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Superfluid helium-4 (He II) has been widely utilized as a coolant in various scientific and engi-
neering applications due to its superior heat transfer capability. An important parameter required
in the design of many He II based cooling systems is the peak heat flux ¢*, which refers to the
threshold heat flux above which boiling spontaneously occurs in He II. Past experimental and nu-
merical studies showed that ¢ increases when the heating time ¢ is reduced, which leads to an
intuitive expectation that very high ¢* may be achievable at sufficiently small ¢;,. Knowledge on
how ¢* actually behaves at small ¢, is important for applications such as laser ablation in He II.
Here we present a numerical study on the evolution of the thermodynamic state of the He II in
front of a planar heater by solving the He II two-fluid equations of motion. For an applied heat
flux, we determine the heating time beyond which the He II near the heater transits to the vapor
phase. As such, a curve correlating ¢* and ¢, can be obtained, which nicely reproduces some relevant
experimental data. Surprisingly, we find that there exists a critical peak heat flux ¢}, above which
boiling occurs nearly instantaneously regardless of t,. We reveal that the boiling in this regime is
essentially cavitation caused by the combined effects of the first-sound and the second-sound waves
in He II. Based on this physical picture, an analytical model for ¢ is developed, which reproduces
the simulated ¢ values at various He II bath temperatures and hydrostatic head pressures. This

work represents a major progress in our understanding of transient heat transfer in He II.

I. INTRODUCTION

When saturated liquid *He is cooled to below about
2.17 K, it undergoes a phase transition to the superfluid
phase (known as He II) [1]. Phenomenologically, He II
can be regarded as a mixture of two miscible fluid com-
ponents: an inviscid and zero-entropy superfluid and a
viscous normal fluid that consists of thermal quasipar-
ticles (i.e., phonons and rotons) [2]. He II has many
unique thermal and mechanical properties. For instance,
it supports two sound-wave modes: an ordinary pressure-
density wave (i.e., the first sound) where the two fluids
oscillate in phase, and a temperature-entropy wave (i.e.,
the second sound) where the two fluids oscillate oppo-
sitely [2]. Furthermore, heat transfer in He IT is via an ex-
tremely effective counterflow mode [2]: the normal fluid
carries the heat and moves away from the heat source at
a mean velocity v,=¢q/psT , where ¢ is the heat flux, T is
the He II temperature, p and s are respectively the total
density and the specific entropy of He II; while the super-
fluid moves in the opposite direction at a mean velocity
Vs=—Unpn/ps to ensure zero net mass flow (here p; and
pn denote the densities of the superfluid and the normal
fluid, respectively). When the relative velocity of the two
fluids exceeds a small critical value [3], a chaotic tan-
gle of quantized vortex lines are created spontaneously
in the superfluid, each carrying a quantized circulation
k =~ 1073 cm?/s around its angstrom-sized core [4]. A
mutual friction force between the two fluids then emerges
due to the scattering of the thermal quasiparticles off the
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quantized vortices [5], which can lead to novel flow char-
acteristics in both fluids [6-10].

Due to the superior heat transfer capability, He II has
been widely utilized in various scientific and engineering
applications for cooling devices such as superconduct-
ing magnets, superconducting accelerator cavities, and
satellites [11]. Many of these applications involve high-
flux transient heat transfer from a solid surface to He II,
which is a complex process that involves the interplay of
counterflow, second-sound emission, and vortex genera-
tion [12]. When the heat flux is higher than a threshold
value denoted as the peak heat flux ¢*, boiling of He
IT can spontaneously occur on the heating surface. This
peak heat flux ¢* is an important parameter needed in the
design of many He II based cooling systems, which has
been the subject of extensive experimental and numeri-
cal studies [13-20]. A power-law dependance ¢* o< ¢, "
of ¢* on the heating time ¢, was reported in literature,
where the power index n varies in the range of 0.25 to 0.5
depending on the magnitude of the applied heat flux and
other experimental conditions such as the He II bath tem-
perature Ty, and the hydrostatic head pressure P, = pgH
(where H is the He II depth and ¢ is the gravitational
acceleration) [15-19]. These results may lead to an intu-
itive expectation that a very high ¢* could be achieved
at a sufficiently small ¢,. However, knowledge on how
q* actually behaves in the high heat flux and short heat-
ing time regime is limited. Such knowledge could benefit
various research fields such as nanomaterial fabrication
via laser ablation in He IT [21, 22].

