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Abstract – Thermal runaway is a severe process safety hazard, particularly in stirrerless 

reactors, where the absence of mechanical agitation limits heat redistribution under 

abnormal operating conditions. Jet mixing cooling combines coolant injection with internal 

circulation; however, the hydrodynamic mechanisms by which jet configuration influences 

the transient thermal response remain insufficiently characterized. This study integrates 

experiments and Computational Fluid Dynamics (CFD) to examine jet Reynolds number 

(Rej) effects for a 45° side jet and 90° axial bottom jet in a cylindrical vessel (0.16 m in 

diameter and 0.24 m in liquid height). Experiments were conducted at Rej = 3828, 4290, 

4752, and 5148. After validation, the CFD analysis was extended to Rej = 5610 and 5808. 

The CFD model was validated for the representative 90° axial bottom jet at two 

thermocouple locations, with average relative errors of 0.91% at TC1 and 0.88% at TC2. 

Increasing Rej reduced t50 and t90 by approximately 35% to 36% for both configurations. At 

the same Rej, the axial bottom jet reduced t50 by 7.2% to 8.1% and t90 by 3.8% to 5.5% 

relative to the side jet, consistently providing better cooling performance. The CFD fields 

show that increasing Rej increases transport intensity, whereas jet orientation determines 

how momentum is organized within the vessel. The axial jet develops symmetric 

recirculation throughout the vessel depth, whereas the side jet produces an asymmetric 

circulation pathway. The results establish how jet momentum and hydrodynamic structure 

influence transient cooling and provide practical guidance for stirrerless reactor cooling 

systems during thermal excursions. 
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1. Introduction 

Process safety is a fundamental concern throughout the design and operation of chemical production processes, and 

thermal runaway is among the most severe failure modes. Thermal runaway occurs when heat generation exceeds heat 

removal, causing the reactor temperature to increase progressively. As reaction rates often increase with temperature, heat 

release can accelerate, and the available response time can decrease rapidly [1]-[2]. Balasubramanian and Louvar [3] 

reported that approximately 26% of major petrochemical accidents were associated with thermal runaway, while 

Dakkoune et al. [4] identified a comparable proportion of about 25% for the French chemical industry. Such events can 

have serious consequences, including product degradation, equipment damage, vessel rupture, and toxic release [5]-[6]. 

Conventional control and protection systems can reduce this risk, but their effectiveness may be challenged during rapid 

thermal excursions or abnormal operating conditions [7]-[9]. The effectiveness of thermal control during thermal 

excursion also depends on adequate internal circulation. Although mechanical agitated reactors are widely used in liquid-

phase processing, the unagitated condition remains directly relevant to industrial reactor safety. Some process and storage 

vessels operate without mechanical agitation. Normally agitated reactors may also become effectively unagitated 

following agitator failure, power loss, mechanical damage, or emergency shutdown [10]-[11]. This can increase the risk 

of poor heat redistribution during thermal excursions. Conventional reactor cooling commonly relies on cooling jackets, 

internal coils, or external heat exchangers. These systems remove heat through cooled surfaces and are most effective 

when the reactor contents are well circulated. During a thermal excursion, the loss or absence of agitation reduces bulk 

circulation and may promote thermal stratification and persistent hot regions. Consequently, the liquid near the cooled 

boundary may cool more rapidly than the vessel core, even when cooling capacity is available [12]-[13]. The stirrerless 

condition therefore represents a conservative hydrodynamic scenario in which emergency cooling cannot rely on 

mechanical agitation to redistribute heat. Therefore, an effective cooling strategy must provide both heat removal and 

internal circulation.  

Jet mixing cooling provides a method for combining heat removal with internal circulation. The injected coolant 

introduces momentum directly into the liquid, forming a shear layer that promotes entrainment and recirculation within 

the vessel [14]-[15]. Previous studies [16]-[18] have reported that nozzle position, orientation, and flow conditions can 

strongly influence mixing time and vessel coverage. The jet Reynolds number (Rej) is also important because it reflects 

the relative effects of inertial and viscous forces on the injected flow [17]. A higher jet Reynolds number generally 

strengthens penetration, entrainment, and convective heat transfer. However, stronger jet momentum alone may not 
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ensure effective vessel-scale cooling if the circulation remains spatially limited. This was reported by [19], who reported 

that the mixing time is influenced by the jet orientation. These findings indicate that both jet momentum and flow 

organization are important in determining the mixing performance for thermal stability. However, existing jet mixing 

studies have characterized the performance predominantly through the overall mixing time for general process mixing 

[16], [20]. Even within this context, the reported optimum injection angles vary considerably between studies [16]-[18]. 

