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ABSTRACT: Temperature uniformity is an important indicator of the environmental regulation performance of 

large climatic chambers. In this study, a transient computational fluid dynamics model of a climatic chamber 

equipped with a closed-loop circulating air-supply system was developed using Fluent. The standard k-ε 

turbulence model was adopted, and ten axial-flow fans with a diameter of 0.85 m were represented by velocity-

inlet boundary conditions. The total circulating airflow rate was 300,000 m3/h Five target temperatures of -40, -

10, 0, 45, and 60°C were investigated. Temperature data from 13 monitoring points and three repeated numerical 

calculations were used to evaluate the temperature range, maximum deviation from the target temperature, and 

temperature fluctuation. The results showed that the circulating airflow formed a continuous closed-loop flow 

path through the test zone and the surrounding return-air gallery under all operating conditions. The temperature 

range and maximum temperature deviation were 0.016–0.106°C, while the temperature fluctuation was 0.007–

0.053°C. The most uniform temperature field was obtained at 0°C, whereas the largest spatial variation occurred 

at 45°C. Local temperature differences were mainly observed near the central transition section and airflow 

turning regions. These results demonstrate that the proposed circulating air-supply system can maintain a 

relatively uniform temperature field over a wide operating temperature range and provide a numerical basis for 

optimizing airflow organization in large climatic chambers. 
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I. INTRODUCTION 

Climatic chambers are widely used to reproduce controlled temperature and airflow conditions for 

environmental testing of vehicles, materials, components, and engineering systems. Compared with outdoor 

testing, chamber-based testing reduces the influence of unpredictable weather and allows products to be evaluated 

under repeatable low- and high-temperature conditions. However, increasing chamber size also increases the 

airflow circulation distance and internal volume, making it more difficult to maintain a uniform thermal 

environment throughout the usable test zone [1–3]. 

The thermal environment inside a climatic chamber is affected by the arrangement of heating and cooling 

equipment, fan airflow, supply and return paths, and internal geometry. Reaching the target temperature does not 

necessarily indicate that the entire test zone has reached a uniform state. Local recirculation, insufficient air mixing, 

and flow separation near structural components may produce spatial temperature differences. Previous 

experimental and numerical studies have shown that inlet position, airflow organization, and chamber 

configuration can substantially influence the distributions of temperature and humidity [4–6]. Therefore, analysing 

only the temperature at a limited number of monitoring points may not fully reveal the thermal characteristics of 

a large chamber. 

Computational fluid dynamics (CFD) provides an effective approach for investigating airflow and heat 

transfer in enclosed environmental facilities. It can predict three-dimensional velocity and temperature fields and 

identify local regions that are difficult to characterize using point measurements alone. CFD has been applied to 

analyse fan-induced airflow, temperature distribution, draught risk, and circulation performance in vehicle 

climatic chambers and other controlled environments [7–10]. Related studies of mixing ventilation, indoor 

environmental systems, and plant factories have further demonstrated that fan arrangement, inlet conditions, and 

flow-path design strongly affect air mixing and spatial uniformity [11–15]. These investigations provide useful 

methods for chamber analysis, but the temperature uniformity of a large closed-loop climatic chamber over a wide 

operating range from deep cooling to high-temperature conditions still requires system-specific evaluation. 
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In this study, a three-dimensional transient CFD model of a large climatic chamber was established using 

ANSYS Fluent. The chamber contained a surrounding return-air gallery and ten axial-flow fans that formed the 

main circulation system. Five target temperatures of −40, −10, 0, 45, and 60 °C were considered. The airflow 

pathlines and static-temperature fields were analysed, and the temperature characteristics of 13 monitoring points 

were evaluated using the spatial temperature range Rt, maximum temperature deviation Dt, and repeatability half-

range Ft. The objective was to characterize the airflow organization and temperature uniformity of the chamber 

under different operating conditions and to provide a numerical basis for optimizing its circulation-system 

configuration. 

 

II. MATERIAL AND METHODS 

2.1 Chamber configuration and operating conditions 

The computational domain was established according to the three-dimensional structure of the large 

climatic chamber. The usable test zone measured 9.6 m × 6.9 m × 10.0 m. A surrounding air gallery with a height 

of 8 m was arranged outside the test zone to form the main return-air passage. The principal geometric features 

affecting airflow circulation were retained, whereas small structural details with limited influence on the main 

flow were omitted. 