In this paper, we present a numerical study of the ¢*-
tp correlation with an emphasis on the high heat-flux
regime. By solving the He II two-fluid equations of mo-



tion coupled with the Vinen’s equation for the vortex-line
density [5], we examine the evolution of the thermody-
namic state of the He II in front of a planar heater. For
an applied heat flux ¢, we determine the heating time
tn, beyond which the He II near the heater surface tran-
sits to the vapor phase. The obtained ¢*-t;, curves show
good agreement with relevant experimental data. Sur-
prisingly, we find that there exists a critical peak heat flux
qr, above which boiling occurs nearly instantaneously re-
gardless of ¢,. Our analysis shows that the boiling in this
regime is indeed heat-induced cavitation on the heater
surface caused by combined effects of the first-sound and
the second-sound waves in He II accompanying the heat
transfer. We discuss an analytical model for evaluating
q; and show that this model can nicely reproduce the
simulated ¢} values at various He II bath temperatures
and hydrostatic head pressures.

The paper is organized as follows. In Sec. I, we outline
the numerical model adopted in our study and briefly dis-
cuss some characteristic features of transient heat trans-
fer in He II. In Sec. III, we explain how the ¢*-t;, corre-
lation is determined at a given T;, and the He II depth
H. A comparison of the obtained ¢*-t;, curves with avail-
able experimental data is made, and the appearance of
the unexpected critical peak heat flux ¢ is discussed. In
Sec. IV, we present a systematic study on how ¢} de-
pends on T and H. The underlying physical mechanism
of ¢ is explained in Sec. V. Finally, a brief summary is
given in Sec. VI.

II. NUMERICAL MODEL

There have been a variety of methods developed for
studying heat transfer and flow dynamics in He II un-
der the influence of quantized vortices. For a com-
prehensive review of these methods, one may refer to
Refs. [23, 24]. In this study, we adopt the two-fluid hy-
drodynamic model presented in our previous work [12] to
examine 1D heat transfer in He II from a planar heater.
This model consists of the following conservation equa-
tions for the He IT mass, momentum, and energy:

dp B
LV =0, (1)
0
) V(o2 4 g VP =0, (2)
6Vs Fns
5 +vs:-Vvg+Vu= P (3)
a(pS) o Fis - Vns
5r TV (psvn) = ———, (4)

where pv = psvs + ppvn denotes the total momentum
density, P is the He II pressure, and p is the chemical
potential of He II. Considering the large relative velocity
Uns = |Vns| = |vn — Vs| of the two fluids at high heat
fluxes, we also include the corrections to the thermody-

namic properties of He IT as proposed by Landau [2, 25]:
HPT ) =i (PT) = 52202, ()
S(PTyvn) = s (PT) + 5020000 /) /O, (6)

PP T 00s) = 9 (P T) + 50520000 /)/0P5 (7)

where all the static properties (i.e., with superscript (5))
are extracted from the Hepak dynamic library [26]. Typ-
ically, the corrections amount to no more than a few per-
cent of the property values in static He II.

