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Abstract:



Confined fire environments in marine and industrial compartments present
serious safety challenges due to rapid heat accumulation, restricted
ventilation, and complex buoyancy-driven flow behavior. Accurate prediction
of propagation of heat and development of plume is important for the
effective and efficient design of thermal detection and mist-based fire
suppression systems. In the present study, a 2D transient Computational
Fluid Dynamics (CFD) analysis has performed to investigate buoyancy-driven
heat transfer generated by heat source of 0.5 m diameter maintained at 450
°C inside a closed container of dimensions 2.6 m X 2.6 m. The air was
considered as the working fluid, and natural convection was modeled to
capture plume rise, entrainment, and thermal stratification effects. The heat
source was sequentially positioned at four diagonal locations: D1 (0.65 m,
0.65 m), D2 (1.95 m, 0.65 m), D3 (1.95 m, 1.95 m), and D4 (0.65 m, 1.95 m)
to assess the influence of source orientation relative to enclosure (Container)
boundaries. The numerical methodology incorporates mesh-independence
verification, transient time-step control with Courant numbers maintained
below 2, appropriate turbulence modeling, and strict mass conservation to
ensure numerical accuracy. The simulation reveals the formation of strong
buoyancy-driven thermal plumes with peak velocities iin the range 0of 0.9 - 1.3
m/s. Lower heat source configurations produce tall vertical plumes, while
upper source placements result in early plume impingement and the
development of ceiling jets, significantly enhancing lateral heat transport.
Temperature and density fields indicate localized high-temperature zones
near the heat source, with air density reducing to approximately 0.5 - 0.7
kg/m?3 within plume cores. Turbulent kinetic energy reaches peak values of
the order of 10-2 m?/s? along plume shear layers and ceiling interaction
regions, reflecting intense mixing. Pressure and mass imbalance analyses
confirm stable transient behavior, with mass imbalance remaining within
+10-7 kg/s. The findings present design trends under idealized enclosed
conditions, which may support future development of fire detection and
suppression strategies for marine and industrial compartments after further
validation under realistic operating conditions.

.Keywords:

Confined fire dynamics, Buoyancy-driven thermal plume, Computational
fluid dynamics (CFD), Thermal sensor optimization, Water mist fire
suppression

Nomenclature

p - Density of the Fluid, kg/m3

1 - Dynamic viscosity of the fluid, Pa.s

u - Velocity of the fluid, m/s

h - Enthalpy of the fluid, k]/kg

k - Thermal Conductivity of the fluid, W-m~-1-K-1



t - Time involved in the process, Sec

Ts - Source temperature, K

T - Air temperature inside the container, K
B - Thermal expansion coefficient, K-!

vV - Kinetmatic viscosity, m2/s

L - Characteristic length, m

Gr - Grashofs number

Pr - Prandtl number

Ra - Rayleigh Number

P - Pressure in the fluid, Pa

u - X- directional velocity, m/s

v - Y- directional velocity, m/s

Ht - Turbulent eddy viscosity, Pa's

Py - Turbulence production by mean shear
C - CFL constant

AX - Mesh size

u - Velocity

y*- Desired non-dimensional wall distance
V - Kinematic viscosity

U - Friction velocity

gy -Y-directional gravity

k - Turbulent Kinetic Energy

w - Specific Dissipation Rate

kt - Turbulent thermal conductivity

Prt - Turbulent Prandtl number

Dw - Cross-diffusion term

ok - Turbulent Prandtl number for ‘k’

ow -Turbulent Prandtl number for ‘w’

F1 - Near-wall blending function

F2 - Free-stream blending function

« - Production coefficient in the w-equation
B* - Dissipation coefficient in the turbulent kinetic energy equation
B - Dissipation coefficient in the specific dissipation rate equation
al - Eddy viscosity limiter constant

CFD - Computational fluid dynamics

FDS - Fire dynamics simulator

1. Introduction and literature survey

Fire-induced buoyancy-driven heat transfer in confined enclosures remains a
critical safety concern in marine, industrial, transportation, and energy



systems due to rapid temperature rise, smoke accumulation, restricted
ventilation, and limited evacuation possibilities [1]-[3]. Once ignition occurs
within an enclosed domain, interactions among heat release, buoyant plume
development, turbulence generation, radiation effects, and enclosure
boundaries govern the evolution of temperature, pressure, density, and
velocity fields [1], [2], [16]. These coupled processes strongly influence fire
growth, smoke propagation, thermal stratification, and performance of
detection and suppression systems [3], [6].

Fundamental theories of turbulent transport and thermal-fluid interactions
have established that convection dominates heat transfer in buoyancy-driven
flows, while radiative contributions become increasingly important at
elevated temperatures [15], [16]. Early analytical and experimental studies
on compartment fires demonstrated that buoyant plumes dominate heat
transfer during the initial combustion stages, with convective transport
greatly exceeding conductive mechanisms within gaseous phases [1], [2].
Under confined conditions, plume characteristics deviate from classical free-
plume behavior because of reduced entrainment, wall confinement, and
ceiling interactions, producing accelerated plumie rise and earlier ceiling-jet
formation [7], [36]. Smoke accumulation and hct gas movement in enclosed
spaces strongly depend on enclosure geometry and source location [3], [6].

Understanding transient heat transfer and turbulent flow behavior in
confined geometries has attracted increasing attention beyond conventional
fire safety research. Recent investigations involving turbulent wall jets,
impinging jets, and heat transfer over heated surfaces highlighted the
complex coupling among turbulence intensity, boundary interactions, and
localized therma! gradients [58]-[62]. The studies of turbulent wall jet
impingement and twin swirling jets demonstrated that recirculation zones
and impingement effects substantially modify heat transfer mechanisms [58],
[62]. Similar phenomena may occur in confined fire environments where
buoyant plumes interact with enclosure boundaries and ceiling jets [38], [40].

Advances in computational resources have enabled Computational Fluid
Dynamics (CFD) to become the primary tool for analyzing transient fire
behavior in confined spaces. Governing equations for conservation of mass,
momentum, and energy, combined with turbulence and buoyancy modeling,
allow detailed resolution of plume structures and thermal stratification [12],
[14]. Theoretical formulations of CFD and turbulence transport remain
central to enclosure fire modeling [12], [15]. Quintiere [1] and Jones [2]
emphasized that accurate representation of buoyancy-induced flow is
essential for predicting plume rise and ceiling temperatures, while recent
reviews highlighted CFD as indispensable for compartment fire prediction
and optimization of fire safety systems [57].



Several numerical investigations focused on thermal plume dynamics within
cubical and rectangular enclosures, emphasizing effects of enclosure
dimensions and heat-source positioning [7], [17], [18]. Hosseini and Fakhri
[7] demonstrated significant variations in plume height, entrainment rate,
and temperature decay with changing heat source placement. Similar
findings were reported by Zheng and Wang [10] and Yu et al. [17], indicating
that offset and corner-mounted heat sources generate asymmetric
temperature fields and intensified thermal stratification. Recent studies on
compartment heat propagation further confirmed strong dependence of
temperature evolution on enclosure geometry and source placement [18],
[34], [37]. Corner fires exhibit accelerated plume growth owing to restricted
entrainment [36], [43], [44].

Thermal transport enhancement due to localized turbulence and geometric
modifications has also been explored in studies involving phase change
materials (PCM) and impinging jets [59]-[61]. Investigations reported that
inclined surfaces and jet impingement significantly alter melting rates and
transient thermal responses [59]-[61]. Such findings are relevant to confined
fire scenarios where enclosure geometry and internel structures alter plume
trajectories and heat accumulation patterns.

