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Abstract—Cryogenic vacuum jacket valves are used to supply smooth cryogenic gas and 

minimize generation of BOG (Boil-off Gas) by intercepting intrusion of heat being 

generated inside valves in liquefied flow supply of cryogenic equipment through the use of 

a vacuum system. This research focused on the interception of heat exchange with the 

outside environment. It also considered heat transfer properties on changes in pressure of 

a vacuum part, a radius of a jacket, and jacket length, which can reduce heat exchange for 

effective heat transmission control. Therefore, by using the design of the experiment, one 

of the optimization strategies for the design of cryogenic vacuum jacket valve, we selected 

the combination of main design factors. For qualifying the design technology, we compared 

and analyzed the results using numerical analysis. 

© 2016 TAF Publishing. All rights reserved. 

 

 

I. INTRODUCTION 

A cryogenic vacuum jacketed valve is used to smoothly 

supply ultra-low temperature gas and minimize boil-off 

gas (BOG) by blocking the penetration of the heat 

generated by the liquid flow supply of ultra-low 

temperature equipment using a vacuum system [1], [3]. In 

addition, as a result of various environmental regulations 

associated with global warming, the valve is usually 

applied to equipment that uses clean fuel, which generates 

a smaller amount of pollutants, and demand for this valve 

has been increasing [4].  

Recently, with the rapid development in its industry, 

there has been continuous research on the cryogenic valve, 

and a trend of increasing performance owing to rapid 
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development in the fields of machinery, shipbuilding, 

semiconductors, displays, and aerospace, in addition to 

user demand. However, there is insufficient technological 

development and research on ultra-low temperature 

application equipment for vacuum insulation [5]. 

  The peculiarity of having its fluid at an ultra-low 

temperature as resulted in the cryogenic valve is being 

prone to serious problems during manufacturing, 

installation, and operation in pipelines, such as loss of 

function because of stiffening of packing or gas leakage. 

Even when highly ductile materials are applied in order to 

prevent gas leakage at ultra-low temperatures, it is 

extremely difficult to completely block gas leakage in gaps 

formed near gaskets as a result of stiffening. Consequently, 

recent researches have actively been performed on 

controlling the internal temperature by increasing the 

structure or length of the hood to minimize this problem 

[6]. 
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This study focused on decreasing the influx of heat to 

the interior of the jacket by maintaining a vacuum after 

piping is installed outside of the stem for efficient heat 

transfer at ultra-low temperatures. This is unlike previous 

studies that attempted to reduce problems generated by 

temperature decline. A method that uses pressure change 

inside the jacket is effective because it can reduce the 

increase in material cost and economic loss that would 

occur as a result of changes in hood structure or length, 

and simultaneously solve the problems that occur in 

existing cryogenic valves. Therefore, for an effective 

research, we deducted an optimal design factor that affects 

heat transfer in the vacuum jacketed valve by applying an 

experimental design, which is an optimization method. 

 

II. NUMERICAL ANALYSIS 

For normal operation of the valve at ultra-low 

temperatures (−196°C), it is important to control the heat 

transfer from the internal low-temperature fluid in the 

liquefied natural gas (LNG) region to the upper portion of 

the packing. Consequently, in this study, heat transfer was 

controlled by adding a jacket near the valve stem, and 

applying a very low pressure to the space between the 

stem and jacket. In addition, several design variables were 

selected for effective control of heat transfer in the vacuum 

jacketed valve. A total of eight design variables, including 

jacket thickness, jacket length, stem thickness, and 

material emissivity, were selected. These variables were 

then used in numerical analysis. Conduction occurs in the 

interior of the valve, as well as convective heat transfer 

between the external atmosphere and jacket surface. 

Therefore, this study evaluated the effect of the selected 

design variables on heat transfer characteristics through a 

consolidated analysis accounting for the relationship 

between convection to the external atmosphere and 

internal conduction. 

 

A. Theory 

Air, which is the fluid in the external flow region, flows 

along the surface of the jacket, and the internal and 

external temperatures are different. As a result, convection 

occurs between the fluid and solid surface owing to the 

liquid’s motion. The equation applied to this phenomenon 

is Newton's law of cooling, which is shown in Eq. 1. 

                                                      (1) 

In addition, numerical analysis was performed using 

Shear Stress Transport (SST) turbulence model because 

turbulent flow was expected to occur in the external 

atmosphere region and a local area in the valve body. The 

model was naturally switched into the k–ω turbulence 

model for the turbulent flow near the wall surface and the 

k-ε turbulence model for the turbulent flow in the free flow 

region. The equation applied was the governing equation 

for the turbulent kinetic energy k and turbulence 

frequency ω, in the form of Eq. 2-3. 

