is expected to
exceed 1000 k, as shown in Figure 8, which represents the
predicted temperatures at the surface of the target building.
Thermal radiation levels at the building are predicted to
exceed 37.5 kW/m2, an intensity high enough to cause
serious damage to process equipment (AIChE CCPS 2000).

It is important to mention that the flame impingement
case, discussed above, is not a typical case in Process Safety
(PS) applications. Buildings are usually not located that
close to sources of hazard, and therefore this case should
not be of concern from a PS point of view. The case was
simulated in this paper for comparison purposes only, and
to represent an extreme reference case for high thermal
loads. Results should not, therefore, be alarming to PS
management/personnel.

For the second flame impinging case modeled in this
paper, the target building was located 65 m downstream of
the fire source to produce medium thermal impact on the
building. The building was found to be outside of the
visible flame zone at this distance, as shown in Figure 9,
which presents the flame temperature distribution for this
case. The temperature at the surfaces of the target building
is predicted to be between 400 and 460 K, as shown in
Figure 10.

It has been shown, in a previous work by the authors,
that in order to accurately describe the horizontal flame,
both horizontal length and vertical height of the visual
flame (average height to flame tip) need to be estimated
(Aloqaily 2010). The horizontal flame length (referred to
Figure 7. Temperature Distribution for Flame Impinging on Target Building Located 10 m Downstream of Fire Source
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Figure 8. Temperature Distribution at Building Surface for Flame Impinging on Target Building Located 10 m Downstream of Fire

Source
herein as flame length) is defined as the horizontal distance
from the fire source to the tip of the flame. The vertical flame
height (referred to herein as the flame height) is the vertical
distance from the fire source to the tip of the flame. Figure 6
shows that the flame length is around 40 m and the flame
height is around 20 m. As long as the building is located
outside the 40 m zone, it would be expected to be outside
of the flame and no flame/jet fire impingement is expected.

Inspecting Figure 11, we observe that the target build-
ing at 65 m is located within the range of 12.5 kW/m2,
which is characterized as a medium thermal impact for the
purposes of this paper. This thermal radiation level is suffi-
cient for piloted ignition of wood and plastic tubes melting
(AIChE CCPS 2000). The results of this case show that
moving the building further from the source of hazard can
reduce the thermal impact significantly compared to the
first case discussed above.

It should also be noted that the temperature values
presented in Figure 10 are for the outer surface of the build-
ing. If the building is well-insulated, the temperature inside
is expected to be lower and will rise slowly with time, pro-
viding protection to building occupants. The efficiency of
the building in providing such protection will be the
subject of a future investigation, as it will require dynamic
modeling, which is beyond the scope of this paper.

The third impinging case was simulated for a target
building located 95 m downstream of fire source. This dis-
tance was chosen to result in low thermal impact on the
building. As the flame temperature distribution was
similar to that of Figure 9 it is not shown here.

The building is predicted to be impacted with temp-
eratures in the range of 340–400 k. Thermal radiation
210
contours at 2 m above ground are shown in Figure 11.
The building is predicted to receive an average thermal
load of 4.0 kW/m2. This is a low thermal load sufficient
only to cause pain to personnel if they are unable to reach
cover within 20 seconds. An insulated building should be
capable of providing protection to personnel occupying it,
thus avoiding the impact from thermal radiation. The effi-
ciency of such protection will be the subject of a future
investigation, as mentioned above.

Figure 9. Temperature Distribution for Flame Impacting

Target Building Located 65m Downstream of Fire Source
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Figure 10. Temperature Distribution at Building Surface for Flame Impacting Target Building Located 65 m Downstream of Fire

Source
The impinging flame simulation results presented in
this paper clearly show that there is a need to locate build-
ings (especially portable and modular buildings) away
from thermal hazards. The cases presented in this paper
are used to illustrate this, and should not be taken as absolute
values, because they are limited to the situation discussed
here and are subject to the assumptions used in this paper.
Such assumptions and limitations may not be applicable
in all cases, and it is important to analyze any case by
taking its unique conditions and geometry into account.
The analysis results presented here still need to be verified
experimentally before they are considered final. However,
the trend is still valid. The distance and size of fire and
building affect thermal impact from fires on buildings.
Table 1 summarizes the results and compares the thermal
impact for the three cases.

SUMMARY AND CONCLUSIONS
Horizontal jet flame resulting from accidental methane
release was simulated numerically using the commercial
CFD software, PHOENICS. Three cases of a methane
release impinging on a target building located at different
distances downstream of the fire source were simulated in
this paper. The flame thermal characteristics and impact
on the building were evaluated using PHOENICS.

The CFD results showed that the horizontal flame lifts
up when the jet loses its momentum due to buoyancy, which
results from the heat generated inside the flame. This is an
211
important characteristic of the horizontal jet fire, which
helps reduce the distance to high thermal radiation loads,
and hence thermal impact on buildings located downstream
of the fire source. Simplified Common modeling approaches
currently used in process safety applications do not account
for that. CFD analysis, as performed in this paper, can be
used to assist facilities evaluating thermal hazard to specific
buildings and structures while taking into account a compre-
hensive range of details, which cannot be done using these
simplified models. CFD analysis can therefore help facilities
better understand and estimate thermal hazard, and evaluate

Figure 11. Thermal Radiation Distribution at 2 m above

Ground for Flame Impacting Target Building Located 95 m

Downstream of Fire Source



SYMPOSIUM SERIES NO. 156 Hazards XXII # 2011 IChemE
the ability to meet their commitment to operate safely and
recommended practices such as API RP-752. The fire
cases presented in this paper show an example of reaching
that goal.

The simulation results show that the distance between
the target building and the fire source significantly affects
thermal impact from fires on affected buildings. Buildings
(especially portable ones) should not be located too close
to thermal hazard sources. Table 1 summarizes the results
for the fire cases simulated in this study. The buildings
can provide some protection against thermal impact to per-
sonnel staying inside. The evaluation of such protection will
be the subject of future work.

The work presented in this paper also shows poten-
tially significant benefits that can be gained by using CFD
modeling techniques in PS applications that appropriately
take into account the effect of flame lifting due to buoyancy,
and it also characterizes thermal hazards in a more accurate
and defensible manner. Traditional models incorrectly
apply buoyancy, which can result in highly conservative
estimates of thermal hazards (Aloqaily 2010). This may
lead to incorrect conclusions that expensive mitigation

Table 1. Impinging Flame Simulation Results Summary

Distance

between

Container &

Fire Source

Thermal

Impact

Level

Average Surface

Comments

Temp. Radiation

K kW/m2

10 m High/
Severe

1500 .37.5 1. Building

engulfed in flame

2. Process

equipment

damaged

65 m Medium 450 �12.5 1. Medium Thermal

Radiation Level

2. Piloted ignition

of wood

3. Plastic tubing

melt

95 m Low 360 �4.0 1. Low Thermal

Radiation Level

2. Pain to personnel

in 20 s

3. Second-degree

burns
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measures should be implemented, whereas more accurate
calculations (such as the ones performed by CFD analysis
and presented in this paper) may show that these actions
are not necessary.
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