Turbulence modeling remains critical for accurate prediction of buoyancy-
driven plume behavior. Comparative studies on k-g¢ and k-w models
demonstrated satisfactory predictionn of natural convection plumes under
appropriate mesh and timestiep conditions [8], [39]. Although Large Eddy
Simulation (LES) provides improved representation of transient turbulence
and combustion phenomena [13], [46], computational expense restricts its
use in extensive parametric studies. Recent investigations into transient
turbulent plume modeling have therefore continued to employ RANS-based
approaches for engineering applications [45]. Consequently, transient
Reynolds-Averaged Navier-Stokes approaches remain widely used in
enclosure fire simulations [45], [57].

Numerical stability and solution accuracy are essential considerations in
transient CFD analysis. Studies highlighted the importance of Courant
number control, grid independence assessment, and convergence criteria in
buoyancy-dominated thermal simulations [9], [20], [21]. Mesh quality metrics
strongly influence plume stability and numerical accuracy [49]. Verification
and validation frameworks have been proposed to minimize numerical
uncertainty and improve confidence in simulation predictions [47], [48].
Coupled conduction-convection simulations also require careful accuracy
assessment under transient conditions [51].



Thermal stratification and ceiling-layer formation constitute important
characteristics of compartment fires. Experimental and numerical
investigations demonstrated rapid formation of hot gas layers beneath
enclosure ceilings, especially under elevated or offset heat sources [19], [31],
[32]. Ceiling jets strongly influence lateral heat transport, resulting in non-
uniform temperature distributions and delayed heating of lower regions [33],
[38]. Similar jet-induced heat transfer enhancement mechanisms have also
been observed in turbulent impinging flow studies [58], [62]. Boundary layer
behavior near heated surfaces additionally affects thermal transport and
plume development [40].

Optimization of thermal sensor placement has therefore emerged as an active
research area. CFD-based investigations reported that sensor activation time
strongly depends on sensor location relative to plume trajectories and local
thermal gradients [11], [27], [55]. Sensors positioned within regions of high
temperature gradient respond substantially faster than those located in
thermally uniform regions [35]. Sensor performance evaluation using CFD
has become increasingly important for enclosed fire safety applications [53],
[55].

Parallel to fire detection systems, water-mist suppression technologies have
gained significant attention in marine and confined applications due to
superior cooling capability and reguiatory acceptance [5], [22], [26], [52].
Studies demonstrated that interactions between mist droplets and fire-
induced plumes depend strongly on turbulence intensity, plume velocity, and
density gradients [4], [41], [42]. Investigations on marine engine-room and
machinery-space fires showed suppression efficiency to be highly sensitive to
nozzle positioning and spray orientation [23]-[25]. Full-scale experiments
further investigated thermal control characteristics of water mist systems
under single- and multiple-source fire conditions [56].

Recent CFD analyses revealed that mist nozzles aligned with dominant plume
trajectories and ceiling jets exhibit improved cooling and suppression
performance [29], [30]. Hyper-mist deployment frameworks emphasized
targeting regions with elevated turbulence kinetic energy to maximize
droplet-gas interaction [28]. However, suppression efficiency may reduce
considerably when droplets are introduced into recirculation-dominated
zones [41]. Marine fire safety regulations and suppression standards provide
performance-based criteria but offer limited guidance regarding optimized
sensor and nozzle placement under transient conditions [5], [26], [52].

Recent benchmark datasets and validation studies highlighted the growing
need for integrated CFD-based methodologies supporting performance
optimization in confined compartments [50], [54], [65]. Benchmarking



against experimental data is increasingly recognized as essential for
validating transient fire simulations [54]. Reference thermophysical property
data and engineering standards continue to support fire safety design
methodologies [50]. Recent numerical studies have extensively investigated
buoyancy-induced flow and heat transfer behavior in enclosed cavities under different
thermal boundary conditions [63]. For instance, studies on magnetohydrodynamic
buoyancy-driven flow in non-isothermally heated square enclosures demonstrated
the significant influence of Rayleigh and Hartmann numbers on temperature
distribution and flow circulation patterns. Similarly, three-dimensional investigations
of buoyancy-induced flow in nanofluid-filled cavities with internal obstacles
highlighted the effects of enclosure geometry and obstacle configuration on heat
transfer and entropy generation[64].

From the reviewed literature, it is evident that buoyancy-driven plume
dynamics, thermal sensor response, turbulence modeling, and water-mist
suppression have largely been investigated independently [1]-[57].
Furthermore, recent developments in turbulent impinging jets, wall jets, and
phase change heat transfer reveal additional mechanisms governing
transient thermal behavior in confined systems [58]-[62]. Nevertheless, a
significant research gap persists regarding integrated transient analyses
linking heat source location with coupled evchition of temperature, pressure,
density, velocity, turbulence characteristics, sensor activation, and Hyper
Mist suppression effectiveness within confined enclosures. In particular,
effects of corner and offset lieat sources on optimized sensor-nozzle
placement strategies remain insufficiently quantified under transient
conditions. The present study addresses this gap through comprehensive
transient CFD simulafions aimed at systematically connecting plume
dynamics with practical guidance for thermal sensor and Hyper Mist nozzle
placement in confinied marine and industrial environments.

2. CFD Methodology and Model Setup
2.1 Geometry Description

Figure 1 illustrates the geometric configuration of the computational domain
and the prescribed locations of the heat source within the confined container.
The enclosure is a square container of internal dimensions 2.6 m X 2.6 m,
representing a simplified two-dimensional confined compartment. The square
boundary denotes the rigid, sealed walls of the container used in the CFD
simulations. The star symbols indicate the centers of the circular heat source
(0.5 m diameter) placed at four distinct diagonal locations inside the
enclosure to study the effect of source positioning on heat propagation and
plume development. These locations are intentionally chosen to be offset
from both the geometric center and the walls, ensuring symmetric yet non-
central placement.



Table 1: Positions of the diagonally mounted heat sources in container

Diagonals | X-Coordinate | Y- Heat source position in
(m) Coordinate the container
(m)

D1 0.65 0.65 located near the lower-left
quadrant

D2 1.95 0.65 located near the lower-right
quadrant

D3 1.95 1.95 located near the upper-right
quadrant

D4 0.65 1.95 located near the upper-left
quadrant

Each position lies midway between the container center and the respective
corner, maintaining equal offset distances of 0.65 m from the adjacent walls
and 1.95 m from the opposite walls. This arrangement enables a systematic
assessment of diagonal asymmetry effects on buoyancy-driven thermal plume
formation, temperature stratification, and wall interactions. By keeping the
enclosure geometry and heat source characteristics constant while varying
only the location, the figure establishes a comntrolled framework for isolating
the influence of source position on transient heat spread, plume height, and
thermal field evolution - critical parameters for optimizing thermal sensor
placement and hyper-mist nozzle distribution in confined fire safety
applications.
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Figure 1: Positions of the heat source in the container.

Note: Coordinates of the heat source position are as follows:
D1(0.65m,0.65m, D2(1.95m, 0.65m), D3(1.95m,1.95m), D4(0.65m, 1.95m)

The domain contains only air initially at ambient conditions (27 °C, 1 atm).
No openings exist on walls, simulating an enclosed real shipboard space.