Ten axial-flow fans, each with a diameter of 0.85 m, were installed in the air-conditioning section. The 

total circulation airflow rate was 300,000 m³/h and was evenly distributed among the fans. Therefore, the airflow 

rate of each fan was 30,000 m³/h, corresponding to an inlet velocity of approximately 14.69 m/s. The airflow 

passed through the test zone and returned through the surrounding gallery, forming a closed circulation path. The 

chamber structure, fan arrangement, and nominal airflow direction are shown in Figure 1. 

 

 

Figure 1: Structure of the climatic chamber and recirculating airflow system: (a) simplified three-

dimensional model; (b) axial-flow fan unit; (c) schematic of the recirculating airflow system. 

 

The initial air temperature inside the chamber was set to 30 °C. Five target-temperature conditions, 

namely −40, −10, 0, 45, and 60 °C, were investigated. The target temperature of each condition was imposed 

through the fan inlet temperature. Except for the inlet temperature, the chamber geometry, fan velocity, and other 

numerical settings remained unchanged among the five cases. 
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Table 1. Main geometric and operating parameters of the climatic chamber 

Parameter Value 

Test-zone dimensions 9.6 m × 6.9 m × 10.0 m 

Height of surrounding air gallery 8 m 

Number of axial-flow fans 10 

Fan diameter 0.85 m 

Total circulation airflow rate 300,000 m³/h 

Airflow rate of each fan 30,000 m³/h 

Fan inlet velocity 14.69 m/s 

Initial chamber temperature 30 °C 

Target temperatures −40, −10, 0, 45, and 60 °C 

 

2.2 Numerical model and calculation settings 

The airflow and heat-transfer processes inside the chamber were simulated using ANSYS Fluent 2022 

R2. A transient pressure-based solver was employed, and the energy equation was enabled to calculate the 

temperature field. The standard k–ε turbulence model was used to describe the turbulent airflow because of its 

numerical stability and applicability to engineering ventilation flows [16]. Pressure–velocity coupling was 

performed using the SIMPLE algorithm. 

The governing equations included the continuity, momentum, and energy equations: 
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where ρ is the air density, t is time, u is the velocity vector, p is the static pressure, τ is the stress tensor, 

E is the total energy, keff is the effective thermal conductivity, and T is the air temperature. 

The ten axial-flow fans were represented by velocity-inlet boundaries. The inlet velocity was set to 14.69 

m/s, and the inlet temperature was assigned according to the target temperature of each numerical case. The 

chamber walls were treated as adiabatic boundaries. Gravity, buoyancy, and radiation were not considered. 

The computational domain was discretized using tetrahedral cells. The final mesh contained 2,154,753 

cells, with a reported mesh quality of 0.879. The same mesh and numerical configuration were used for all five 

target-temperature conditions to maintain consistent spatial resolution. 

 

Table 2. Main settings of the numerical model. 

Numerical setting Specification 

Calculation type Transient 

Solver Pressure-based solver 

Turbulence model Standard k–ε 

Pressure–velocity coupling SIMPLE 

Energy equation Enabled 

Fan boundary condition Velocity inlet 

Fan inlet velocity 14.69 m/s 

Inlet temperature Corresponding target temperature 

Chamber-wall boundary Adiabatic 

Gravity and buoyancy Not considered 

Radiation Not considered 

Mesh type Tetrahedral 

Number of cells 2,154,753 

Reported mesh quality 0.879 

 

2.2 Monitoring points and evaluation metrics 

Thirteen temperature-monitoring points were arranged in the usable test zone to evaluate the spatial 

temperature distribution. Nine monitoring points were distributed at three representative heights, and four 

additional points were arranged at the centres of the side boundaries. The monitoring-point arrangement is shown 

in Figure 2. 
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Figure 2: Arrangement of the original monitoring points in the test zone. 

 

Three repeated numerical calculations were performed for each monitoring point under each target-

temperature condition. Let Tij represent the calculated temperature at monitoring point i in the j-th repeated 

calculation, where i=1,2,...,13 and j=1,2,3. The mean temperature at each monitoring point was calculated as 
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The spatial temperature range Rt, maximum temperature deviation Dt, and repeatability half-range Ft were used 

to evaluate the chamber temperature distribution: 
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where Tset is the target temperature. The spatial temperature range describes the overall temperature 

difference among all monitoring results, the maximum temperature deviation represents the largest absolute 

difference from the target temperature, and the repeatability half-range characterizes the variation among the three 

repeated numerical calculations at the same monitoring point. For comparison, Rt and Dt were expressed relative 

to a reference value of 2.0 °C, whereas Ft was expressed relative to a reference value of 0.5 °C. 