Hydrodynamic effects on transient reactor cooling also remain insufficiently characterized, despite their influence on 

internal circulation and local heat transport [21]. Thermal safety studies commonly focus on reaction kinetics, detection, 

relief, or chemical inhibition [12], [22]-[23]. In studies involving jet mixing and thermal safety, mechanical agitation is 

generally retained as the main or supplementary source of circulation rather than relying on jet-induced circulation alone 

[20], [24]. Consequently, stirrerless jet-cooled configurations have received limited attention. Although jet configurations 

have been widely investigated for mixing applications, experimental evidence on their influence on transient cooling for 

thermal runaway mitigation remains limited, particularly in stirrerless vessels.  

Experimental measurements capture the transient cooling response only at the sensor locations. They cannot fully 

reveal the three-dimensional velocity and temperature fields within the vessels. Milewska and Molga [25] also concluded 

that the location of thermocouples can be crucial for detecting early runaway scenarios. This limitation highlights the 

need for a numerical approach that can resolve the internal hydrodynamic and thermal fields beyond the measurement 

points. Computational fluid dynamics (CFD) provides a suitable approach for this purpose by resolving jet penetration, 

recirculation,vortex development, and spatial temperature variations that cannot be fully captured by point temperature 

measurements alone [14], [16]-[17], [26]. The transient simulations allow the evolution of the flow and temperature fields 

to be captured as the jet develops and cooling progresses. A validated transient CFD model can therefore relate the 

measured cooling response to the underlying flow structures. To address this, the present study investigated jet Reynolds 

number-driven cooling enhancement using a combined experimental and CFD framework. Experiments were used to 

establish the transient cooling response and provide data for CFD validation. The validated model was then extended over 

a wider jet Reynolds number range to examine the corresponding temperature and streamline fields. Cooling performance 

was evaluated using normalized temperature (θ) and cooling time indicators (t50 and t90). The value of t50 is defined as the 

time required for θ to reach 0.5 (50% thermal homogenization) and is associated with the fast transient cooling phase. In 

contrast, t90 is defined as the time required for θ to reach 0.1 (90% thermal homogenization) and is associated with the 

asymptotic cooling phase. A 45° side jet and 90° axial bottom jet were compared to evaluate the effects of jet orientation 

and flow intensity on transient cooling. By relating these cooling indicators to the resolved circulation structures, the 

study examined how jet momentum and hydrodynamic structure influenced transient cooling in a stirrerless reactor. The 

findings provide design guidance for jet-based emergency cooling and support improved thermal control during reactor 

thermal excursions. 

2. Materials and Methods 

2.1 Experimental Setup for Model Validation  

Figure 1 shows the experimental jet mixing cooling system. A vertical cylindrical reactor (0.16 m in diameter and 0.74 m 

in height) was connected to a coolant supply, pump, flowmeters, valves, injection nozzles, drain outlet, and data 

acquisition system. The vessel was initially filled with hot water. The cooling liquid was then introduced through either 

a 45° side jet or a 90° axial bottom jet. The flowmeters (F1, F2) measured the volumetric flow rate, while regulating 

valves (V1, V2) were used to set the required operating conditions. Valve V3 was kept closed throughout the experiment 

to ensure that the flow was directed only to nozzle 2 (N2). Simultaneous drainage maintained the liquid level during 

coolant injection. 

 
Figure 1. Schematic diagram showing the arrangement of nozzles (N1, N2, N3), thermocouples (Probe 1, 2), 

flowmeters (F1, F2), valve (V1, V2, V3), pump and data acquisition system 
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Water was used as both the initial bulk liquid and the injected coolant. The initial bulk and coolant temperature were 

approximately 355.45 K and 305.25 K, respectively. The liquid height in the vessel was 0.24 m, giving liquid height to 

vessel diameter ratio (H/D) was 1.5. The coolant entered through a 0.0032 m nozzle and the displaced liquid left through 

a 0.0064 m drain. Two Type-K thermocouples (TC1 and TC2) recorded the transient temperature response. TC1 was 

located 0.226 m above the vessel base and 0.08 m from sidewall, while TC2 was located 0.097 m above the base and 

0.035 m from the sidewall. The data acquisition system recorded both temperature histories. These dimensions were 

reproduced in the CFD simulation using 90° axial bottom jet as a representative geometry. The experimental operating 

conditions were established from the measured coolant volumetric flow rates. Four flow rates of approximately 0.58, 

0.65, 0.72 and 0.78 L/min were investigated, corresponding to mean nozzle exit velocities of approximately 1.20, 1.35, 

1.49 and 1.62 m/s, respectively. The jet Rej was defined based on the mean nozzle exit velocity and nozzle diameter as 

Rej = 𝜌𝑣𝑑/𝜇, where 𝑣 is the mean nozzle velocity (m/s), d is the nozzle diameter (m), 𝜌 is the fluid density (kg/m3) and 

𝜇 is the fluid viscosity (Pa·s).  For consistency between the experimental and CFD cases, the same constant reference 

water properties adopted in the CFD model were used to evaluate Rej, with ρ = 998.2 kg/m³ and μ = 1.003 × 10⁻³ Pa·s. 