2.2 Meshing Strategy and Grid Sensitivity
Table 2: Mesh files

Diagonal | Mesh file Diagonal | Mesh file
positions positions

D2
D1 (x=1.95m,
(x=0.65m, y=0.65m)

y=0.65m)




D3
(x=1.95m,
y=1.95m)
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Figure 2: Boundary layers (12 in numbers) applied on heat source wall
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Figure 3: Boundary layers (12 in numbers) applied on container wall (right),
(Similarly, it is added on container left wall, top wall and bottom wall which
is not shown here)
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Figure 4: Quad mesh in the air domain away from boundary walls of heat
source and container wall

Table 3: Mesh independence study parameters

Sr. | Mesh Number | Number | Inflation | Transition | Growth | Area Temrg
No. | with of of layers ratio rate weighted at
global | nodes Elements Temperature | point
element at probe
size point (0.3,0),
°C
1 0.03 18174 17827 12 0.272 1.2 47 102
2 0.02 27659 | 27299 12 0.272 1.2 46.3 101.5
3 0.01 79630 79041 12 0.272 1.2 46 101

The mesh independence study was performed using three global element
sizes, 0.03 m, 0.02 m, and 0.01 m (as shown in Figure 2 to 4), to evaluate the
sensitivity of the numerical solution to mesh refinement. Temperature data
were extracted at two probe locations, (0.3, 0) and (0, 0.5), which represent
regions of strong convective effects respectively. The results showed that as
the mesh was refined from 0.03 m to 0.01 m, the temperature variations at
both probe points decreased significantly: the temperature at (0.3,0) varied
from 47 °C - 46.3 °C — 46 °C, while the temperature at (0,0.5) changed from
102 °C —» 101.5 °C - 101 °C. The maximum deviation between the 0.02 m
and 0.01 m meshes is less than 2%, indicating that further refinement does
not produce meaningful improvements in accuracy.



The probe-point temperature-versus-time plots (refer to figures 6 and 7) also
show nearly identical transient trends for the 0.02 m and 0.01 m meshes,
confirming that the flow and thermal structures are captured consistently. In
contrast, the 0.03 m mesh shows slightly larger fluctuations due to under-
resolution of near-wall gradients. Based on these observations, the 0.02 m
global element size provides an optimal balance between numerical accuracy
and computational cost, achieving mesh-independent behavior while
maintaining simulation efficiency. Thus, the mesh size of 0.02 m was selected
for all further simulations to ensure reliable results within the targeted 2%
accuracy margin.

Figures 2 to 5 illustrate the meshing strategy adopted for the two-
dimensional heat-spreading simulation. A structured quadrilateral mesh was
generated throughout the square container domain to maintain element
regularity and minimize numerical diffusion. The mesh is globally refined
with an element size of 0.03 m, providing uniform resolution in the core flow
region while enabling efficient computation. To accurately resolve the steep
thermal gradients around the circular heat source and along the container
walls, an inflation layer comprising 12 prism layers was applied on all solid-
fluid interfaces. A transition ratio of 0.272 and a growth rate of 1.2 were used
to progressively expand the layer thickness away from the walls. This
combination ensures a smooth transition from the near-wall fine mesh to the
coarser bulk mesh, thereby improving stability and reducing discretization
error. The inflation region captures the near-wall heat transfer phenomena
with high fidelity, which is critical for predicting heat spreading behavior.
Table 4: Mesh quality check through different contours

Sr. Description Contours
No.
1. Orthogonal Orthogonal Quality

quality 1.006+00
9.710-01
9.41e-01
9.12¢-01
8.83¢-01

8.54e-01

8.24e-01
7.95e-01
7.66e-01
7.36e-01

7.07e-01
contour-1




Aspect ratio

Aspect Ratio

2 83e+M
256e+01
2.20e+01
2.03a+01
1.768+01
1.488+01
1.22e+01

9.4%e+00

6.80e+00

4. 11e+00

1.428+00
contour-1

Mesh poor
elements

Mark Poor Elements

0.00e+00
0.00e+00
0.00e+00

r 0.00e+00
- 0.00e+00
- 0.00e+00
- 0.00e+00

- 0.0U2+00
J‘- 0.00e+00

0.00e+00

0.00e+00
contour-1

Cell-Equiangular
skewness

Cell Equiangle Skew

5.05e-01
4. 54e-01
4.04e-M
3.53e-01
F 3.03e-01
- 2.52e-01
2.02e-01

1.01e-01
5.05e-02

6. 02a-05
contour-1

F 1.51e-01




The mesh quality check was performed to ensure the correctness of the
results and details have mentioned in the Table. The orthogonal quality
contour indicates that the majority of the computational cells possess values
close to unity, with only minor local reductions near the curved heat-source
boundary where geometric refinement is necessary. Since orthogonal quality
values greater than 0.2 are considered acceptable for transient natural
convection simulations, the obtained distribution confirms excellent cell
alignment and minimal numerical diffusion. This ensures stable pressure-
velocity coupling and accurate resolution of buoyancy-driven flow structures.

The cell equiangle skewness contour shows that most cells lie within the low-
skewness range, with values well below the critical threshold of 0.85
recommended by ANSYS FLUENT. Slightly elevated skewness is observed
only in highly refined regions around the circular heat source, which is
expected due to curvature-induced grid transitions. These localized values
remain within permissible limits and do not adversely affect solver
convergence or solution accuracy.

The “Mark Poor Elements” contour confirms the absence of critically poor-
quality cells across the computational domain. No cells violate ANSYS
FLUENT’s mesh-quality constraints, indicating that the grid does not contain
inverted, highly skewed, or degenerate elements. This validates the
robustness of the mesh for transient thermal and flow simulations.

The aspect ratio contour demonstrates that the majority of cells exhibit low
and uniform aspect ratios, remaining within the acceptable range
recommended for natural convection problems. Slightly higher aspect ratios
near boundary layers are intentional and beneficial for resolving thermal
gradients adjacent to walls and the heat source without compromising
numerical stability.

Overall, all mesh-quality parameters—orthogonal quality, skewness, aspect
ratio, and poor element indicators—remain well within the ranges specified
by ANSYS FLUENT best-practice guidelines for transient buoyancy-driven
heat transfer simulations. The selected mesh therefore ensures numerical
stability, accurate plume resolution, reliable temperature prediction, and
solver convergence, making it appropriate and correct for the present
confined fire heat-propagation study.

2.3 Governing Equations:

Assumptions used in Two dimensional (2-D) Simulation

0 Two-dimensional, transient (unsteady) flow was considered in the x-
and y-directions.



Air was modeled as a variable-density Newtonian fluid using the
ideal gas law.

The flow was assumed to be low-Mach-number turbulent flow and
modeled using the k-w SST turbulence model.

Gravity acted in the negative y-direction with g = —9.81 m/s?

No-slip boundary conditions were applied at the heat source and
container walls.

Buoyancy effects were captured through temperature-dependent
density variations rather than the Boussinesq approximation.

Y s Y o Y

Continuity Equation (2-D)
For incompressible flow:

Continuity equation has been presented in equation (1),
o0 4 alpw) o V) _ g

A e (1)
Where,
P =density

u = velocity in x-direction
v = velocity in y-direction
Momentum Equations (2-D RANS):

‘X’ and Y’ directional momentum equations have been presented in
equations (2) and (3) respectively.

