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Abstract: In this study, a super-insulated pipe incorporating Multi-Layer Insulation (MLI) and
vacuum is numerically analyzed to overcome the challenges faced during the transportation of
cryogenic fluids like nitrogen. A super-insulated pipe incorporating an inner process pipe of SS
304 L insulated by twenty-four consecutive layers has been used. Each layer consists of aluminized
mylar (as a radiation shield) and dacron netting (as a spacer material). High vacuum (10~? torr) is
applied and numerically analyzed at multiple flow rates, i.e., 250 LPH, 500 LPH and 1000 LPH. The
results show a gradual increase in temperature along the flow direction from 77 K to 79 K at the most.
Moreover, the temperature increases with the increase in the length of the pipe and decreases with
the increase in the flow rate of LN5.

Keywords: Multi-Layer Insulation; cryogenic transfer line; super-insulated pipe; process pipe;
radiation shield

1. Introduction

Liquid nitrogen is a cryogenic fluid as its temperature is below —150 °C (123 K), i.e.,
—196 °C (77 K). It should be managed with caution as it could result in extreme frost bites
and other health hazards. It finds its application in multiple industries, for example, in
space exploration for rocket propulsion, in metal working to shrink-fit components, in the
food industry to preserve food products and so on.

In 2009, Sun et al. [1] experimentally investigated the effect of different spacer gases
over a wide range of temperature (77 K-300 K) and pressure (1073 Pa-10° Pa) and concluded
that Ar has the least apparent thermal conductivity among all the gases assessed. Similarly,
Wei et al. [2] experimentally investigated heat transfer across a Perforated Multi-Layer
Insulation Blanket (PMLIB) and inferred that the shape and structure of a PMLIB play a
significant role in the accuracy of its performance test. Bapat et al. [3] also predicted the
performance of MLI incorporating aluminized mylar (12 pm) and glass fabric (76.2 um).
The effective thermal conductivity of MLI seems to increase with the increase in the number
of layers due to gas conduction. Later, Johnson et al. [4] experimentally evaluated several
specimens of MLI in order to calculate their optimal layer density. Then, Funke et al. [5]
conducted a comparative study between multiple insulations, taking liquid hydrogen and
liquified natural gas (LNG) as the process fluid. They found that the heat flux (q) and
effective thermal conductivity (ko) were the lowest for the MLI systems under consideration.
In another study, Fesmire et al. [6] conducted extensive experimentation on six different
MLI configurations.

In the current study, a super-insulated pipe incorporating Multi-Layer Insulation (MLI)
and vacuum was designed and numerically analyzed on ANSYS to observe its thermal
behavior at multiple flow rates, i.e., 250, 500 and 1000 LPH. The aim of this study is to
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determine heat flow through temperature distribution. The results obtained were then
validated through Experimental Fluid Dynamics (EFD) data compiled by Lim et al. [7].

2. Materials and Methods

MLI is most effective for extremely large temperature gradients as considered in this
study. MLI consists of aluminized mylar (0.08 mm) and dacron netting (0.02 mm) due to its
lower heat transfer rates. Aluminized mylar acts as a reflector for radiation while dacron
netting minimizes the thermal contact area between adjacent aluminized mylar layers. SS
304 L-grade pipes were used owing to their better strength at extremely low temperatures.
Argon was introduced as vacuum due to its inert nature. A high-density polyethylene
(HDPE) spacer was used due to its lower thermal conductivity and high strength. A single
layer comprises a combination of one aluminized mylar layer and one dacron netting layer.

The flow was turbulent in this study. The total thermal resistance is determined by
the following:

1 1 o 1 r3 1 rs 1
Reptal = m2)+-—(In2 n=>)+-— 1
Total hLNZ'Aip * 27tkss- L ( nrl) * 27Tkins'L ( n72) * 27tkss-L ( nr4> * hAir'Aop ( )

Here, I and k are convective and conductive heat transfer coefficients, L is the length
of the pipe and r refers to the radius of either the pipe or insulation. A,y and A;, is outer and
inner pipe surface area respectively. The convective heat transfer coefficient is calculated
using the Nusselt number (Nu) [8].

h-L

Nu=—~ = 0.0023-(Re)"® (Pr)"? )

3. Modelling and Simulation

The insulated pipe model was developed in SOLIDWORKS. The length of the pipe is
1 m and its inner diameter is 25.4 mm. The surface contact area of the spacer is kept to a
minimum to reduce the heat conduction between layers and the outer jacketed pipe.

The mesh size in Figure 1a was kept to 10 mm. Figure 1b shows sectional view of
the super insulated pipe developed for numerical analysis. The SOLIDWORKS model
was imported into ANSYS for thermal analysis. k-epsilon turbulence model and SIMPLE
(Semi-Implicit technique for Pressure Linked Equations) method was implemented. The
solution was converged after 85 iterations (Table 1).

(a) (b)

Figure 1. Modelling and meshing. (a) Mesh size. (b) Section view of the model.
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Table 1. Boundary conditions and layers data.

Number of Layers Layer Density Cold Body Hot Body Cold Vacuum Pressure
‘n’ (Lyrs/mm) Temperature (K) Temperature (K) (Torr)
25 10 77 300 107°
4. Results

The following results were obtained after the completion of analysis (Table 2).

Table 2. Temperature variations with respect to volume flow rate.

Inlet Mass Flow Rate (kg/s) 0.0561 0.1123 0.2245
Max Wall Line Temperature (K) 78.6 779 77.6
Min Wall Line temperature (K) 77 77 77
Change in Temperature (K) 1.6 0.9 0.6

Inlet mass flow rate values of 0.0561, 0.1123 and 0.2245 kg/s are equivalent to 250, 500 and 1000 LPH, respectively.

Figure 2a shows that the temperature of LN, increases along the direction of flow.
The temperature contour is set between 77 K to 77.8 K to compensate minor deviation
in temperature. This rise is quite abrupt in the beginning due to the large temperature
gradient, while this rise in temperature becomes gradual along the length as the temperature
gradient becomes small. Moreover, it can be seen that the boundary wall experiences a
higher temperature than the asymmetric line due to frictional effect as it delays flow along
the boundary.
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Figure 2. Temperature profile of super-insulated pipe. (a) Temperature contour at 1000 LPH.
(b) Temperature variation with respect to length.

Figure 2b shows a comparison between current analysis with the EFD trend for
1000 LPH developed in previous studies [7]. There is a minor deviation (i.e., less than 5%)
in the analysis results from the Experimental Fluid Dynamics (EFD) trend. The lower flow
rates seem to follow the same trend but with a slightly higher temperature gradient. This
proves that lower flow rates are more prone to temperature variations than higher flow
rates. Lower flow rates increase interaction time between boundary wall and the LN,
resulting in higher temperature variations. As the temperature gradient between ambient
(i.e., 300 K) and LN (i.e., 77 K) is quite high.

5. Conclusions

It has been concluded from this study that the temperature gradient along the flow
reduces with the increase in the flow rate. Moreover, the boundary wall experiences a
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higher temperature than the asymmetric line. Temperature distributions are within the
range of 77 K to 79 K for inlet volume flow rates of 250 LPH, 500 LPH and 1000 LPH.
The temperature profile follows a hyperbolic trend for the LN, flow inside the super-
insulated pipe.
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