Based on a nozzle diameter of 0.0032 m, the corresponding Rej values were 3828, 4290, 4752 and 5148. These Reynolds 

numbers were used to identify the respective experimental flow conditions throughout the study. 

2.2 CFD Approach 

ANSYS 2025 R2 software was used to simulate the three-dimensional transient flow and heat transfer within the vessel. 

A 90° axial bottom jet was used as a representative geometry. The numerical model represented the coolant jet, hot bulk 

liquid, drain outlet, vessel walls, and free liquid surface. The CFD study covered a jet Reynolds number range of 3828 to 

5808. Four experimental Rej (3828, 4290, 4752, and 5148) were supplemented by two numerical Rej (5610 and 5808) to 

extend the parametric range and examine the progressive effects of jet momentum on transient cooling and internal flow 

development. A pressure-based transient solver was employed, and the turbulence model, governing equations, and 

numerical schemes are described in Section 2.2.3. 

2.2.1 Geometric model and boundary conditions 

Figure 2(a) shows the computational geometry, and 2(b) and (c) show the cross-sectional plane arrangement used for 

post-processing visualization. The computational domain reproduced the experimental vessel dimensions. The cylindrical 

liquid domain had a height (H) of 0.24 m and a vessel diameter (D) of 0.16 m, which gave a liquid height to vessel 

diameter ratio (H/D) of 1.5. The other geometric dimensions used in the experiment were retained to evaluate the effect 

of the jet orientation under a consistent vessel geometry. 

 

Figure 2. Computational domain geometry of the cylindrical reactor; (a) 3D isometric view showing the fluid domain 

and nozzle inlet at the base; (b) 2D front cross-sectional view showing the vertical plane used at centre of the reactor for 

temperature contour and streamline visualisation; (c) Three horizontal cross-sectional planes (Plane 1: bottom, Plane 2: 

middle, Plane 3: top) used for azimuthal temperature distribution analysis 

Table 1 summarizes the boundary conditions applied in the CFD model. The coolant inlet was specified as a velocity 

inlet, with the velocity calculated from the experimental coolant volumetric flow rates. The outlet was defined as a 

pressure outlet at zero-gauge pressure, while all solid boundaries were treated as stationary no slip walls. The reactor wall 
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was assumed adiabatic because external heat loss was considered negligible compared with the forced convective cooling 

generated by the injected jet. This assumption was supported by the close agreement between the experimental and 

simulated temperature decay. The top liquid surface was represented using a symmetry boundary to approximate a flat 

liquid-air interface with negligible shear, consistent with previous jet mixing studies [24], [27]. The fluid domain was 

initialized at a uniform temperature of approximately 355.45 K and zero velocity at the start of each simulation. For CFD 

simulation, constant water properties in Fluent were used: ρ = 998.2 kg/m3, μ = 1.003 × 10⁻³ Pa·s, Cₚ = 4182 J/kg·K, and 

thermal conductivity 𝜆 = 0.6 W/m·K. The experimental coolant volumetric flow rates were imposed at the velocity inlet. 

This maintained consistency in nozzle geometry and inlet flow conditions between the experimental and CFD model. 

Table 1. Overview of simulation settings and boundary conditions 

Boundary or condition Specification 

Fluid domain Water; constant water properties: ρ = 998.2 kg m⁻³; μ = 1.003 × 10⁻³ Pa·s;  

Cₚ = 4182 J/kg; 𝜆 = 0.6 W/m·K 

Coolant inlet  Velocity inlet calculated from the volumetric flow rate; coolant temperature 

= 305.25 K 

Outlet drain Pressure outlet; gauge pressure = 0 Pa 

Reactor walls Adiabatic, no slip wall 

Top surface of the liquid Symmetry boundary 

Initial liquid condition Uniform temperature = 355.45 K; zero initial velocity 

Turbulence specification at inlet Turbulence intensity = 5%; turbulent viscosity ratio = 10 

2.2.3 Governing equation and numerical method  

A pressure-based transient solver was employed with the SIMPLE algorithm for pressure–velocity coupling. The 

gradients were evaluated using the least squares cell-based method. Second-order upwind discretization was applied to 

the momentum and energy equations, while second-order discretization was used for pressure and first-order upwind for 

the k and ε equations. Hybrid initialization and double-precision calculations were used. The transient simulations 

employed a first-order implicit formulation with a time step of 1 s and a maximum of 20 iterations per time step. Each 

simulation was run for 1800 s because all configurations reached the t90 threshold within this period. The convergence 

criteria were 10−6 for energy and 10−3 for the remaining equations. The complete solver settings are summarized in Table 

2. 