X-Momentum Equation:

a(pu) a(puu) a(pvv)| _ ap 3 au 3 ou
TS S N (PRS- — @)
Y-Momentum Equation:

a(pv) a(puv)  a(pvv)| _ _dp , 9 v 9 v

( st T Tox ay ) - ay + ax[(“ + ) ax] . ay[(Ll + ) ay] + P gy -
(3)

Where,

1 = is molecular dynamic viscosity,
1t = p . vt is turbulent (eddy) viscosity,
P = PRT (ideal gas law)



P = Pressure,
R = gas constant
T = temperature

Energy Equation (2-D):

The energy equations have been presented in equations (4) and (5)

a(p CpT) + a(p u CpT) + a(p v CpT)

at X ay ) = %[(k + Kt)% ] + %[(k + Kt)% ] __________ (4)

with turbulent thermal conductivity:

_ kC
Kt = b S )

Turbulence Model:
k-w SST (2-D Form):

The turbulent kinetic energy equations have been presented in equations
(6) and (7)

Turbulent Kinetic Energy (k) Equation:

a(pk) + a(puk) + o(pvk) _
ot ax ay

3 ok 3 ok
P.-B* pkw + o+ okpog [+ 5 (0 + ok pog |-

Specific Dissipation Rate (w) Equation:

A(pw) + a(puw) + olpvw) _
ot X ay

oW F)
ax ay

[0 + 00 w2 |+ Dy ~7)

w
a TP - BPw?+ {(k+ oy k)

Where, Dw is the cross-diffusion term used in SST formulation.
Turbulent Viscosity Closure:

The equation for turbulent viscosity closure has been mentioned in equation

(8)

palk
max(alw, S Fy)

Mt =
- (8)



Buoyancy force in y-momentum equation:

The equation for the buoyancy force used in the simulation has been
presented in equation (9)

065 = (210 e

Table 6: Fluid and Physical Constants (Air) at 27 deg C

Parameter Symbol Value / model used Unit
Densit Temperature ka3
y P dependent, (P/RT) g
Dynamic 1 1.7894x10-5 kg-ml-s1
Vviscosity
Specific heat cp 1006.43 J.kg1-K1
Thermal - k 0.0242 W.mL- KL
conductivity
Gravity (Y- _ 9
direction) gy 9.81 Pt .S
Gas constant R 287 J_.S{Ig_l
Turbulence Model Constants
k-w SST Model (Default Fluent Values):
Table 7: Model Constants
Constant Symbol | Value
Turbulent kinetic energy production
- 04 0.31
coefficient
Dissipation coefficient (k-equation) Bk 0.09
Dissipation coefficient (w-equation) B 0.075
Eddy viscosity limiter constant al 0.31
Table 8: Diffusion Coefficients
Quantity Symbol Value
Turbulent Prandtl number
1 ok 0.85
for 'k
Turbulent Prandtl number
for o’ ow 0.50
or ‘w

Table 9: Blending Function Constants (SST):

9)



Constant Value
F1 Near-wall blending (k-w)
Free-stream blending (k-¢
F2 .
behavior)

These values were calculated automatically by the software based on the
wall distance

Table 10: Turbulent Viscosity and Heat Transfer Parameters:

Parameter Symbol Value
Turbulent viscosity Ht Computed by SST model
Turbulent Prandtl

Prt 0.85
number
Turbulent thermal K <t — M:Cp
conductivity t ~ Pr,

Pressure-Velocity Coupling (SIMPLE Scheme)

Table 11: Under-Relaxation Factors (Transient Defaults):

Variable ! heliaxatlon
actor
Pressure i 0.3
Density ~\ 1.0
Body forces <\ 1.0
Momentum A 0.7
Energy o\ 1.0
Turbulent kinetic energy (k) 0.8
Specific dissipation rate (w) 0.8

Table 12: Temporal Discretization Parameters:

Parameter Value
Time formulation Implicit
Time step size User-defined (e.g. 0.002 s)

Courant number limit <2
Iterations per time step | 10

Table 13: Convergence Criteria (Residual Limits)

Equation Residual
Target
Continuity 10-5




X-velocity 10-°
Y-velocity 10>
Energy 10-6
Turbulent kinetic energy (k) 105
Specific dissipation rate (w) 10-°

2.4 Theoretical basis for selection of the specific flow model

The heat spreading inside the container is driven by natural convection. The
buoyancy-induced motion of air transports thermal energy from the source
to the surrounding fluid. The buoyancy force responsible for natural
convection. The Grashof number characterizes the relative strength of
buoyancy forces compared to viscous forces, whose equation (10) has
mentioned below:

Gr = 9B(0:-T.) L3 - - - - - P =R (10)

\)2
A high value of Gr (>10°) indicates strong buoyaicy-driven convection and
the onset of turbulence in natural convectioi.
The Rayleigh number governs the nature of convective flow, presented has
been mentioned in equation (11).
Ra = Gr x Pr --- -- -- -- S (11)

For all studied temperatures Ra > 109, confirming the turbulent and highly
fluctuating nature of the thermal plume, with well-mixed hot fluid rising and
cooler fluid recirculating.

A two-dimensional simulation is considered appropriate due to the geometric
symmetry of the container and the corner-mounted positions of the heat
sources. The dominant thermal stratification and plume development occur
primarily along the vertical planes extending from each heat source, allowing
a 2-D model to effectively capture the essential flow structures while
significantly reducing computational effort. This simplification is widely
accepted in cases where lateral heat losses are negligible compared to the
vertical plume motion. To assess the flow regime (laminar or turbulent)
within the container, preliminary calculations were performed based on the
characteristic flow parameters of the present simulation.

Ambient/air temperature = T, = 27 + 272 = 300K
Surface / source temperature = Tg = 200 + 450 = 723 K

The coefficient of thermal expansion = B = — = — = 0.0032

Characteristic length = L = 0.5 m



10> m?2

Kinematic viscosity = v = 1.57 x

_ _ 9B(Ts-T,)L? _ 9.81x0.0032%(723-300)x0.5% _ %
Grashof Number = Gr = 157%105)? 0.6944
1010

Prandtl Number = Pr = 0.7 (for the given temperature conditions)

Rayleigh Number = Ra = Gr x Pr = (0.6944 x 101°) x 0.7 = 4.8608 x 10°
As the observed value of the Rayleigh number (
Ra)was found to be greater than 10°, the flow is turbulent, and highly
fluctuating, well-mixed thermal plumes will be produced.

2.5 Theoretical Basis for First-Layer Height and Time-Step
Calculation

Accurate prediction of near-wall heat transfer in buoyancy-driven or mixed
convection flows requires resolving the viscous sublayer with adequate mesh
refinement. The first-layer thickness and total inflation-layer height were
therefore calculated based on the non-dimensional wall distance, y+, which
ensures proper integration of the turbulence mmodel and enhanced wall
treatment. The time step calculation is mentioned in equation (12).

Time Step Calculation (CFL-Based): At = C X Au—x - - ---(12)
Mesh Settings: y* = 1 (near-wall mesh requirement),

Growth rate = 1.2,

Boundary Layer & First Cell Height Calculation:

Total Prism Layer Thickness: Total thickness = 10 x first cell height,
Smooth prism layers required.

First cell height calculation has mentioned in equation (13).

Wall Distance (First Cell Height) Formula =y = yv -- (13)

Uz

Friction velocity calculation has mentioned in equation (14).

