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Abstract 
Underwater local dry welding (ULDW) is a prominent method for performing marine joints and repairs, whereas 

local dry-welding chambers require a stable flow of drainage gas to prevent water ingress and hydrogen diffusion, 

thereby ensuring weld quality. In this study, a stationary computational fluid dynamics (CFD) investigation was 

conducted to analyze the flow behavior within a novel conical local dry-welding chamber with an angled inlet 

configuration. To evaluate the influence of velocity and inlet geometry (8mm radius) on swirl formation, 

turbulence development, pressure distribution, and flow stabilization. Air was used as the working fluid, with an 

inlet velocity of 45 m/s, a constant outlet pressure of 0 Pa, an inlet radius of 8 mm, and an outlet radius of 20 mm. 

A physics-dependent fine mesh is applied to the chamber to assess the flow regime and numerical accuracy. A 

Three-dimensional (3D) model was developed in COMSOL Multiphysics® version 6.3, using the CFD module 

and the Shear Stress Transport (SST) turbulence model, coupled with the Reynolds Average Navier Stokes 

(RANS) model under stationary conditions. The study included evaluations of velocity magnitude, pressure 

contours, axial velocity, and swirl number (S), which were extracted using COMSOL's post-processing. The swirl 

number decreased significantly from 7.6601 at the inlet to 1.1664 at the outlet, with an average of 4.4903. The 

axial velocity decreases from top to bottom as the chamber length decreases. The results showed that it generated 

a stronger vortex flow field, with a large pressure drop at the outlet due to the velocity effect. This work shows the 

usefulness of COMSOL Multiphysics® for the CFD analysis and optimization of underwater welding systems. 

The methodology can be extended to other shielding gas chambers, jet-driven devices, and vortex-based industrial 

flow applications. 
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Introduction 
Underwater welding (UWW) is the method used for 

marine joints and offshore repairs. It was primarily 

divided into 2 types, wet and dry welding, based on 

the way it was done. ULDW is another method that 

evolved from wet and dry welding. It is the method 

used to create a dry environment at the welding 

site[1]. In UWW, the surrounding water makes it 

more challenging than conventional atmospheric 

welding. Water surrounding the welding site may 

affect arc stability, heat transfer, weld formation, and 

the welding environment [2]. Therefore, creating the 

controlled gaseous region around the welding site is 

important. 

ULDW is a promising method for protecting weld 

formation and joint quality.  It will create the 

localized gaseous region around the welding site. A 

local dry welding chamber drives around the weld 

region, and gas is supplied through the chamber to 

displace the water [3], [4]. The resulting dry region 

allows welding to be performed in a more controlled 

gaseous environment. However, simply supplying 

the drainage gas through the chamber will not 

guarantee a stable, dry cavity. The gas must 

effectively displace the water ingress by giving a 

covering around the weld region. The adequate 

pressure field must be maintained by avoiding 

excessive recirculation [5].   
Strong velocity gradients, vortex formation, 

recirculation, swirling flow, and spatial pressure 

changes are all part of the intrinsically three-

dimensional internal flow produced by several 

tangential inlets. It is difficult to directly 

experimentally characterize these variables inside 

the restricted chamber, especially in the vortex core 

and inlet interaction region. The underlying flow 

structure may thus be resolved, and the spatial 

development of velocity, pressure, turbulence, 

vorticity, and swirl can be quantified using three-

dimensional CFD.  

In this study, we designed a three-dimensional (3D) 

ULDW chamber. The welding chamber is a device 

comprising cylindrical and conical bodies with 4 

tangential inlets and 1 outlet, which serves as an 

underflow for gas drainage and has a hole for the 

welding torch. In the present work, COMSOL 

Multiphysics® 6.3 is employed to develop a three-

dimensional stationary RANS model using theSST 

turbulence model. The simulation is used to 

characterize the velocity field, pressure distribution, 
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streamline structure, swirling flow, and axial 

evolution of the swirl number within the conical 

local dry welding chamber. 

Numerical Methodology 
The numerical methodology was established in two 

subsections: mathematical modeling and geometric 

details, and governing equations and their source 

terms, as follows. 

 Mathematical modeling & Geometry details 

 A three-dimensional computational model of the 

underwater local dry-welding chamber was 

developed in COMSOL Multiphysics® 6.3, as 

shown in Figure 1. The chamber consists of a 

cylindrical upper section connected to a conical skirt, 

with four symmetrically arranged angled and 

tangential gas inlets to generate swirling flow. A 

central opening is provided for the welding torch, 

while the lower opening serves as the gas outlet [6] . 

The tangential arrangement of the inlet ports 

introduces circumferential momentum into the 

chamber, resulting in a three-dimensional swirling 

flow field [7] . 