Table 2. Summary of simulation features of CFD simulations 

Parameter Conditions/Values 

Flow formulation Single phase, incompressible, transient 

Turbulence model Standard k–ε 

Near wall treatment Enhanced wall treatment 

Solver Pressure based transient solver 

Pressure velocity coupling scheme SIMPLE  

Gradient evaluation Least squares cell based 

Spatial discretisation Second order upwind for momentum and energy; second order for pressure; 

first order upwind for k and ε 

Time step and iterations 1 s; 20 iterations per time step 

Residual criterion 10⁻³ for continuity, momentum, k and ε; 10⁻⁶ for energy 

Initialisation Hybrid initialisation 

The CFD model solved the unsteady continuity, Navier–Stokes momentum, and energy equations, along with the 

standard k–ε turbulence model. The transient terms were retained to resolve the evolution of velocity, pressure, turbulence, 

and temperature throughout the cooling process. The standard k–ε model was selected because of its established 

robustness for turbulent jet flow simulations and its balance between computational cost and predictive accuracy over the 

investigated Reynolds number range of 3828–5808 [19], [24], [28].  

The governing equations used in this study are the unsteady, reduced forms of the general transport equations 

implemented in ANSYS Fluent [29]. The local time derivative terms were retained, while momentum diffusion was 

represented using the combined molecular and turbulent viscosities. The working fluid was treated as incompressible, 

single-phase, non-reactive, and constant density. Gravity and hydrostatic effects were incorporated through the pressure 

field, whereas kinetic energy, pressure work, viscous dissipation, and reaction heat generation were neglected in the 

energy formulation. For the standard k–ε model, the effect of buoyancy was neglected under the non-buoyant assumption, 

effect of compressibility on turbulence was omitted for incompressible flow, and no additional source terms were 

imposed. Reynolds stresses were closed using the Boussinesq eddy viscosity hypothesis. The reduced governing equations 

are presented in Eqs. (1-7). 
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(1) The continuity equation, representing the conservation of mass for this incompressible, constant-density flow, is given 

by Eq. (1). 

𝜕𝑢𝑖
∂𝑥𝑖

= 0 (1) 

where uᵢ is the velocity component in direction i, and xᵢ is the corresponding spatial coordinate. 

(2) The momentum equation is expressed as Eq. (2). 

𝜕(𝜌𝑢𝑖)

𝜕𝑡
+ 𝜌𝑢𝑗

𝜕u𝑖
𝜕xj

= −
𝜕𝑝

𝜕xi
+

𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖
) − 𝜌𝑢𝑖𝑢𝑗] (2) 

The Reynolds stress term in Eq. (2) is closed using the Boussinesq eddy viscosity hypothesis, as shown in Eq. (3). 

𝜌𝑢𝑖𝑢𝑗 = 𝜇𝑡 (
𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
𝛿𝑖𝑗𝜌𝑘 (3) 

In this equation, 𝑢i and 𝑢j denote the velocity components in the i and j directions, 𝑥i and 𝑥j represent the corresponding 

spatial coordinates, 𝜌 is fluid density, 𝑝 is pressure, μ and 𝜇t are the molecular and turbulent dynamic viscosities, 𝛿ij is the 

Kronecker delta, k is turbulent kinetic energy and t is time. 

(3) The energy equation is expressed as Eq. (4). 

𝜕(𝜌𝑇)

𝜕𝑡
+ 𝜌u𝑗

𝜕𝑇

∂𝑥𝑗
=

∂

𝜕xj
[(
𝜇

𝜎
+
𝜇𝑡
𝜎𝑡
)
∂T

𝜕xj
] (4) 

where T is temperature, 𝜎 and 𝜎𝑡 are the molecular and turbulent Prandtl number, respectively. 

(4) The transport equation for turbulent kinetic energy, k, is given by Eq. (5). 

𝜕(𝜌𝑘)

𝜕𝑡
+ 𝜌𝑢𝑗

𝜕𝑘

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡
𝜎𝑘
)
𝜕𝑘

𝜕𝑥𝑗
] + 𝜇𝑡 (

𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖
)
𝜕𝑢𝑗

𝜕𝑥𝑖
− 𝜌𝜀 (5) 

where 𝜎𝑘 is turbulent Prandtl number for k and ε is turbulent dissipation rate. 

(5) The transport equation for the turbulent dissipation rate, ε, is given by Eq. (6). 

𝜕(𝜌𝜀)

𝜕𝑡
+ 𝜌𝑢𝑗

𝜕𝜀

𝜕𝑥𝑗
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𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡
𝜎𝜀
)
𝜕𝜀

𝜕𝑥𝑗
] + 𝐶1𝜀

𝜀

𝑘
𝜇𝑡 (

𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖
)
𝜕𝑢𝑗

𝜕𝑥𝑖
− 𝐶2𝜀𝜌

𝜀2

𝑘
 (6) 

where 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
 (7) 

In this equation, 𝜎𝜀 is turbulent Prandtl number for ε and C1ε, C2ε and Cμ are the constant. The standard k–ε closure 

coefficients were C1ε = 1.44, C2ε = 1.92, Cμ = 0.09, 𝜎𝑘 = 1.0 and 𝜎𝜀 = 1.3.  

