K %

FAL (B 243 BF)

LR R B

AL GO B A

EINE I AL T

LA S H

i

A L HF A &

\
/

Ashish Kumar
(%)

TRAF R EE 2180 =
2020 429 H 28H

TR e 10y S Ry i S )| BT Sy SR Ny
P A6 1 THG% Y
Study on 2K Heat

Exchanger for Superfluid Helium

Cryogenic Systems of Superconducting Accelerators

¥ & IR AR R

£ 2 €T E N =N
HEFER h iR
B WK HF
B M EF

B HE
& B AT IERT U AT ZE 2 E T S A
W BT 52 R




(Form 3)

Summary of Doctoral Thesis

Name in full: Ashish Kumar

Title: Study on 2K Heat Exchanger for Superfluid Helium Cryogenic Systems of
Superconducting Accelerators

The superfluid helium cryogenic systems are widely employed for the operation of
superconducting magnets and cavities below 2.0 K. At KEK, superconducting radio
frequency (SRF) cavities are used for electron beam acceleration at the compact Energy
Recovery Linac (cERL) and the Superconducting RF Test Facility (STF) for the
International Linear Collider (ILC). The SRF cavities operate at temperatures of 2.0 K
or below, due to their higher resonant frequency of 1.3 GHz. To obtain temperature <
2.0 K, SRF cavities are cooled with saturated superfluid helium (He I1), which is another
phase of liquid helium (LHe or He I) when its temperature is below 2.17 K, under
saturation condition. The superfluid helium is produced continuously via a Joule-
Thomson (JT) valve in the cryogenic system, which also maintains the level of He Il in
the helium tanks of the SRF cavities. Also, a 2K heat exchanger (2K HX) is introduced
in series with the JT valve to recover the coldness from evaporating saturated 2.0 K
gaseous helium (GHe). This increases the production rate of superfluid helium by
reducing the incoming LHe temperature from 4.4 K to 2.2 K or above, before the JT
valve. As such, the vapor flash loss (dryness) is also reduced from 40% to 9.4% during
the JT expansion for production of 2.0 K saturated superfluid helium. The saturated
vapor pressure (3.13 kPa) on the 2.0 K He Il is maintained with the aid of rotary vane
vacuum pump in series with roots blower, operating at room temperature and pressure.
The capacity of these pumps to maintain 3.13 kPa vapor pressure is limited and will
reduce with further lowering of inlet pressure. As such, if the GHe pressure drop through
the 2K HX is high, it can reduce the inlet pressure to the vacuum pumps, hence reducing
the flow rate through the 2K HX to maintain the level of He II.

At KEK, we have a 2K heat exchanger (2K HX_1) consisting of helically coiled tubes
and laminated fins made of oxygen-free copper (OFC), designed by Prof. K. Hosoyama.
It was designed to handle mass flow rates of ~3.5 g/s in counterflow arrangement. The
laminated fins on the helical tube are to increase the surface area for the 2.0 K GHe and
the enthalpy extraction is thus improved from the LHe flowing through the helical tubes.
Two 2K HX_1 in series for each 2K refrigerator cold box are employed to obtain 84%
effectiveness at the maximum operating flow rate for the cryogenic systems (~4 g/s).
The focus of this research will be on determining the performance of the 2K HX_1 and
the GHe pressure drop through it. Moreover, its design will be optimized to improve the
He Il production rate from the superfluid helium cryogenic systems. The performance



of a heat exchanger is characterized by a factor known as “effectiveness”, which is the
ratio of actual heat transfer to the maximum possible heat transfer between the fluids,
without mixing. The challenge in determining its effectiveness theoretically, is the
unknown heat transfer properties of GHe flowing through the unique design of this 2K
heat exchanger, hence it needs to be determined experimentally using a heat exchanger
test stand. Also, a numerical model based on computational fluid dynamics (CFD) and
finite difference methods (FDM) is employed to validate the experimental results and
to study the heat exchanger design.

The performance of the 2K HX_1 was determined experimentally with the heat
exchanger test stand to be 75% with a GHe pressure drop of 136 Pa at 3 g/s of mass
flow rate. The quality of the He Il (wetness) obtained at the exit of the JT valve was
86% (vapor flash loss — 14%). CFD simulations were performed with the aid of ANSYS
CFX® to determine the heat transfer properties of GHe flowing through the 2K HX_1.
The obtained results from the CFD simulations were fed to the numerical model to
determine the effectiveness using FDM, performed with the help of Mathematica®. The
effectiveness from CFD simulations and FDM was determined to be 73.2% with a GHe
pressure drop of 118 Pa at 3 g/s.

A CFD based parametric study was also conducted to optimize the 2K HX_1 design,
with the main goal of maximizing the He Il production (or cooling capacity) for the
cryogenic systems, while keeping the effectiveness of the 2K heat exchanger as high as
possible. The current setup of the two 2K HX_1 in series for each cold box, produces
70 W and 80 W of cooling capacity at 2.0 K for STF and cERL cryogenic systems, with
84% effectiveness. The optimized 2K HX (2K HX _3) design has 84% effectiveness with
50% lower GHe pressure drop at 3 g/s, compared to the two 2K HX 1 in series. Due to
the lower GHe pressure drop of the 2K HX_3, the cooling capacity of STF and cERL
cryogenic system can be improved by up to 10%. From the parametric study, a particular
design was manufactured and tested experimentally to prove the reliability of the
numerical model for the 2K HXs. It provided higher effectiveness (by 4%) with lower
GHe pressure drop (by 40 Pa) at 3 g/s flow rate, compared to the 2K HX 1, and the
obtained experimental results were in agreement with its numerical model.

In conclusion, the performance of the 2K HX 1 was determined experimentally and
verified with its numerical model. A parametric study of the 2K HX_ 1 design was
conducted and its design was optimized. The optimized design (2K HX_3) improves the
cooling capacity of the STF and cERL cryogenic systems. The parametric study was
validated experimentally using the heat exchanger test stand at STF.
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