 

 
Figure 1. Isometric view Underwater local dry welding 

chamber designed in COMSOL  

The inlet and outlet radii were taken as 8 mm (for all 

4 inlets) and 20mm. Velocity is taken as 45 m/s at 

the inlet, and pressure is taken as 0 Pa at the outlet. 

The gas flow was modeled as three-dimensional, 

incompressible, turbulent, and stationary. Air was 

considered the working fluid with constant 

thermophysical properties. The chamber walls were 

treated as stationary no-slip boundaries. The flow 

was solved using the RANS formulation with the 

SST turbulence model [8], [9] . 

Governing Equations and Basis Terms 
A single-phase turbulent SST model was 

implemented in COMSOL. Since the model uses the 

air as a working fluid and is considered 

incompressible, the continuity Eq. (1 is governed as  

 

∆. 𝑢 = 0 
(1) 

where u is the mean velocity vector. 

The conservation of momentum Eq. (2) is governed 

as  

 

𝜌(𝑢. 𝛻)𝑢 =  −𝛻𝑝 + 𝛻 ⋅ [(𝜇 + 𝜇𝑡) (𝛻𝑢
+ (𝛻𝑢)𝑇)] 

 

 (2) 

 

Where ρ is the fluid density, u is the velocity, p is the 

pressure, μ is the dynamic viscosity, and μt is the 

turbulent viscosity. Turbulent momentum transport 

was represented using the SST 𝑘 − 𝜔 turbulence 

model. 

The mathematical quantity of velocity components 

in the swirling formation is governed by Eq. (3) 

 

𝑈 = √𝑢𝑟
2 + 𝑢𝜃

2 + 𝑢𝑍
2 

 (3) 

 

 

Where ur is the radial velocity, and uθ is the 

tangential velocity, and uz is axial velocity. 

 
The swirl number quantifies the strength of 

rotational flow relative to axial flow. The general 

definition is Eq. (4) 

𝑆 =
𝐺𝛳

𝑅𝐺𝑍
 

(4) 

 
Where Gϴ is the axial flux of angular momentum, 𝐺𝑧 

is the axial flux of axial momentum,  𝑅 is the 

characteristic chamber outlet radius. The reported 

equation in integral form is Eq.(5) 

𝑆 =
∫𝐴𝜌𝑉𝑧𝑉𝜃 𝑟𝑑𝐴

𝑅∫𝐴𝜌𝑉𝑧
2 𝑑𝐴

 
(5) 

 
Where, 𝑉𝑧 is axial velocity, 𝑉𝜃 is tangential velocity, 

𝑟 is the radial coordinate, 𝐴 is the chamber cross-

sectional area. The swirl number was calculated on 

multiple cross-sectional planes along the chamber 

axis to quantify the spatial evolution of angular 

momentum and vortex intensity [10] . 

 A physics-controlled mesh was generated in 

COMSOL Multiphysics® 6.3 to adequately resolve 

the high velocity gradients near the inlet regions, 

chamber walls, and outlet. Three mesh levels, 

coarse, normal, and fine, were investigated to assess 

mesh sensitivity. The predicted flow characteristics 

(swirl number) were compared across different mesh 

levels to assess the sensitivity of the numerical 

solution to mesh refinement. Based on the mesh-

independence assessment and the need to accurately 

capture the swirling flow and recirculation 

structures, the fine mesh was selected for the 

subsequent simulations. A relative error of less than 

5% was observed. 
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Results and Discussion 
The numerical study of ULDW on swirl formation 

and turbulent modeling is presented below using 

velocity profiles, pressure distributions, and swirl 

numbers.  

 

Velocity Profiles 
The radial distribution of axial velocity at 𝑧 = 60, 

30, and 10 mm is presented in Figure 2. The velocity 

profiles exhibit a characteristic increase from the 

central region toward an off-axis maximum, 

followed by a gradual reduction toward the outer 

radial region. The maximum axial velocity is 

approximately 100–112m/s, despite the prescribed 

inlet velocity of 45 m/s as shown in Figure 2 (b). This 

local acceleration is associated with the interaction 

of the four tangentially injected gas jets and the 

conversion of inlet momentum into a combined 

axial–circumferential flow. The off-axis maximum 

indicates that the flow is strongly influenced by the 

developing vortex rather than behaving as a 

conventional fully developed axial jet [11]. 
 

 
Figure 2. (a) Velocity streamlines, (b) Axial Velocity and 

its variation at the radial distance (top to bottom) 

The profiles at different axial locations also show 

that the velocity distribution changes progressively 

along the conical chamber. In the upper region, 

strong jet interaction produces large velocity 

gradients, while downstream the flow becomes more 

evenly distributed across the chamber cross-section. 