The Gorter-Mellink mutual friction Fps per unit fluid
volume depends on the vortex-line density L (i.e., length
of vortices per unit volume) and vus as [27]:

BLLVnS (8)

where By, is a temperature-dependent mutual friction co-
efficient [28]. To determine Fyg, we need to know the spa-
tial and temporal evolution of L(r,t). For this purpose,
we adopt the Vinen’s equation [5]:

(?9_1; +V-(vol) = O‘V|VHS|L% —BvL? + v |vas|? (9)
where ay, By, and «yy are temperature-dependent phe-
nomenological coefficients [5]. We use the values recom-
mended by Kondaurova et al. for these coefficients since
they give simulation results that agree well with exper-
imental observations [29]. The term V - (vr,L) accounts
for the drifting of the vortices [30, 31], where we take
the drift velocity vy, to be the local superfluid velocity
vs [5]. Nonetheless, we find that this drifting effect is
negligible in highly transient heat transfer processes [12].
The above model represents a coarse-grained description
of the two-fluid hydrodynamics, since the action of indi-
vidual vortices on the normal fluid is not resolved [32, 33].
Nonetheless, when the vortex-line density is relatively
high, this model was shown to describe non-isothermal
flows in He II very well [12, 34].

In our study of transient heat transfer from a planar
heater in He II, we consider a 1D computational domain
with the heater located at = 0 as shown in Fig. 1 (a).
To generate a rectangular heat pulse of duration ¢, with
a surface heat flux ¢, we adopt a time-dependent bound-
ary condition on the heater surface: v, = ¢ /psT for the
normal fluid and vs = —v,p,/ps for the superfluid dur-
ing 0 <t <tp; and v, = vs =0 at t > . An initial
vortex-line density of Ly = 102 cm™2 is also assumed,
which is comparable to typical densities of remnant vor-
tices in He II containers [35]. Indeed, the exact value of
Ly does not affect the simulation results for the range of
g, considered in our work [12]. We evolve Egs. (1)—(9)
using the MacCormack’s predictor-corrector scheme with
a spatial step Az = 107° m and a time step At = 1078 s,
and we also adopt a flux-corrected transport method to
suppress numerical instabilities [36].
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FIG. 1. (a) A schematic diagram showing the transient heat transfer process from a planar heater located at © = 0. (b)
Simulated curves showing the temperature increment AT = T — T}, in He II at various times when a heat pulse of ¢, = 30
VV/Cm2 with a duration ¢, = 0.295 ms is applied. The bath temperature is T, = 1.78 K, and a He Il depth H = 1 m is assumed.

(c) The spatial profiles of AT near the heater at various ¢.

To illustrate the key features of transient heat transfer
in He II, we show in Fig. 1 (b) the simulated spatial
profiles of the temperature increment AT = T — T}, at
various ¢ for a representative case with g, = 30 W/cm?
and t, = 0.295 ms. This simulation was performed at
a bath temperature T, = 1.78 K with a He II depth
H =1 m. One can see that a second-sound pulse featured
by a positive AT emerges in He II, which carries the heat
energy and propagates away from the heater surface. The
second-sound speed ¢y can be written as ca = cgo[l +
e(T)AT], where cyo is the speed in the AT = 0 limit
(i.e., about 19.6 m/s at 1.78 K [28]) and the nonlinear
coefficient £(T") can change sign from positive at T' < 1.88
K to negative at T' > 1.88 K [2]. At sufficiently large AT,
the nonlinear effect can lead to the formation of a shock
front either at the leading edge (T < 1.88 K) or the
trailing edge (T > 1.88 K) of the second-sound pulse.

Near the heater surface where the vortex-line density
L grows rapidly, the interaction between the vortices and
the second-sound pulse can convert the thermal energy
carried by the pulse to locally deposited heat. This pro-
cess results in a heated layer of He II (i.e., the thermal
layer) adjacent to the heater surface [12]. To make this
thermal layer more visible, we plot the AT profile near
the heater in Fig. 1 (c). As the heat pulse ends, AT on
the heater surface reaches the highest value. After that,
the thermal layer spreads out diffusively [11] so that AT
on the heater surface decreases. This example clearly
shows that the largest temperature increment in He II
occurs near the heater surface by the end of the heat
pulse. Therefore, in our subsequent study on the onset
of boiling in He II, we shall focus on the state variation
of the He II adjacent to the heater.

III. PEAK HEAT FLUX CALCULATION

For a given helium bath condition (i.e., Ty and H), the
peak heat flux ¢* depends on the heat-pulse duration t,.