Friction Velocity = u; = U\E - -- -- -- —--(14)

Free stream velocity =
Pseudo Courant number =
Target wall distance =

Kinematic viscosity = v = 1.5 x 105> m?/s
Characteristic length =
Reynolds Number =

Skin Friction Coefficient =



Final First Layer Height =
Friction Velocity =

First Layer Height (fory+ = 1) =

Time Step from CFL Condition = At = C X = = 2 x % = 0.0021082s

The mesh size and time-step calculations were performed to ensure
numerical stability and accurate resolution of near-wall thermal and velocity
gradients in the natural convection simulations. The first-layer height was
determined using the non-dimensional wall distance requirement (y* = 1) to
properly resolve the viscous sublayer under enhanced wall treatment. Based
on the characteristic length L = 0.5 m, free-stream velocity U = 0.5 m/s, and
air kinematic viscosity v = 1.5 X 107> m?/s, the Reynolds number was
computed as Re = 1.67 x 10%. The corresponding skin-friction coefficient (Cf
= 0.006487) was obtained using the empirical relation C; = 0.026Re"/7,
From this, the friction velocity was calculated as u; = 0.02846 m/s, giving a
first-layer thickness of y = 5.27 x 10-* m. This ensures that the near-wall
mesh meets the turbulence-model requirements and captures the sharp
thermal gradients occurring around the heat source and container walls.
The time-step size was derived using the CFL (Courant-Friedrichs-Lewy)
condition to maintain numerical stability for transient flow simulation. Using
a pseudo Courant Number, C = 2, the first-cell height Ax = 5.27 x 107* m,
and free-stream velocity U = 0.5 m/s, the time step was found to be At =
0.002108 s. This time-step value allows the solver to capture the evolution of
the thermal plume without violating stability constraints, while ensuring
smooth convergence throughout the transient simulation.

2.6 Solver Settings

Table 13 : Numerical set details

Numerical Parameter Value/Model Used

Pressure-Based
Solver

Transient

- 5 - o
Gravity 9.81 m/s?, Vertical, (along the Y -axis in

this model)

Models Energy Equation: ON




Turbulence : K- w SST

Cell zone conditions / Material | Fluid: Air, incompressible

properties Solid : Corten steel

Heat source: no slip, wall with
temperature 450 deg C

Container walls: adiabatic, corten steel
Air temperature = 27 deg C

Solution method (Pressure- | Semi-implicit pressure linked equation
Velocity Coupling) (SIMPLE for transient)

Boundary conditions

Least square cell based

Pressure: Second Order Upwind
Spatial Discretization Momentum: Second Order Upwind
Energy: Second-Order Upwind

Turbulence (k, w): Second-Order Upwind

Continuity = 1e >,
x- velocity = ie =

y- velocity = 1e

Residuals

Energy = le -6

'K =1e

Epsilon = 1e
Tterations per time siep 10
Total number of time steps 15000
Time Step (At) 0.002 s (ensuring Courant number < 2)
Total Simulation Time 30 sec

2.7 Monitoring Parameters

The convergence criteria for the present simulation were set using residuals
to ensure solution accuracy. The residuals for continuity, x-velocity, y-
velocity, turbulent kinetic energy (k), and turbulent dissipation rate (g) were
set to 1 x 10 —5 while the energy residual was set to 1 x 10 —6. The simulation
was performed for a total physical time of 30 sec, with a time step size of
0.002 sec. Each time step was solved using 10 iterations, which ensured that
all residuals were reduced below the specified thresholds, indicating a stable



and converged solution. The residual graphs for the different orientation of
the heat source has mentioned in the Figure 5.
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Figure 5: Residual graphs for different cases
3. Results and Discussion
3.1 Case-wise Heat Propagation Analysis

3.1.1 Case-1 Heat source placed location D1 - (0.65 m, 0.65m):



The transient temperature contours from the two-dimensional simulation
illustrate the evolution of a buoyancy-driven thermal plume generated by a
corner-mounted circular heat source (D1: 0.65 m, 0.65 m) maintained at 450
°C within a 2.6 m X 2.6 m enclosure. Within the first few seconds,
temperature rise is highly localized, and a narrow vertical plume forms
directly above the heat source, indicating natural convection as the dominant
heat transfer mechanism. Between 10-15 s, the plume elongates and thickens
due to entrainment of surrounding cooler air, with initial lateral heat
spreading becoming evident. By 20 s, interactions with enclosure boundaries
induce recirculation and thermal stratification, resulting in wider, non-
uniform temperature distribution. At later times (25-30 s), significant heat
accumulation occurs, and temperature gradients reduce as the system
approaches transient thermal equilibrium. These results highlight the strong
influence of confinement on heat propagation and emphasize, from a marine
and industrial fire-safety perspective, the critical importance of early thermal
detection above potential fire sources and timely activation of water-mist or
Hyper Mist systems, as delayed suppression allows widespread lateral and
vertical heat spread, reducing control effectiveness. Optimized placement of
thermal sensors and mist nozzles along expected plume paths and upper
regions is therefore essential for rapid fire response. Key findings include:
early formation of a buoyancy-driven plume confirming vertical heat
transport dominance, progressive plume slongation and thickening due to air
entrainment, increasing lateral spreading with plume-boundary interactions,
significant confinement effects after 20 s, development of recirculation and
thermal stratification, substantial heat accumulation at later times, and
reduced temperature gradients signaling approach to thermal equilibrium.
The study provides practical guidance for sensor and suppression system
design, demonstrating that fire source location governs heat propagation and
that timely, strategically positioned mitigation measures substantially
improve fire control efficiency in confined marine and industrial
environments.

5 sec 10 sec 15 sec




Static Temperature
[C]
4.50e+02

4 08e+02
3.65e+02
- 3.23e+02
r 2.81e+02
- 238102

| 1.966+02 20 sec 25 sec 30 sec
L 1548402

1.11e+02
6.92e+01
2.69e+01

contour-1

Figure: 6 Temperature contours for D1 - (0.65 m, 0.65m)

3.1.2 Case-2 Heat source placed location D2 - (1.95 m, 0.65m)

The transient temperature contours illustrate the evolution of heat
propagation from a corner-mounted circular heat source maintained at 450
°C within a 2.6 m X 2.6 m enclosure. Within the first 5 s, a narrow vertical
thermal plume forms directly above the source, indicating the onset of
buoyancy-driven natural convection, while the remainder of the enclosure
remains near ambient temperature. By 10-15 s, the plume elongates and
begins to curve due to interactions with enclosure boundaries, reflecting
asymmetric flow develcpment induced by confinement. Around 20 s, hot
gases spread laterally along the upper regions, forming recirculation zones
that redistribute heat away from the source. At 25-30 s, large-scale
circulation leads to widespread temperature elevation, with reduced local
gradients near the source indicating dominance of convective transport over
conduction and increasing influence of enclosure effects on overall thermal
behavior. These results confirm that buoyancy-induced flow governs early
heat transport, while confinement shapes later-stage temperature
distribution. From a fire-safety perspective, the study underscores that
delayed intervention allows extensive heat spread and reduces suppression
effectiveness. Early detection directly above the source, coupled with prompt
activation of mist-based fire suppression systems, is therefore critical.
Optimal placement of thermal sensors and Hyper Mist nozzles along
anticipated plume paths and in upper regions of the enclosure ensures rapid,
effective fire control in confined marine and industrial spaces.



