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Abstract.

Heat transfer from a horizontal wire immersed in liquid and supercritical hydrogen was
measured with a quasi-steady increase of a heat generation rate for wide range of bath
temperatures and pressures. The nucleate boiling heat transfer coefficient is higher for higher
pressure. The CHF is highest in the vicinity of 0.4 MPa and is expressed by Kutateladze’s
equation. The CHFs become higher for higher subcooling. The heat transfer under
supercritical pressure is the same as natural convection heat transfer in liquid hydrogen, but it
detoriorates for the heated surface temperautre higher than pseudo-critical temperature. The
heat transfer correlation was derived based on the experimental data.
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Introduction

Ligquid hydrogen is expected as a coolant for high-Tc superconducting devices because of
its excellent cooling properties. Several workers [1-3] have mainly investigated the pool
boiling heat transfer of saturated liquid hydrogen at atmospheric pressure. However, there has
been a lack of systematic experimental data of heat transfer characteristics in a pool of liquid
hydrogen for wide ranges of pressure and supercritical hydrogen.

Tatsumoto et al. [4] have developed an experimental system for liquid hydrogen to
systematically investigate not only pool boiling but also forced convection heat transfer.
Shiraietal. [5] measured critical heat fluxes (CHF) from a flat plate in a pool of saturated and
subcooled liquid hydrogen for the pressure of 0.1 MPa to near the critical pressure. They
reported that the CHFs are smaller than the values by Kutateladze’s correlation [6] for higher
pressures because the CHFs would be determined not by the heat flux due to hydrodynamic
instability but by upper limit of the surface temperature.

The purpose of this study is to clarify pool boiling heat transfer from a wire in pool of
saturated and subcooled liquid hydrogen compared with that from the flat plate [6].
Furthermore, the heat transfer characteristics in pool of cryogenic hydrogen at supercritical
pressure is clarified and the heat transfer corelation is derived based on the experimental data.

Experimental Apparatus and Method

Details of the experimental system and the measurement procedure have already been
described in a previous paper [5]. The cryostat whose design pressures are 2.1 MPa has an
inner diameter of 406 mm and a height of 1495 mm. The maximum inventory of liquid
hydrogen is 50 L. Liquid hydrogen in the cryostat is pressurized to a desired value by pure
hydrogen gas from hydrogen gas bottles. The bath temperature, Ty, is controlled by a sheathed
heater and is measured by Cernox sensors with the accuracy of 10 mK. Powers leads are


mailto:tatumoto@post.j-parc.jp

installed to introduce the heating current up to 400 A to the test heater. For explosion
protection, the power cables are covered with nitrogen gas blanket pipes.

A wire test heater made of Pt-Co with the length of 101.8 mm and the diameter of 1.2
mm is horizontally immersed in the cryostat. The copper current leads were brazed at both
ends of the test heater and the voltage taps (70um) were set at 8 mm from both ends.

The electric resistance of the heater was measured using a double-bridge circuit. The
output voltage of the bridge circuit, the voltage drop across the potential taps of the heater,
and the voltage drop across a standard resistance were measured at an interval of 30 ms. The
average temperature, Tay, Was estimated using the electrical resistance, which had been
calibrated previously. The surface heat flux, q, was given as the difference between the heat
generationrate, Q, and the time rate of change of energy storage. The average temperature on
the heated surface, Tw, was calculated by solving the conduction equation in the radial
direction of the cylinder using Tavand Q.

Pool boiling heat transfer was measured with a quasi-steady increase of the heat
generation rate, Qoe’7, with z = 10.0 s at the pressures of 0.4, 0.7 and 1.1 MPa. The bath
temperatures were set from 20.5 K to its saturated temperature. Furtheremore, heat transfer
characteristic was measured in a pool of cryogenic hydrogen at the pressure of 1.5 MPa and at
the bath temperatures of 21 K to 32 K.

Results and Discussion
Heat transfer characteristics in a pool of liquid hydrogen.

Fig.1 shows heat transfer characteristics in pool of saturated liquid hydrogen for the
pressure of 0.1 to 1.1 MPa where transverse axis indicates the heater surface superheat, ATsat
(=Tw-Tsat). Temperature setback is small at the incipient of nucleate boiling. With slight
increase in ATsat, the heat flux, q, drastically increases up to critical heat flux (CHF), der,
where an abrupt heated surface temperature rise appears due to transition to film boiling
regime and does not extend beyond 100 K unlike non-cryogenic fluid. The nucleate boiling
heat transfer coefficient is higher for higher pressure. The CHF increase with increase in
pressure up to 0.4 MPa but it becomes smaller for higher pressure. The film boiling heat
transfer coefficient becomes higher for higher pressure.

Fig.2 shows a typical heat transfer characteristics in pool of subcooled liquid hydrogen
at the pressure of 0.7 MPa, where Tsat is 29.03 K, for subcoolings of 0 K, 5.03 K and 8.23 K.
Transverse axis indicates the excess heated surface temperature beyond bath temperature, AT,
(=Tw-Tb). The natural convection heat transfer can be expressed by McAdams equation [7].
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hydrogen. hydrogen at 0.7 MPa.