2.2.4 CFD model verification and validation 

Prior to the parametric CFD study, numerical verification and validation were performed to establish the credibility of 

the CFD model. Mesh independence was first assessed to determine the influence of grid resolution on the predicted flow 

and thermal fields. An unstructured tetrahedral mesh was used because of its flexibility in representing the cylindrical 

vessel and different nozzle orientations, consistent with the approach reported by Li et al. [30]. Four mesh densities were 

evaluated using the volume average velocity as a monitoring parameter. In addition to mesh independence, the mesh 

quality was evaluated using skewness and orthogonal metrics. For skewness, lower values indicate a better element 

quality. Values below 0.94 are generally considered acceptable, whereas values approaching 1.0 indicate poor or 

unacceptable mesh quality. For orthogonal quality, higher values indicate a better mesh quality. Values above 0.15 are 

generally considered acceptable, whereas values approaching 1.0 represent excellent element quality [31]. 

The second procedure involved the validation of the CFD model against experimental thermocouple measurements. 

Both the mesh independence study and model validation were performed using a 90° axial bottom jet at a jet Reynolds 

number of 3828 to maintain consistent geometrical and operating conditions. Once the mesh configuration and numerical 

settings were verified and the CFD model was validated, the same modelling framework was applied to the remaining jet 

configurations and operating conditions in the parametric study. 

2.3 Cooling Performance Indicators and Hydrodynamic Analysis 

To quantitatively evaluate the effectiveness of the cooling process, the temperature evolution within the vessel was 

analyzed using a normalized temperature parameter (θ) [30]-[32]. The normalized temperature is defined as Eq. (8). 
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𝜃 =
𝑇 − 𝑇𝑐𝑜𝑜𝑙

𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑇𝑐𝑜𝑜𝑙
 (8) 

where T represents the instantaneous temperature, Tinitial is the initial reactor temperature, and Tcool is the temperature of 

the injected cooling jet. Normalization enables the transient cooling behavior to be compared across different jet 

configurations and operating conditions by eliminating the impact of absolute temperature values. Let the normalized 

temperature decrease from θ = 1 (initial condition) toward values approaching zero as thermal equilibrium is approached. 

To measure the transient cooling performance, two characteristic cooling indicators were isolated by extracting them 

from the normalized temperature curves. The first indicator, t50, is the time taken for the vessel to achieve 50% thermal 

homogenization, which is equivalent to θ = 0.5. The second indicator, t90, is the time taken to reach 90% thermal 

homogenization, which is equivalent to θ = 0.1. These parameters are useful measurements of cooling efficiency, with t50 

reflecting the early-to-intermediate cooling behavior and t90 indicating the final mixing and homogenization phase of the 

cooling process [20], [33]. In addition, the cooling process was analyzed using velocity contours and streamline patterns 

to identify recirculation zones, vortex structures, and overall flow distribution. The transient cooling response was divided 

into three phases for hydrodynamic interpretation: the initial phase (associated with jet development and localized cooling 

near the inlet), the fast transient phase (associated with developed recirculation and convective heat transport), and the 

asymptotic phase (associated with later approach toward thermal homogenization). This analysis was used to relate the 

resolved flow structures to the cooling indicators and assess the effects of jet Reynolds number and configuration on 

transient cooling behavior. In addition, the relative cooling improvement was calculated by comparing the cooling time 

of each selected jet configuration with a baseline jet configuration. The percentage cooling time improvement was 

determined using Eq. (9). 

(%) = |
(𝑡𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 − t)

𝑡𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
| × 100 (9) 

where tbaseline represents the cooling time of the baseline configuration, and t represents the cooling time of the selected 

configuration at the same cooling threshold. This expression is applicable to all the investigated jet configurations. To 

ensure consistency, the comparison must be performed using the same cooling indicator, such as t50 and t90. A positive 

improvement value indicates that the selected configuration reaches the specified cooling threshold faster than the 

baseline. 

 

Figure 3. Experimental normalised temperature profiles for (a) the 90° axial bottom jet and (b) the 45° side jet,  

Rej = 3828 to 5148 

3. Results and Discussion 

3.1 Experimental Transient Cooling Response 

Figure 3 shows the experimental normalized temperature profile of the 90° axial bottom jet and 45° side jet for the four 

jet Rej. In both jet configurations, θ decreases continuously with time. The curves also progressively separate as the jet 

Reynolds number increases. This indicates that increasing the jet Reynolds number accelerates cooling by enhancing jet 

penetration, entrainment, and vessel circulation. As a result, a higher jet Reynolds number produces lower θ values, with 