Siatic Temperature
[C]

4.508+02
4.08e+02
3.65e+02

3. 23e+02
281e+02
238e+02

1.96e+02

1.54e+02

I ieson 5 sec 10 sec 15 sec

6.92e+01

2 69e+01
cont our-1

20 sec 25 sec | 30 sec

Figure: 7 Temperature contours for D2 - (1.95 m, 0.65m)

3.1.3 Case-3 Heat source placed location D3 - (1.95m, 1.95m)

The transient temperature contours illustrate the heat transfer behavior
when the circular heat source is positioned near the upper region of the 2.6
m X 2.6 m enclosure, showing altered plume dynamics due to proximity to
the ceiling. Within 5 s, the thermal plume forms above the source but quickly
impinges on the top boundary, limiting vertical rise and initiating early lateral
spreading along the ceiling. By 10-15 s, hot gases travel horizontally beneath
the ceiling, creating a ceiling-hugging thermal layer rather than a freely
rising plume, indicating that buoyancy-driven flow is rapidly constrained by
enclosure geometry. Around 20 s, recirculation zones develop as heated air
moves laterally and descends alongside walls, promoting internal mixing. At
25-30 s, the upper enclosure exhibits sustained elevated temperatures while
the lower region remains cooler, demonstrating rapid thermal stratification.
These results highlight that ceiling proximity accelerates enclosure heating,
suppresses vertical plume development, and alters heat propagation
patterns. From a fire-safety perspective, early detection is most effective with
ceiling-mounted thermal sensors, and mist or Hyper Mist nozzles positioned
solely at mid-height may underperform initially. Effective suppression design
should therefore include ceiling-level discharge to intercept hot gas layers,
emphasizing that fire source elevation critically influences thermal behavior
and mitigation strategies in confined marine and industrial spaces.
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Figure: 8 Temperature contours for D3 - (1.95m, 1.95m)

3.1.4 Case-4 Heat source placed iocation D4 - (0.65m , 1.95 m):

The transient temperature contours illustrate the thermal response of the
enclosure when the circular heat source is positioned near the upper corner.
Within 5 s, a short, narrow thermal plume forms but immediately interacts
with nearby boundaries, restricting vertical growth. By 10-15 s, the plume
spreads laterally along the ceiling and adjacent wall, forming an inclined hot
gas layer that propagates away from the source, highlighting the strong
influence of geometric confinement on buoyancy-driven flow. Around 20 s,
complex recirculation patterns develop, with warm air accumulating in the
upper corner while cooler air remains in the lower region. At 25-30 s, the hot
layer thickens and extends along the ceiling, and temperature gradients
reduce due to increased mixing. These results demonstrate that corner
placement accelerates localized heat buildup, alters plume symmetry, and
produces pronounced thermal stratification. From a fire-safety perspective,
early detection requires corner-mounted thermal sensors, while standard
centrally positioned mist nozzles may be ineffective; Hyper Mist systems
should incorporate targeted corner and ceiling-level nozzle placement.
Overall, the findings emphasize that the fire source location critically governs
heat propagation, localized hot-spot formation, and optimal suppression
strategies in confined enclosures.
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Figure: 9 Temperature contours for D4 - (0.65m, 1.95 m)

3.2 Pressure contour Aneaolvsis
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Figure: 9 Static pressure contours for different orientations of heat source in
container @ 30 sec

The static pressure contours represent relative (gauge) pressure
distributions obtained from the CFD solver and are used to indicate local
buoyancy-driven flow patterns within the enclosure. For D1 and D2, localized
low-pressure regions develop near the heat source due to upward
acceleration of heated air and associated plume forination, while D3 and D4
exhibit more stratified pressure distributions because of ceiling interaction
and confinement effects. The observed pressure variations, typically of the
order of 10-! to 10° Pa, primarily reflect relative flow redistribution and
buoyancy-induced circulation, rather than physically significant pressure
changes. Therefore, the pressure contours are interpreted qualitatively to
understand plume evolution, recirculation behavior, and enclosure effects,
and should not be considered direct indicators of fire severity, pressure
hazards, or suppression performance. These results provide complementary
information regarding flow structure alongside temperature, velocity, and
density distributions.

3.3 Density Contour Analysis
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Figure: 10 Density contours for different orientations of heat source in
container @ 30 sec

The density contours illustrate the influence of heat source location on
buoyancy-driven density variations within the 2.6 m X 2.6 m enclosure, with
elevated temperatures corresponding to reduced air density that drives
natural convection and plume formation. Across all configurations, densities
range from approximately 0.49 kg-m~3 in the hottest plume regions to 1.17
kg'm~3 in cooler ambient zones. For D1, a strong vertical low-density plume
forms above the source (0.49-0.55 kg-m~=3), with surrounding air near 1.10-
1.17 kg-m~3, promoting efficient buoyant transport with minimal early wall
interaction. In D2, wall proximity deflects the rising plume, producing an
asymmetric low-density region (0.55-0.65 kg-m~3) and enhanced lateral
mixing. Upper-corner sources D3 and D4 experience early plume
impingement on the ceiling, forming stratified low-density layers (0.60-0.72
kg-m~3) near the top while lower regions remain denser (1.10-1.17 kg-m~3),
with D4 exhibiting slightly smoother gradients due to enhanced circulation.
These results highlight that lower-source placements generate strong
vertical plumes, whereas upper-source positions induce early stratification
and reduced plume penetration. Density gradients are steepest in
unrestricted plumes, while proximity to walls and ceiling significantly alters
distribution and trajectory. Low-density regions correspond to preferred hot-
gas paths and rapid buoyant acceleration, influencing smoke transport, early
fire detection, and mist penetration. Overall, the study confirms that heat
source orientation critically governs density stratification, plume behavior,
and effective suppression strategy design in confined marine and industrial
enclosures.

3.4 Velocity contour analysis
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Figure: 11 Velocity contours for different orientations of heat source in
container @ 30 sec

The velocity magnitude contours demonstrate the development of buoyancy-
driven flow and reveal the strong dependeince of flow structure on heat
source location within the 2.6 m X 2.6 m enclosure. Across all configurations,
velocities range from quiescent regions near 0 m-s—! to peak values around
1.36 m-s~! in regions of intense plume acceleration or ceiling-attached jets.
For D1, a strong vertical plume forms above the source with maximum
velocities of approximately 1.36 m-'s~! and secondary recirculation along
enclosure boundaries, indicating efficient upward transport of hot gases. In
D2, wall proximity deflects the plume, producing an asymmetric flow with
peak velocities arocund 0.94 m-s~! and extensive lateral recirculation. Upper-
corner sources D3 and D4 generate ceiling-attached horizontal jets with
maximum velocities of 1.26 m-s~! and 1.11 m-s~!, respectively, while lower
regions remain relatively stagnant, and large-scale recirculation develops
along side walls. These results indicate that lower-source placements favor
strong vertical plumes, whereas upper-source positions produce horizontal
ceiling jets, with wall and corner proximity enhancing asymmetry and
confinement effects. Velocity gradients correlate with temperature and
density distributions, highlighting preferred paths for heat and smoke
transport. From a fire-safety perspective, high-velocity regions influence mist
droplet penetration and residence time, emphasizing the importance of
aligning mist nozzle orientation with dominant flow paths to ensure effective
suppression, particularly in corner and upper-source configurations.