 

III. RESULT 

3.1 Temperature fields and airflow pathlines  

Figures 3–7 present the static-temperature contours and airflow pathlines obtained at the five target 

temperatures. Under all operating conditions, airflow formed a continuous recirculation path through the test zone 

and surrounding gallery. The overall pathline topology remained similar as the inlet temperature changed, 

indicating that the circulation system maintained a stable airflow pattern over the investigated temperature range. 

Across the five cases, the pathlines were concentrated along the upper return passage, passed through the 

central test region, and turned at both ends of the chamber. The greatest curvature and trajectory intersection 

occurred in the end-turning and central transition regions, where local temperature gradients were also most visible. 

The section-based results in Figures 3 and 5–7 showed that the upper plane at Y = 9.5 m was comparatively 

uniform except for a localized disturbance near the upstream turning region, whereas the middle and lower planes 

contained elongated temperature bands aligned with the test-platform and wind-tunnel passages. The updated 

three-dimensional field in Figure 4 further shows the spatial extent of the temperature distribution and the 

associated circulation path at −10 °C. 

At −40 °C, the chamber temperature was generally uniform. A weak warmer region extended along the 

internal test passage, whereas the surrounding return-air region remained close to the target temperature. The 

temperature gradients were mainly concentrated near the central passage and airflow-turning regions. 
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Figure 3: Numerical fields at a target temperature of −40 °C: (a) airflow pathlines coloured by static 

temperature; static-temperature contours at (b) Y = 9.5 m, (c) Y = 5.5 m, and (d) Y = 0.5 m. The four 

panels share the horizontal static-temperature colour scale shown above. 

 

The updated −10 °C results showed an elongated warmer region along the internal test and wind-tunnel 

passages, while the surrounding return-flow region remained closer to the target temperature. The airflow 

pathlines completed a continuous circulation loop and became more intertwined near the central transition and 

downstream turning regions. The spatial correspondence between the temperature field and airflow pathlines 

indicated that the local temperature differences were associated with airflow redistribution along the main 

circulation path. 

 

Figure 4: Updated numerical fields at a target temperature of −10 °C: (a) three-dimensional static-

temperature contours; (b) airflow pathlines coloured by static temperature. Both panels share the 

horizontal static-temperature colour scale shown above. 

 

At 0 °C, the temperature field was the most uniform among the five conditions. No distinct large-scale 

warmer or cooler region was observed. Although slight temperature variations remained near the internal passage 

and turning regions, the absolute temperature difference was small throughout the chamber. 



Computational Fluid Dynamics Analysis of Temperature Uniformity in a Large Climatic .. 

DOI: 10.5281/zenodo.22828267                                www.ijerd.com                                                      129 | Page 

 

Figure 5: Numerical fields at a target temperature of 0 °C: (a) airflow pathlines coloured by static 

temperature; static-temperature contours at (b) Y = 9.5 m, (c) Y = 5.5 m, and (d) Y = 0.5 m. The four 

panels share the horizontal static-temperature colour scale shown above. 

 

Under the 45 °C condition, most of the chamber remained close to the target temperature, but an 

elongated cooler region appeared within the internal passage. The cooler region was more apparent in the middle 

and lower sections and extended along the principal airflow direction. This condition exhibited the largest spatial 

temperature variation among the five investigated cases. 

 

 

Figure 6: Numerical fields at a target temperature of 45 °C: (a) airflow pathlines coloured by static 

temperature; static-temperature contours at (b) Y = 9.5 m, (c) Y = 5.5 m, and (d) Y = 0.5 m. The four 

panels share the horizontal static-temperature colour scale shown above. 

 

At 60 °C, a weak cooler band remained within the internal passage, but its extent and temperature 

gradient were smaller than those observed at 45 °C. The transition between the internal passage and surrounding 

return-air region was relatively smooth, and the overall temperature distribution remained uniform. 
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Figure 7: Numerical fields at a target temperature of 60 °C: (a) airflow pathlines coloured by static 

temperature; static-temperature contours at (b) Y = 9.5 m, (c) Y = 5.5 m, and (d) Y = 0.5 m. The four 

panels share the horizontal static-temperature colour scale shown above. 