Rej = 5148 achieving the lowest final normalized temperature in both configurations.  However, both jet configurations 

show different cooling behaviors, particularly between t50 and t90. The temperature profiles separate more widely as the 

jet Reynolds number increases for the 90° axial bottom jet. The 45° side jet also shows faster cooling at higher Reynolds 

numbers, but the curves remain closer together, particularly at lower Reynolds numbers. This indicates that increasing 

the coolant volumetric flow rate improves cooling in both configurations, but the improvement is more effective for the 

axial bottom jet. This cooling behavior observation is consistent with previous jet mixing studies. Patwardhan [34] 

demonstrated that jet-mixed vessels are strongly affected by local flow structures, causing the temperature or 

concentration profile to vary with measurement location. Similarly, Oluwadero et al. [18] observed that nozzle position 
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strongly affects mixing efficiency in large vessels. Therefore, the present results indicate that increasing the jet Reynolds 

number enhances transient cooling, but the overall cooling performance is also strongly governed by jet orientation and 

the circulation pattern generated inside the vessel. Overall, the results indicate that jet mixing has the potential to serve 

as an emergency cooling strategy for non-stirred reactors, particularly for enhancing heat removal during transient thermal 

events. Among the tested configurations, the 90° axial bottom jet provides stronger transient cooling than the 45° side jet, 

as shown by its shorter cooling time and lower final θ values across the jet Reynolds number range. This behavior is 

further investigated through CFD analysis, where the hydrodynamic flow field and temperature distribution are examined 

to clarify how jet mixing enhances heat removal, improves thermal stability, and supports thermal runaway mitigation. 

3.2 Model Verification and Validation 

Figure 4(a) shows the computational mesh, including the local refinement applied around the jet inlet to resolve the steep 

velocity and temperature gradients in this region. Figure 4(b) presents the mesh independence assessment, based on the 

volume average velocity in the vessel for four mesh densities of approximately 137790, 209410, 298850, and 534780 

elements. To verify that the results of the simulation do not depend on the grid size, a mesh independence test must be 

performed with various mesh densities [35], [36]. The effect of the velocity changes insignificantly beyond approximately 

298850 elements, which implies mesh-independent behavior. Thus, the mesh containing approximately 298850 elements 

was chosen in all further simulations, and it provides a good compromise between computation speed and accuracy of 

solutions. 

 
Figure 4. (a) Computational mesh and local inlet refinement and (b) mesh independence assessment of the model 

 
Figure 5. CFD model validation for the 90° axial bottom jet at TC1 and TC2 

The transient CFD prediction was then compared with the experimental measurements for the 90° axial bottom jet at 

both thermocouple locations, as shown in Figure 5. The results compare the CFD and experimental normalized 

temperature responses for the 90° axial bottom jet at TC1 and TC2. Both measured profiles showed continuous decay 

during the cooling period, and the numerical curves followed the same experimental transient shape. The close 

correspondence across the validation period indicates that the model reproduces the measured cooling trends at both 

spatial locations. The quantitative agreement is summarized in Table 3. Based on 47 sampled times over the 0–1380 s 

validation period, the mean relative errors were 0.91% and 0.88% at TC1 and TC2, respectively, whereas the 

corresponding maximum errors were 1.94% and 1.31%, respectively. The agreement at two spatially separated locations 
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indicates that the model reproduces the dominant transient thermal response of representative axial geometry. The 

validation does not imply that every local velocity feature is exact; however, it provides a credible basis for applying the 

same numerical framework to subsequent jet Reynolds number and configuration comparison. 

Table 3. Summary of CFD model validation for the 90° axial bottom jet 

Probe Validation points Mean error (%) Maximum error (%) 

TC1 47 0.91 1.94 

TC2 47 0.88 1.31 

3.3 Influence of Jet Reynolds number on Transient Cooling Behaviour 

Figure 6 shows the CFD-normalized temperature curves for the 90° axial bottom jet and 45° side jet at Rej = 3828–5808. 

For both configurations, the cooling curves exhibited a clear exponential decay pattern, which was consistent with the 

experimental temperature profile. The temperature decreases rapidly during the initial and intermediate transient stages 

(θ = 0 – 0.15), followed by a gradual approach toward thermal equilibrium during the later stage (θ < 0.15). This behavior 

is typical of jet-induced convective cooling, where the early cooling stage is dominated by jet penetration and bulk 

entrainment, whereas the late stage is controlled by residual thermal homogenization. Increasing the jet Reynolds number 

consistently accelerated the temperature decay for both jet configurations. At higher Reynolds numbers, the curves shifted 

downward and reached the t50 and t90 thresholds earlier. This indicates that increasing the jet momentum enhances the 

convective transport, strengthens the entrainment of the surrounding hot fluid, and promotes a faster thermal exchange 

between the coolant and vessel bulk. This improvement was not limited to the early cooling periods. The higher Reynolds 

number configuration also maintained lower normalized temperature values during the asymptotic phase, indicating that 

stronger turbulence improved both rapid cooling and final homogenization. 