From the perspective of underwater local dry 

welding, this velocity redistribution is important 

because it determines how rapidly the supplied gas 

is transported through the chamber and distributed 

around the welding region. A sufficiently energetic 

flow can promote water displacement and 

continuous gas renewal; however, excessive local 

velocity may increase turbulence and pressure 

losses. Thus, the velocity field demonstrates that the 

chamber geometry and tangential inlet arrangement 

strongly govern the gas-flow characteristics required 

for maintaining a stable local dry environment. 

 

Pressure Distribution 
The pressure distribution inside the chamber and the 

corresponding radial pressure profiles are shown in 

Figure 3.  

 

 
Figure 3. Pressure variation in the chamber (a) surface 

plot and (b) Line plot showing pressure variation from 

(top to bottom) 

The pressure contour indicates a strongly non-

uniform pressure field, with relatively high pressure 

in the upper chamber region and a progressive 
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reduction toward the lower conical section and 

outlet.  

The calculated pressure ranges from approximately -

0.6 × 103 Pa to 11.7 × 103 Pa. The radial profiles at 

Z = 60 mm, 30 mm, and 10 mm show a similar 

overall trend, with pressure increasing from the inner 

region toward the outer regions. This radial pressure 

variation is a characteristic feature of swirling flow 

because the circumferential velocity produces a 

radial pressure gradient that balances the centrifugal 

tendency of the rotating gas [12]. In addition, 

acceleration, turbulent momentum transfer, wall 

friction, and the changing cross-sectional geometry 

contribute to the observed pressure redistribution. 

The lower pressure near the outlet is also consistent 

with the prescribed outlet pressure condition of 0 Pa.  

For underwater local dry welding, the pressure field 

is particularly important because the gas pressure 

within the chamber must provide sufficient 

resistance against surrounding water intrusion while 

allowing continuous drainage through the outlet. 

Therefore, chamber performance should be 

evaluated using the local pressure field rather than 

the outlet pressure alone. A future water–air 

multiphase or hydrostatic analysis would be required 

to quantitatively determine the water-exclusion 

capability. 

 

Swirl Number 
The axial progress of the swirl number at 12 

locations along the conical chamber is presented in 

Figure 4. The swirl number initially decreases 

sharply from approximately 7.6 at z=1 (60 mm from 

the top) to 3.10 at z=3 (50 mm from the top), then 

increases progressively to approximately 6.2 at point 

6 (approximately 35 mm from the top). 

Subsequently, the swirl number decreases 

continuously and reaches approximately 1.17 at the 

final location (z = 12 (15 mm above outlet)). The 

non-monotonic variation indicates that the vortex 

does not evolve as a simple, continuously decaying 

rotational flow. Instead, the four tangential inlet jets 

interact with one another and with the chamber 

walls, causing redistribution and reorganization of 

angular momentum along the conical section. The 

initial reduction is therefore associated with strong 

jet interaction and momentum redistribution, 

whereas the subsequent increase indicates 

redevelopment of coherent circumferential motion 

within the chamber. 

Further downstream, wall interaction, turbulent 

mixing, and the conversion of circumferential 

momentum into axial transport progressively reduce 

the angular-momentum flux, ultimately reducing 

swirl [13], [14] . The high inlet swirl is beneficial for 

distributing drainage gas circumferentially around 

the welding region, potentially improving gas 

coverage and reducing localized water-entry paths. 

 

 

 
Figure 4. Swirl number distribution over various points 

on the conical skirt (top to bottom) 

However, excessive swirl can also generate strong 

recirculation and pressure gradients. The 

downstream reduction toward 𝑆 = 1.17 suggests 

progressive stabilization of the flow and increased 

axial transport toward the outlet, providing an 

important basis in flow physics for optimizing the 

chamber geometry and inlet configuration for local 

dry underwater welding. 

Conclusions 
The present study numerically characterized the 

three-dimensional swirling gas flow inside a ULDW 

chamber using COMSOL Multiphysics® 6.3 with 

the stationary RANS–SST turbulence model. The 

results demonstrate that the four angled and 

tangential inlets generate a strong rotational flow 

accompanied by noteworthy axial velocity gradients, 

non-uniform pressure distribution, and vortex 

development within the chamber. The radial velocity 

profiles confirmed substantial flow acceleration and 

momentum redistribution, while the pressure field 

exhibited strong spatial variation associated with 

swirling motion, flow acceleration, and chamber 

geometry. Most importantly, the swirl-number 

analysis revealed a highly non-monotonic vortex 

evolution, with the swirl number decreasing from 

approximately 7.66 near the inlet to 1.17 near the 

outlet, indicating progressive redistribution and 

dissipation of angular momentum along the conical 

section. These findings establish that inlet-induced 

swirl is a governing mechanism controlling gas 

distribution, pressure characteristics, and flow 

stabilization. The study therefore provides a 

quantitative CFD-based foundation for optimizing 

inlet configuration and flow conditions to improve 

gas coverage and water-exclusion capability in 

underwater local dry-welding chambers. 
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