3.5 Turbulent Kinetic Energy contour analysis
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Figure: 12 Turbulent Kinetic Energy contour for diffierent orientations of
heat source in container @ 30 sec

The turbulent kinetic energy (TKE) coniours reveal the intensity and spatial
distribution of turbulence generated by buoyancy-driven flow within the 2.6
m X 2.6 m enclosure, with values ranging from approximately 10-'2 m2?-s=2 in
quiescent regions to 8.5 x 102 m?-s~2 in plume and shear-layer zones. For
D1, an unobstructed vertical plume produces the highest localized TKE along
the plume core and shear layers, while the surrounding enclosure remains
nearly laminar. In DZ, wall proximity and asymmetric recirculation generate
moderately high TKE (=5.8 x 102 m2-s~2) over a broader area, highlighting
turbulence induced by plume-wall interaction. Upper-corner sources D3 and
D4 produce turbulence confined mainly to ceiling-jet regions, with maximum
TKE around 8.0 x 1072 m?-s~2 and 5.1 X 10-2 m?-s~2, respectively, while the
lower enclosure remains largely laminar. These results indicate that lower-
source placements generate stronger and vertically extended turbulence,
whereas upper-source positions restrict turbulence to horizontal ceiling jets.
Wall and boundary proximity enhance TKE through increased velocity
gradients, promoting mixing and accelerating heat and smoke dispersion.
From a fire-safety perspective, high TKE regions may reduce water-mist
penetration due to droplet breakup and entrainment, making accurate
modeling of turbulence critical for predicting plume spread, stratification,
and optimizing suppression system performance in confined marine and
industrial enclosures.



3.6 Mass imbalance contour analysis
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Figure: 13 Mass imbalance contour for different orientations of heat source
in container @ 30 sec

The mass imbalance contours for configurations D1-D4 show that local
continuity residuals remain low and spatially confined, with values
approximately within —2.8 x 1077 to +8.8 x 10-8 kg-s~!. Minor localized
deviations near the heat source and boundary regions are attributed to
buoyancy effects, plume-wall interactions, and steep thermal gradients. The
observed mass imbalance indicates satisfactory numerical convergence and
continuity conservation across all cases. However, these results are
interpreted only as numerical diagnostics and do not independently validate
the physical accuracy of plume behavior, temperature distribution, or
turbulence predictions.

3.7 Velocity vector analysis

The velocity vector plots provide a detailed visualization of buoyancy-driven
flow, plume development, and recirculation patterns inside the 2.6 m X 2.6
m enclosure, highlighting both the magnitude and direction of hot gas
movement, entrainment of ambient air, and interactions with enclosure
boundaries. For D1, a strong vertical plume forms with peak velocities around
1.3 m/s, accompanied by counter-rotating recirculation cells that enhance
entrainment and sustain upward plume growth. In D2, proximity to the wall
deflects the plume, generating asymmetric flow with peak velocities near



0.95 m/s and dominant clockwise recirculation, promoting lateral heat and
smoke transport. Upper-corner sources D3 and D4 exhibit ceiling-jet-
dominated behavior, with peak velocities of 1.29 m/s and 1.12 m/s,
respectively, limited vertical plume rise, and strong horizontal transport
across the enclosure, while downward return flows create large-scale
recirculation that sustains thermal stratification. These results show that
lower-source placements produce taller vertical plumes, whereas upper-
source placements induce horizontal ceiling jets with enhanced lateral heat
and smoke spread. Velocity vectors identify preferred transport paths, inform
early thermal detection, and guide optimal Hyper Mist nozzle orientation and
droplet penetration, confirming the critical role of flow direction and
recirculation patterns in fire growth, suppression efficiency, and sensor
placement in confined marine and industrial compartments.
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Figure: 14 Velocity vectors for different orientations of heat source in
container @ 30 sec

3.8 Static temperature analysis for x=1, y=0 direction



The static temperature profiles along x = 1 (vertical) and y = 0 (horizontal)
provide quantitative insight into heat propagation within the 2.6 m X 2.6 m
enclosure, complementing contour and vector analyses. For D1, the vertical
profile shows a sharp peak near the heat source followed by rapid decay,
indicating a strong vertical plume with limited lateral spread, while the
horizontal profile remains low and uniform away from the source. In D2, the
vertical peak is broader and decays more gradually due to wall-induced
mixing, and the horizontal profile shows elevated temperatures extending
further across the enclosure, reflecting enhanced lateral transport. Upper-
corner sources D3 and D4 exhibit truncated vertical peaks near the ceiling,
confirming early plume impingement and ceiling-jet formation, while
horizontal profiles indicate rapid lateral spreading, with D4 showing more
symmetric distribution due to reduced side-wall confinement. These line
profiles highlight plume height, buoyancy strength, lateral heat spread, and
thermal stratification, providing objective criteria for sensor activation
thresholds and nozzle placement. Lower-source configurations produce
taller, sharply peaked plumes, whereas upper-socurce placements are
dominated by ceiling-jet-controlled heat transfer, emphasizing the
importance of ceiling-mounted sensors and lateral nozzle spacing for
effective Hyper Mist suppression in confined marine and industrial
compartments.
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Figure: 15 Static temperatures x=1, y=0 direction for different orientations
of heat source in container @ 30 sec

3.9 Static temperature analysis for x=1, y=0 direction

The static temperature profiles along x = 0 (vertical boundary) and y = 1
(horizontal mid-height) provide quantitative insight into boundary-layer
heating, plume-wall interaction, and lateral heat propagation within the 2.6
m X 2.6 m enclosure. For D1, the x = 0 profile shows a sharp rise near the
plume with gradual decay toward the wall, indicating minimal early heating,
while the y = 1 profile demonstrates moderate lateral spread dominated by
buoyant entrainment. In D2, the opposite wall remains relatively cool along x
= 0, whereas the y = 1 profile reflects enhanced lateral transport due to
plume deflection and wall-induced recirculation. Upper-corner sources D3
and D4 show elevated x = 0 temperatures in the upper enclosure,
highlighting ceiling-jet influence, while y = 1 profiles indicate steep gradients
near the source and sustained horizontal heat spread, with D4 exhibiting
more uniform lateral transport due to wall proximity. These line-based
profiles reveal boundary heating trends, lateral transport efficiency, and
thermal stratification, emphasizing that lower-source placements delay wall
heating, upper-source positions rapidly affect ceiling and side boundaries,
and high-gradient zones are critical for optimal sensor and Hyper Mist nozzle
placement, supporting compartment-specific fire-safety design and validating
transient thermal equilibrium predictions from full-field CFD analysis.
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Figure: 16 Static temperatures x=1, y=0 direction for different orientations

of heat source in container @ 30 sec

3.10 Key findings and significance

The comprehensive CFD analyses conducted in this study, spanning
temperature contours, static profiles, pressure and density fields, velocity




magnitude and vector maps, turbulent kinetic energy, and mass imbalance
diagnostics, reveal an interconnected picture of how heat source location
governs buoyancy-driven flow dynamics in confined enclosures. One of the
most consistent observations across all configurations is that lower heat
source positions (D1 and D2) promote tall, vertically oriented thermal plumes
with strong upward velocity, steep temperature and density gradients, and
pronounced buoyant acceleration. These characteristics produce
high-gradient zones directly above the source, which are ideal locations for
early thermal and smoke detection sensors. In contrast, upper heat source
positions (D3 and D4) rapidly redirect buoyant flow toward the ceiling,
forming ceiling-jet dominated regimes and pronounced stratification with
reduced vertical penetration but enhanced lateral spread. This behavior
underscores that sensor design in such scenarios must prioritize ceiling-level
detection rather than mid-height placement, as supported by compartment
fire studies emphasizing the importance of detecting lateral spreading and
stratification in early stages of fire growth.