 
Figure 6. CFD normalised temperature profiles for (a) the 90° axial bottom jet and (b) the 45° side jet,  

Rej = 3828 to 5808 

Figure 7 shows the temperature contours for the two jet configurations at Rej = 3828. At 1 s, both vessels remained 

close to the initial thermal conditions, and the cooled region was concentrated near the inlets. At 10 s, the cooling effect 

was influenced by the jet penetration, with the 90° axial bottom jet exhibiting a longer length than the 45° side jet. By 

200 s, the cooling effect had spread over a larger volume of the substrate. The axial bottom jet produced a more vertically 

distributed temperature field, whereas the side jet exhibited a stronger lateral bias towards the injection side. At 1000 and 

1500 s, both configurations approached a more uniform low-temperature state; however, the axial configuration remained 

slightly cooler than the radial configuration. The difference in the thermal fields between the two jet configurations was 

small during the first few seconds because the injected coolant initially affected only a limited area. As circulation 

developed, the thermal fields began to diverge. The axial jet directs the momentum through the vessel core and establishes 

a more direct vertical circulation pathway than the radial jet. In contrast, the side jet interacted with the wall and 

redistributed the coolant through an asymmetric loop. Therefore, different cooling responses emerged from the sustained 

circulation field rather than from the initial coolant entries. This difference in momentum distribution explains why the 

side jet cools the monitored region more slowly [18]. This finding provides an important link between the temperature 

curves and the hydrodynamic analysis. At the same jet Reynolds number, both configurations exhibited comparable flow 

intensities but developed different spatial temperature distributions. This indicates that jet orientation influences the 

conversion of the supplied momentum into vessel-scale thermal transport. Overall, the jet Reynolds number determines 

the intensity of convective cooling, whereas the jet orientation determines the effectiveness of the transport distribution 

in the vessel. 
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Figure 7. Temperature contours at selected times for (a) the 90° axial bottom jet and (b) the 45° side jet at Re j = 3828 

3.4 Axial Jet Temperature Field and Hydrodynamic Mechanism 

Figure 8(a) shows the temperature contours and corresponding streamline patterns for the 90° axial bottom jet at 

representative jet Reynolds numbers. The results indicate that an increase in the jet Reynolds number accelerated the 

cooling process and strengthened the associated recirculation structure. At 10 s, all temperature contours remained close 

to the initial thermal condition (θ = 0.97–0.98), indicating that the cooling effect remained localized near the jet inlet. By 

200 s, the effect of the jet Reynolds number became clearer, with θ decreasing from approximately 0.67 at Rej = 3828 to 

0.54 at Rej = 5808. At 1000 s, the θ values decreased further from approximately 0.14 to 0.05, indicating that a higher Rej 

improved both the intermediate and later stages of the cooling process.  

 
Figure 8. (a) Temperature contours and streamlines for the 90° axial bottom jet at representative Reynolds numbers; (b) 

Top view temperature contours at selected times and vessel elevations 

The streamline patterns explain this thermal response. The axial jet generates a pair of counter-rotating recirculation 

cells around the vertical jet axis, directing the fluid upward through the vessel core and returning it downward near the 

wall. This circulation promotes fluid redistribution throughout the vessel and limits the weakly mixed regions. As Rej 

increases, the recirculation becomes stronger, enhancing momentum transfer and convective heat transport. The observed 

counter-rotating vortex structure and its role in distributing jet momentum are consistent with the hydrodynamic 

mechanisms reported for jet-driven mixing in cylindrical vessels [14]-[15]. In addition, Figure 8(b) presents the 

corresponding top-view temperature contours at selected times and vessel elevations. At 10 s, most of the vessel remains 

hot, with cooling concentrated near the jet core. By 200 s, the cooled region extends through the bottom (plane 1) and 

middle (plane 2) sections of the vessel. At 1000 s and 1500 s, the temperature field becomes progressively more uniform 

across the vessel height, particularly at higher jet Reynolds numbers.  
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3.5 Side Jet Temperature Field and Hydrodynamic Mechanism 

Figure 9(a) presents the temperature contours and corresponding streamline patterns for the 45° side jet at representative 

jet Reynolds numbers. The results show that the 45° side jet also exhibits faster cooling as the jet Reynolds number 

increases. At 200 s, θ decreases from 0.69 at Rej = 3828 to 0.56 at Rej = 5808. By 1000 s, the θ values decrease further 

from approximately 0.16 to 0.05. However, the streamline patterns reveal a more asymmetric circulation structure than 

that of the axial jet. In addition, Figure 9(b) presents the corresponding top-view temperature contours at selected times 

and vessel elevations. The temperature contours provide additional evidence of the asymmetric cooling behavior of the 

side jet. At 10 s, the cooling zone is concentrated near the injection region. The asymmetry remains visible at 200 s, 

particularly in the bottom (plane 1) and middle (plane 2) sections. Although the temperature fields become more uniform 

at 1000 s and 1500 s, the side jet continues to show greater lateral temperature variation compared with the axial jet. 