To determine the correlation between ¢* and ¢, we adopt
a method by scanning t¢;, as illustrated in Fig. 2 (a). This
figure shows the evolution of the thermodynamic state
(P,T) of the He II at the first grid point = Az for heat
pulses with the same flux ¢, = 30 W/cm? but different
duration t;. All the curves start from the same initial
state marked by the black open circle, i.e., T|—o = T} =
1.78 K and P|;—o = P, = Ps(Ty) 4+ pgH where P(T}) is
the saturation pressure at T, and H = 1 m. The He II
states at the end of the heat pulses are marked by the
filled circles of the respective colors. It is clear that when
the heater turns on, there is a pressure drop followed by
an increase of the He IT temperature. As the heat pulse
ends, the pressure spikes up in all the cases and the state
curves evolve back to the starting point. Obviously, the
He II state at the end of the heat pulse gets closer to
the saturation line at larger t;,. We consider that boiling
occurs when the state curve reaches the saturation line.
For the example shown in Fig. 2 (a), boiling occurs at
tp, = 0.297 ms.

By repeating the above analysis at various applied
heat fluxes, we can determine the corresponding pulse
durations beyond which boiling occurs. The results for
T, = 1.78 K and H = 1 m are collected in Fig. 2 (b). We
see that when , is greater than about 10~ s, ¢* increases
with decreasing t5, which agrees with the trend reported
in literature [15-19]. However, when the applied heat
flux reaches a critical value ¢} ~ 55 W/cm?, we find sur-
prisingly that the onset time of boiling suddenly jumps
from about 10™* s to an extremely small value. This
value is found to be of the order Axz/cq, i.e., the trav-
eling time of the second-sound pulse to reach the first
grid point. At heat fluxes higher than ¢, boiling always
occurs on a similar time scale. This time scale Az/co
suggests that the onset time for boiling would become
arbitrarily small as one approaches the heater surface.
However, in practice, the onset time will be limited by
various factors such as the time it takes for vapor bub-
bles to grow on the heater surface, which is about a few
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FIG. 2. (a) Evolution of the He II thermodynamics state at
x = Az when heat pulses of ¢, = 30 W/ cm? with different
duration t; are applied. The filled circles indicate the He
IT states at the end of the heat pulses. (b) The simulated
curve showing the dependance of the peak heat flux ¢* and
the pulse duration t,. The dashed line denotes that above a
critical peak heat flux ¢, the onset time of boiling suddenly
drops to the order of Ax/cs.

microseconds for the bubbles to reach a radius of about
10 pm [37, 38]. The appearance of the critical peak heat
flux ¢ and the associated sudden drop of the onset time
of boiling to the order of Az /¢y are previously unreported
phenomena, which indicates the existence of an unusual
mechanism of boiling in He II.

Before moving to the next section to present our sys-
tematic study of ¢, we would like to compare our model
simulations with some available experimental data. In
Fig. 3, we show the experimental data of ¢* versus tj
obtained by Tsoi and Lutset [15] and by Shimazaki et
al [18]. The work of Tsoi and Lutset adopted a thin-film
nichrome heater (surface area: 3 x 3 cm?) immersed in
He IT at 1.794 K, and the boiling was detected by mon-
itoring the pressure change in He II using a piezosensor.
The experiment of Shimazaki et al. was conducted at
T, = 2 K and utilized a slightly smaller heater (area:

o— Shimazaki et al.

o o Tsoi & Lutset —— Numerical results

w4+
10 10 103 102
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FIG. 3. Comparison of the simulated peak heat flux ¢* and
some relevant experimental data. The blue circles and squares
are data obtained by Tsoi and Lutset at 1.794 K [15]. The
open and filled circles are data obtained by Shimazaki et al. at
2 K [18], where the open circles indicate possible onset of the
boiling while the filled circles denote firm observation of the
boiling. The purple and the green curves are our simulation
at T, = 1.794 K with H =1 m and T, = 2 K with H = 0.3 m,
respectively. The purple band indicates the span of the curve
when H is varied in the range of 0.8 — 1.5 m, while the green
band is for H in the range of 0.2 — 0.4 m.