Nu = 0.53(GrPr)'/* (1)

where Nu is Nusselt number, Gris Grashof number and Pr is Prandtl number.
The temperature setback is small at incipient of nucleate boiling. The CHF becomes higher
for higher subcooling. Subcooling has relatively little effect on the film boiling heat transfer.

Critical heat flux

Fig.3 shows the effect of pressure on CHF under saturated condition. The data of CHF
from a horizontal flat plate measured by Shirai et al. [5] are also plotted in the figure. The
CHF is highest in the vicinity of 0.4 MPa like that for the flat plate. The pool boiling CHF,
(Jer,sat, In saturated condition is expressed by Kutateladze’s equation as follows [6].

Qersar = 0.16hs,p,{ga(p,— p,)/p;} 2)

where htq is the latent heat, p is the density, g is the gravity, and o is the surface tension. The
subscripts of | and v indicate liquid and vapor.
The predicted values by Eq.(2) are also shown in the figure. The experimental data agree well
with the predicted values by Eq.(2) for the pressures lower than 0.4 MPa. However, the data
are lower for the higher pressures. Fig.4 shows the effect of the pressure on the heated surface
temperatures at CHFs. With increase in pressure, the heated surface temperatures increase up
to critical temperature and are kept constant for the pressure higher than 0.7 MPa. Therefore,
it is assumed that the transition to film boiling would occur at the heat flux lower than that
caused by hydrodynamic instability and be dominated by the heated surface temperature [5].
Fig.5 shows the effect of subcooling on CHF at the pressures of 0.4, 0.7 and 1.1 MPa.
It seems that, with increase in subcooling from ATsub = 0, the CHFs increase in proportional to
subcooling. The CHF for subcooled pool boiling, Qcrsub, IS predicted by Kutateladze’s
equation as follows [8].

qcr,sub/CIcr,sat =1+ 0'065(pv/pl)0'8(cplATsub /hfg) (3)

where Cpiis the specific heat.
Fig.6 shows comparison of the experimental data with the correlations. The experimental data
increase in proportional to the non-dimensional subcooling of Sc = CpiATsub/htg. Itis found
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that the effect of subcooling on the CHF for not only the wire but also the flat plate can be
well expressed by Eq.(4).

Heat transfer characteristics in a pool of cryogenic hydrogen at supercritical pressure
Conclusion

Fig.7 shows a typical heat transfer characteristics at the supercritical pressure of 1.5
MPa where the pseudo critical temperature, Ter’, is 34 K. The bath temperatures are 21 K and
32 K, respectively. The heat transfer curve for subcooled liquid hydrogen at the temperature
of 20.9 K and the pressure of 1.1 MPa, which is slightly lower than the critical pressure, is
also plotted in Fig.7 (a). For Tw < Tcr’, the heat transfer characteristic is similar to that for
subcooled liquid hydrogen and can be also expressed by Eq.(1). Above T¢r’, the heat transfer
deteriorates continuously and is lower than the predicted value by Eq.(1), while it is enhanced
due to nucleate boiling for liquid hydrogen. However, it can be seen that the heat transfer is
enhanced around AT.=110 K. It seems that the heat transfer coefficient above Tcr’ is similar to
that for film boiling heat transfer, although the phenomena is different.

We have derived a correlation of forced convection heat transfer of supercritical
hydrogen by modifying Dittus-Boelter equation to express the degradation of heat transfer
due to the growth of thermal boundary layer [9]. In this study, a heat transfer correlation in
pool of cryogenic hydrogen at supercritical pressure is derived by modifying Eq.(1) and
introducing the terms of (ow/o0)"(1/av) ™ based on the experimental data.
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Fig.7 Heat transfer characteristics in a pool of cryogenic hydrogen at supercritical pressure of 1.5 MPa.
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The predicted values by Eq.(6) are plotted in Fig.7. The experimental data can be described

by our correlation within 40 % for AT. lower than 110 K. The deviation becomes smaller for
lower Tp and it is within 15 % for Tp =21 K.

Conclusions

Heat transfer from the wire in pool of liquid hydrogen MPa and supercritical hydrogen
at the pressure of 1.5 MPa was measured for various bath temperatures. Experimental results
led to the following conclusion.

Non-boiling heat transfer is expressed by McAdams’ equation. The nucleate boiling
heat transfer coefficient is higher for higher pressure. The CHF is highest in the vicinity of 0.4
MPa. The CHFs are lower than the predicted values by Kutateladze’s equation for higher
pressures. This is because the transition to film boiling would be dominated by not the heat
flux due to hydrodynamic instability but Tw. The CHFs become higher for higher subcooling.

The heat transfer of supercritical hydrogen continuously deteriorates above T¢r’. The
heat transfer coefficient is seems to be similar to that for film boiling heat transfer. A heat
transfer correlation for supercritical hydrogen is derived by modifying Eq.(1) and can be
expressed the experimental data within 40 %.
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