 

3.2 Temperature characteristics at the monitoring points 

Figure 8 compares the temperature deviations at the 13 monitoring points. Each plotted value represents 

the mean of three repeated numerical calculations, while the shaded region represents the corresponding 

minimum–maximum range. The calculated temperatures at all monitoring points were close to their respective 

target temperatures. 

At −40 °C, the monitoring-point temperatures ranged from −39.999 to −39.969 °C, with an overall mean 

of −39.983 °C. At −10 °C, the calculated temperatures ranged from −9.996 to −9.901 °C, with an overall mean of 

−9.950 °C. The largest individual deviation under this condition was 0.099 °C and occurred at monitoring point 

10. At 0 °C, the temperature ranged from 0.000 to 0.016 °C, representing the smallest spatial range among the 

five operating conditions. 

Under the heating conditions, the calculated temperatures ranged from 44.894 to 45.000 °C at the 45 °C 

target and from 59.977 to 60.000 °C at the 60 °C target. At 45 °C, a local minimum of 44.894 °C occurred at 

monitoring point 9, corresponding to the cooler region shown in the temperature contours. The overall mean 

temperatures were 44.988 and 59.988 °C at the 45 and 60 °C targets, respectively. 
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Figure 8: Temperature deviations at the 13 monitoring points under different target-temperature 

conditions. Symbols represent the means of three repeated numerical calculations, and shaded regions 

represent the corresponding minimum–maximum ranges. 

 

Table 3. Summary of the numerical temperature-uniformity results. 

Target (°C) Observed range (°C) Mean (°C) Rₜ (°C) Dₜ (°C) Fₜ (°C) 

−40 −39.999 to −39.969 −39.983 0.030 0.031 0.014 

−10 −9.996 to −9.901 −9.950 0.095 0.099 0.039 

0 0.000 to 0.016 0.009 0.016 0.016 0.007 

45 44.894 to 45.000 44.988 0.106 0.106 0.053 

60 59.977 to 60.000 59.988 0.023 0.023 0.010 

 

3.3 Temperature-uniformity indicators 

Figure 9 compares the spatial temperature range Rₜ, maximum temperature deviation Dₜ, and repeatability 

half-range Fₜ under the five operating conditions. The maximum Rₜ and Dₜ values both occurred at 45 °C and were 

0.106 °C, corresponding to 5.3% of the 2.0 °C reference value. The repeatability half-range at 45 °C was 0.053 °C, 

corresponding to 10.5% of the 0.5 °C reference value. 

The −10 °C condition exhibited the second-largest temperature variation. Its Rₜ, Dₜ, and Fₜ  values were 

0.095, 0.099, and 0.039 °C, respectively. The corresponding values at 0 °C were 0.016, 0.016, and 0.007 °C, which 

were the lowest among the five conditions. The results therefore showed that the temperature field was most 

uniform at 0 °C and exhibited its largest variation at 45 °C. 
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Figure 9: Comparison of the spatial temperature range Rₜ, maximum temperature deviation Dₜ, and 

repeatability half-range Fₜ under different target-temperature conditions. Panel (b) presents the 

percentages relative to reference values of 2.0 °C for Rₜ and Dₜ and 0.5 °C for Fₜ. 

 

Figure 10 shows the signed mean temperature deviations at the 13 monitoring points. The cooling 

conditions generally produced small positive deviations, whereas the heating conditions produced small negative 

deviations. At −10 °C, the mean deviations ranged from +0.028 to +0.066 °C. At 45 °C, monitoring point 9 showed 

the largest negative mean deviation of −0.038 °C. The distribution of the signed deviations was consistent with 

the local warmer and cooler regions observed in the corresponding temperature fields. 

 

 

Figure 10: Heatmap of the signed mean temperature deviations at the 13 monitoring points. Positive 

values indicate temperatures above the target temperature, and negative values indicate temperatures 

below the target temperature. 