  
(2) 

      (3)      

B. Design of Experiments 

To design the vacuum jacketed valve, we selected basic 

design factors using experimental design, which is one 

method of design optimization, and selected meaningful 

design variables using an orthogonal array. For the 

experimental design, an L18 orthogonal array was made 

for eight control factors, with three levels each. This 

method allowed us to reduce the number of experiments 

from a total of 2 × 37 = 4374 to 18, and to deduce the 

optimal factor from just those 18 experiments. 

Consequently, analysis of variance (ANOVA) was conducted 

based on experimental design, and the optimal level was 

determined following calculation of each factor’s level of 

contribution. Table 1 presents the control factors and 

levels. 

 

TABLE1 

ORTHOGONAL ARRAYS 

 
Control factor Level 

A Shape of jacket 1 2 - 

B Thickness of jacket 1 2 3 

C Diameter of inner jacket 1 2 3 

D Length of plate 1 2 3 

E Thickness of pipe 1 2 3 
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F Thickness of packing 1 2 3 

G Emissivity 1 2 3 

H Insulating materials 1 2 3 

Numerical analysis was conducted using the 

experimental design, and its results were analyzed using 

ANOVA. The results of the analysis showed that control 

factors A, B, and C had large differences for each level, but 

not in terms of other aspects. In other words, the factors 

that influence the heat transfer in the vacuum jacketed 

valve are thought to be the jacket’s thickness, inner 

diameter, and length. The optimal levels deducted based on 

this assumption are combinations of A2, B3, C3, D3, E2, F2, 

G2, and H3. ANOVA results can be found in Table 2. 

 

C. Analysis Model 

The vacuum jacketed valve that is the subject of this study 

is mainly composed of a body, stem, and jacket, as depicted 

in Fig. 1. The external flow region was set based on the 

numerical analysis model to account for the effect of the 

external atmosphere temperature, which is an 

environmental factor. This setting was for the application 

of the operating conditions of the vacuum jacketed valve. 

 

 
Fig. 1. Analysis model 

 

  The numerical analysis systems used in this study 

included fluid flow, steady-state thermal, and transient 

thermal analyses (ANSYS Workbench V14.0), and heat 

transfer analysis was performed to review the 

optimization factors. The transient thermal analysis was 

used for numerical analysis on the key factors to be 

examined. 

  The steady-state thermal analysis was used to apply the 

initial temperature condition by obtaining the 

temperatures of each system or component with respect to 

thermal loads. The transient thermal analysis was used to 

analyze several heat-related items including heat 

distribution with respect to time. Through this analysis, we 

reviewed heat distribution with respect to changes in 

design variables. 

  For effective numerical analysis, we simplified the model 

of interest, generating a 3D finite element model 

comprising nodes and elements. Because the internal and 

external forms change rapidly, an unstructured grid was 

used to generate a dense grid for more accurate results.  

 

D.   Analysis Results 

Numerical analysis on the vacuum jacketed valve was 

implemented using experimental design, and its results 

were analyzed using ANOVA. The numerical analysis 

results corresponding to the deducted optimal levels are 

shown in Fig. 2-3. 

 

  
(a) Heat flux (b) Temperature 

Fig. 2. Thermal analysis results 
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(a) Deformation (b) Stress 

Fig. 3. Thermal-structural analysis results 

 

 
Fig. 4. Heat flux variations for DOE. 

 

TABLE 2 
ANALYSIS OF VARIANCES 

 
 

  The results show that for greater jacket thicknesses and 

diameters, the temperature of the upper portion of the 

valve is maintained closer to room temperature. It can be 

seen that the increase in the jacket’s surface is 

considerably dominant in heat transfer, and we believe that 

studies on the jacket’s surface area and optimal design of 

its form are crucial for normal operation of the jacketed 

valve at ultra-low temperatures. 

III. CONCLUSION 

This study performed numerical analysis on the effect of 

key design factors on the heat transfer of the vacuum 

jacketed valve at ultra-low temperatures. The analysis, 

which was conducted by applying an optimization method, 

provided the following results. 

(1) A method of experimental design, an optimization 

method, was applied for efficient numerical analysis, 

and we reviewed the degree of effect on the key design 

factors by analyzing the results. 

(2) ANOVA results show that the optimal levels of the 

control factors chosen in this study are combinations 

of A2, B3, C3, D3, E2, F2, G2, and H3.  

(3) In particular, we believe that the jacket’s thickness, 

inner diameter, and length (i.e., the jacket’s surface 

area) have a significant effect on maintaining the 

temperature of the upper portion of the valve. 

(4) The results of the numerical analysis for the optimal 

level indicate that the influx of heat from the outside 

decreased by about 7% compared to the initial model. 
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