The influence of boundary proximity and geometric confinement also
emerged as a critical factor across multiple flow variables. Near-wall and
corner placements (D2 and D4) generated asymmetric pressure and velocity
fields, enhanced recirculation patterns, and broader regions of elevated
turbulent kinetic energy. These features not only accelerate lateral heat and
smoke transport but also modify the underlying buoyancy forces that drive
plume evolution. The asymmetric pressure distributions observed, for
example, stronger lateral gradients and significant ceiling pressure maxima
in D4—suggest that most discharge systems must account for local flow
distortions rather than assume uniform suppression performance across a
compartment. Similar CFD investigations into sprinkler orientation and
activation timing have shown that misalignment with dominant flow paths
can significantly delay suppression responses, reinforcing the need to align
mist nozzles with plume trajectories identified via CFD.

The static temperature profiles and line plots provided objective metrics for
evaluating plume height, lateral spread, and boundary interaction. In
particular, horizontal temperature profiles and boundary-aligned plots
illuminated the rate at which thermal energy reaches walls and mid-height
regions, which directly affects both sensor activation thresholds and mist
interaction zones. These quantitative features extend beyond qualitative
contour visualizations, offering design criteria for optimizing sensor trigger
points and predicting the earliest likely time of detection. Past research on
sensor placement in thermally stratified environments has highlighted that
detectors placed too low or too centralized may fail to respond promptly in
ceiling-jet environments, often underestimating the maximum plume rise
when stratification is present.



From a fire-suppression perspective, the integration of velocity, density, and
turbulent kinetic energy fields shows that regions of high velocity and
turbulence correspond to preferred pathways for heat and smoke transport,
but these same regions can also impede mist droplet penetration due to
enhanced entrainment and droplet breakup. High TKE regions near plume
shear layers or ceiling jets may reduce mist effectiveness, especially if nozzles
are centrally placed and misaligned with the flow. Numerical studies on mist
interaction with buoyant flames and suppression effectiveness consistently
demonstrate that nozzle location, spray pattern, and discharge angle
significantly influence cooling performance and extinguishment time,
particularly when the source is near boundaries or corners.

The consistent mass imbalance results and residual convergence across all
cases confirm that the observed physical trends are not numerical artefacts
but reflect genuine flow behavior with engineering significance. Good mass
conservation not only ensures fidelity of velocity and temperature predictions
but also builds confidence in using these CFD outcomes for design
recommendations. This validation is particularly important for confined
marine and industrial spaces where safety systems must be engineered with
a high degree of reliability.

This study highlights that heat source elevation influences plume
development and potential detection regions, while boundary proximity and
enclosure geometry alter temperature, pressure, and velocity distributions.
Thermal stratification may affect potential sensor response regions, and
turbulence characteristics influence mist transport behavior. The findings
provide preliminary guidance regarding potential sensor and Hyper Mist
nozzle locations based on predicted plume trajectories and thermal field
evolution in confined compartments. However, quantitative optimization
involving sensor activation thresholds, response time, field of view, false
alarm risk, and suppression performance was beyond the scope of the present
study and requires future investigation.

3.11 Thermal Sensor Placement Optimization

Based on the predicted plume dynamics, temperature gradients, velocity
vectors, and turbulence characteristics, potential thermal sensor locations
may be inferred from regions exhibiting rapid temperature increase and
dominant plume trajectories. For lower heat source positions, regions above
the source and along plume paths experience earlier thermal rise, whereas
upper heat source configurations show stronger ceiling-level temperature
accumulation due to plume impingement and ceiling-jet formation. Additional
monitoring near plume-ceiling interaction regions may improve early thermal
detection because of sustained heat accumulation. The proposed locations
are intended as qualitative guidance based on CFD-predicted thermal
behavior and do not represent quantitatively optimized sensor placement



considering activation thresholds, response time, or false alarm
characteristics.

3.12 Hyper Mist Nozzle Placement and Activation Strategy

The predicted velocity fields, plume trajectories, and turbulent kinetic energy
distributions provide qualitative indications of regions where mist-plume
interaction may be enhanced. For lower heat source configurations, plume-
aligned regions above the source may favor earlier interaction with rising hot
gases, whereas upper source locations suggest stronger ceiling-level flow
transport associated with ceiling jets. Regions with elevated turbulence may
influence droplet dispersion and mixing behavior. These observations provide
preliminary guidance regarding potential nozzle placement; however,
quantitative evaluation of suppression efficiency, droplet dynamics,
activation timing, and nozzle performance is required before establishing
optimized Hyper Mist deployment strategies.

4. Conclusion

A comprehensive two-dimensional transient CFD analysis was carried out to
investigate buoyancy-driven heat transfer and pluine dynamics generated by
a circular heat source maintained at 450 °C inside a 2.6 m X 2.6 m confined
enclosure. The simulations successfully captured the formation and temporal
evolution of thermal plumes governed primarily by natural convection. The
results indicate that peak temperature rise remains localized near the heat
source during the early stages (=5 s), followed by plume elongation and
lateral spreading due tc entrainment and confinement effects. Maximum
plume velocities in the range of 0.9-1.3 m/s were observed along the plume
core and ceiling-ict regions, confirming strong buoyancy-induced
acceleration.

Pressure contours revealed low-pressure zones within the plume core, with
pressure variations of the order of 10~ Pa, while density contours showed a
clear reduction in air density to approximately 0.50-0.70 kg/m3 near high-
temperature regions, compared to ambient values. Upper heat source
configurations resulted in early plume impingement and formation of strong
ceiling jets, significantly enhancing lateral heat transport. Turbulent kinetic
energy peaked along plume shear layers and ceiling interaction zones,
reaching values of the order of 102 m?/s?, indicating intense mixing. Mass
imbalance remained within =10-7 kg/s, confirming numerical stability and
solution accuracy.

Line temperature plots along selected directions clearly quantified plume
height, boundary heating rates, and thermal stratification patterns. Overall,
the study demonstrates that heat source location strongly influences plume
development, heat accumulation, and flow recirculation within confined



spaces. The proposed sensor placement recommendations are based on
temperature distribution and plume behavior and should be considered as
preliminary guidance rather than quantitatively optimized locations. The
present study is based on an idealized two-dimensional enclosed domain
without ventilation openings, internal obstructions, fuel loads, smoke
generation, or three-dimensional flow effects. Therefore, the findings should
be interpreted as indicating general thermal plume behavior and preliminary
design trends, rather than direct prediction of fire dynamics in actual marine
or industrial compartments. Future studies should incorporate realistic
geometries, ventilation, multiphase effects, and three-dimensional
simulations to improve practical applicability.

5. Future Scope

The present two-dimensional study can be extended to three-dimensional
simulations to capture corner effects, cross-flows, and realistic compartment
geometries encountered in marine and industrial environments. Future work
may include coupling combustion and smoke species transport to simulate
real fire scenarios rather than prescribed heat sources. Integration of water-
mist spray dynamics and droplet evaporation models will enable direct
evaluation of Hyper Mist suppression effectiveness. Experimental validation
using scaled compartment fire tests is recommended to further strengthen
model reliability. Additionally, Al-assisted sensor and nozzle optimization can
be explored for adaptive fire detection and suppression systems in complex
confined spaces.
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