 
Figure 9. (a) Temperature contours and streamlines for the 45° side jet at representative Reynolds numbers;  

(b) Top view temperature contours at selected times and vessel elevations 

Table 4. Summary of t50, t90, cooling time improvement for the 90° axial bottom jet and 45° side jet configurations 

Jet Reynolds 

number (Rej) 
Jet configuration t50 (s) t90 (s) 

Cooling time 

improvement at t50 

Cooling time 

improvement at t90 

3828 

45° side jet  

372 1212 Baseline Baseline 

4290 325 1060 12.6% 12.5% 

4752 295 961 20.7% 20.7% 

5148 269 878 27.7% 27.6% 

5610 247 805 33.6% 33.6% 

5808 237 773 36.3% 36.2% 

3828 

90° axial bottom 

jet   

342 1145 Baseline Baseline 

4290 300 1008 12.3% 12.0% 

4752 272 915 20.5% 20.1% 

5148 248 838 27.5% 26.8% 

5610 229 773 33.0% 32.5% 

5808 220 744 35.7% 35.0% 

3.6 Cooling Performance Indicators and Reactor Safety Implications 

Table 4 summarizes the t50, t90, and cooling time improvements of both jet configurations at representative jet Reynolds 

numbers. For the 45° side jet, t50 decreases from 372 s to 237 s, with a reduction of 36.3%. Its t90 decreases from 1212 s 

to 773 s, with a reduction of 36.2%. For the 90° axial bottom jet, t50 decreases from 342 s at Rej = 3828 to 220 s at Rej = 

5808, while t90 decreases from 1145 s to 744 s. These reductions correspond to 35.7% and 35.0%, respectively. These 

reductions indicate that the jet Reynolds number is a dominant operating parameter controlling the transient cooling 

performance. Table 5 shows the percentage of time reduction between the 90° axial bottom and 45° side jet configurations. 

The axial jet consistently provides shorter cooling times across all jet Reynolds numbers. Relative to the 45° side jet, the 

90° axial bottom jet reduces t50 by 8.1% at Rej = 3828, 7.8% at Rej = 4752, and 7.2% at Rej = 5808. The corresponding 

reductions in t90 are 5.5%, 4.8%, and 3.8%, respectively. Overall, the improvement ranges from 3.8% to 8.1%, with a 
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greater reduction observed for t50. The reduction in t50 is particularly important because it represents a faster temperature 

decrease during the earlier phase of thermal excursion. The reduction in t90 indicates a shorter time to approach thermal 

stabilization. Together, these indicators describe the cooling performance during both the earlier and later phases of the 

transient response. The axial jet provides lower values of both indicators, indicating faster overall cooling than the side 

jet. 

The quantitative improvements observed for the axial jet are also relevant from a reactor safety perspective. These 

reductions can shorten the duration of high-temperature conditions during a thermal excursion and reduce localized hot 

regions. The importance of hydrodynamic effects in assessing cooling performance was also highlighted by Kummer and 

Varga [21]. They noted that thermal runaway studies often neglect system-specific flow patterns, even though internal 

circulation and local heat transport can significantly influence runaway development and the formation of temperature 

hot spots. Overall, these results show that the cooling performance depends not only on the flow intensity but also on the 

distribution of the injected momentum within the vessel. Therefore, the jet configuration should be considered together 

with the jet Reynolds number when designing cooling systems for reactor thermal stability. 

Table 5. Percentage of time reduction between 90° axial bottom jet and 45° side jet configurations 

Jet Reynolds number  

(Rej) 
Indicator 45° side jet 90° axial bottom jet 

Time reduction percentage 

(90° vs 45° jet) 

3828 t50 372 s 342 s 8.1% 

t90 1212 s 1145 s 5.5% 

4752  t50 295 s 272 s 7.8% 

t90 961 s 915 s 4.8% 

5808  t50 237 s 220 s 7.2% 

t90 773 s 744 s 3.8% 

4. Conclusions 

This study systematically investigated the effects of the jet Reynolds number and jet configuration on the transient cooling 

performance and hydrodynamic characteristics using a validated CFD model. Increasing the jet Reynolds number from 

3828 to 5808 reduced the cooling times by approximately 35–36% for both configurations, demonstrating the strong 

influence of flow intensity on transient cooling. The 90° axial bottom jet consistently outperformed the 45° side jet, 

providing an additional 3.8% to 8.1% reduction in cooling time across the investigated jet Reynolds number range. The 

improved performance of the axial configuration was associated with a more effective circulation structure and better 

distribution of the injected momentum throughout the vessel. Overall, the findings show that transient cooling 

performance depends on both jet Reynolds number and jet configuration. Higher Rej strengthens convective transport, 

while jet configuration determines how effectively this transport is distributed within the vessel. From a reactor cooling 

perspective, the shorter t50 and t90 values obtained with the axial bottom jet indicate faster temperature reduction and a 

shorter time to approach thermal homogenization. These findings highlight the importance of considering both flow 

intensity and hydrodynamic structure when designing jet mixing cooling systems for stirrerless reactors during thermal 

excursions. 
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