 

IV. DISCUSSION 

4.1 Overall temperature-uniformity performance 

The numerical results show that the closed-loop circulating air-supply system maintained relatively 

uniform thermal conditions over the investigated temperature range of -40 to 60°C. The temperature range and 

maximum deviation from the target temperature did not exceed 0.106°C, and the maximum temperature 

fluctuation was 0.053°C. Compared with the reference values of 2.0°C for the temperature range and maximum 

temperature deviation, the largest calculated value accounted for only 5.3% of the reference value. This indicates 

that the ten axial-flow fans and the surrounding return-air gallery can effectively reduce large-scale temperature 

gradients within the chamber. 

Previous numerical and experimental studies have demonstrated that the thermal performance of climatic 

chambers is strongly affected by airflow circulation, fan arrangement and inlet configuration. In the present 

chamber, the ten fans supplied air into a common circulation passage, while the surrounding gallery returned the 
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airflow to the upstream section. This arrangement formed a continuous circulation path and promoted heat 

exchange between different regions. The overall temperature uniformity therefore resulted from the combined 

effects of sufficient circulating airflow and the closed-loop airflow organization. 

The temperature-uniformity indices did not vary monotonically with the target temperature. The 0°C 

condition exhibited the smallest temperature range and maximum deviation, whereas the 45°C condition showed 

the largest values. The updated -10°C condition produced the second-largest temperature range. These results 

suggest that spatial temperature uniformity depends not only on the magnitude of the imposed target temperature 

but also on the interaction between thermal regulation and local airflow distribution. 

 

4.2 Relationship between airflow organization and local temperature differences 

The temperature contours and pathline distributions show that the airflow organization remained 

generally stable under all five operating conditions. After entering the chamber through the fan outlets, the airflow 

passed through the internal wind-tunnel passage and test zone before returning through the surrounding gallery. 

This continuous circulation promoted thermal mixing and limited the accumulation of large temperature 

differences. 

Nevertheless, local warmer or cooler bands were observed along the internal passage, particularly near 

the central transition section and the downstream turning regions. In these areas, variations in the flow direction 

and effective cross-sectional area caused the pathlines to curve, intersect and redistribute. Similar relationships 

between airflow redistribution and local temperature non-uniformity have been reported for mechanically 

ventilated enclosures and controlled-environment facilities. The correspondence between the contour distributions 

and airflow paths indicates that the local temperature differences in the chamber were closely related to the 

geometry of the circulation passage. 

At -10°C, an elongated region with a relatively higher temperature appeared along the internal wind-

tunnel passage, whereas the surrounding return-air region remained closer to the target temperature. The largest 

monitoring-point deviation occurred at point 10. Under the 45°C condition, a relatively cooler region was formed 

along the internal passage, and point 9 exhibited the largest local deviation. These results are consistent with the 

relatively large temperature ranges obtained for these two conditions. In contrast, the temperature contours at 0°C 

were more evenly distributed, which agreed with the smaller monitoring-point differences. 

 

4.3 Engineering implications 

The results demonstrate that the current chamber structure and circulating air-supply system can provide 

stable airflow circulation and a relatively uniform temperature field over a wide target-temperature range. The 

combination of multiple axial-flow fans, the central wind-tunnel passage and the surrounding return-air gallery 

enables the airflow to pass repeatedly through the test zone, thereby reducing spatial temperature differences. 

Further improvement of the temperature distribution can focus on the central transition section, airflow 

turning regions and the local areas corresponding to monitoring points 9 and 10. Appropriate adjustment of the 

airflow allocation among the axial-flow fans, together with optimization of guide structures and passage geometry, 

may reduce local recirculation and improve air mixing. The established CFD model can therefore be used to 

compare alternative fan arrangements, airflow rates and internal structural configurations, providing support for 

subsequent optimization of large climatic chambers. 

 

V. CONCLUSION 

Across the investigated temperature range of −40 to 60 °C, the closed-loop air circulation system 

maintained a relatively uniform thermal environment within the test zone. All three temperature-uniformity 

indices remained below 0.11 °C. The best uniformity was obtained at 0 °C, while relatively larger spatial variations 

occurred at 45 °C, indicating that temperature uniformity is closely associated with airflow organization rather 

than varying monotonically with the target temperature.The remaining temperature differences were mainly 

concentrated in the central transition section, airflow-turning regions and internal passages. These locations should 

therefore be prioritized when adjusting fan airflow allocation, introducing flow-guiding structures or improving 

passage geometry. The results provide a quantitative basis for optimizing the circulation-system design and 

operating conditions of large climatic environmental chambers. 
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