2.7 x 2.7 cm?), where the boiling was detected by mea-
suring thermal shockwaves using a superconducting tem-
perature sensor. The exact hydrostatic head pressures
in these experiments were not reported. Nonetheless, we
can perform simulations at the corresponding T3 with a
range of H compatible with the expected He II depths
estimated based on their setup schematics. The simu-
lated q*-t;, curves are shown in Fig. 3, which agree well
with these experimental data. This agreement validates
our model. Note that due to the limited sensor response
times, the sudden drop of the onset time of boiling at heat
fluxes above ¢} was not resolvable in these experiments.

IV. CRITICAL PEAK HEAT FLUX VARIATION

In order to understand the physical mechanism un-
derlying the critical peak heat flux ¢, we need to first
conduct a systematic study on its dependance on the he-
lium bath condition. For this purpose, we have repeated
the afore-mentioned analysis at various T and H. In
Fig. 4 (a), we show the calculated ¢*-t;, curves for T,
in the range of 1.3 — 2.1 K with a fixed He II depth of
H = 0.5 m. The critical peak heat flux ¢} at each T
is identified and marked by the filled circle. From this
study, the dependance of ¢} on T} is obtained, which is
shown in Fig. 4 (b). ¢} first increases with increasing Tp
before reaching a maximum at 7, ~ 1.95 K. Then, ¢}
decreases as Tp further increases. The maximum value of
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FIG. 4. (a) Calculated g*-t; curves at various T3 with a fixed
He II depth H = 0.5 m. The critical peak heat flux g; for
each curve is marked by the filled circle of the respective color.
(b) The obtained critical peak heat flux ¢ as a function of
T,. The black dots are simulation data. The solid and the
dashed curves are calculated using Eq. (14) with and without
the AP; term, respectively.

q: appears to be achieved at the bath temperature where
the two fluids have about the same densities.

When the He II depth H is changed, the dependance
of ¢ on T} remains similar to that presented in Fig. 4 (b)
but its exact value changes. To illustrate how g} varies
with H quantitatively, we fix the bath temperature at
Ty, = 1.78 K and calculate the ¢*-t; curves at various He
II depth H. Representative results for H in the range
of 0.3 — 2 m are shown in Fig. 5 (a), where ¢} can be
determined (marked by the filled circles). The obtained
g’ is then plotted as a function of H in Fig. 5 (b). It is
clear that ¢ increases monotonically with increasing H.
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FIG. 5. (a) Calculated ¢*-t5 curves at various H with a fixed
bath temperature T, = 1.78 K. The critical peak heat flux ¢
for each curve is marked by the filled circle of the respective
color. (b) The obtained critical peak heat flux ¢ as a function
of H. The black dots are simulation data. The solid and the
dashed curves are calculated using Eq. (14) with and without
the AP; term, respectively.

V. EXPLANATION OF CRITICAL PEAK HEAT
FLUX

The studies presented in the previous sections show
that the critical peak heat flux ¢ depends on both Tj
and H and is likely associated with the propagation of
the second-sound pulse since the corresponding boiling
time is on the order of Az /ca. To better understand the
physical processes that controls ¢*, we show in Fig. 6 (a)
the evolution of the He II state adjacent to the heater
(i.e., z = Ax) when the applied heat flux gradually in-
creases. All the cases start from the same initial state as
in Fig. 2 (a),1.e., T =T, = 1.78 Kand P = P,(T},)+pgH
with H = 1 m. In what follows, we present a few impor-
tant features observed in this study.

First, when the heater turns on, there is a fast process
during which the pressure drops by AP and the tempera-
ture increases by AT'. This process occurs on a time scale
of Az/cy. The end state of this fast process is marked
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FIG. 6. (a) Evolution of the He II state at z = Az when heat
pulses of different ¢, are applied. The asterisk in each curve
denotes the end state of the fast process, and the filled circle
marks where the state curve reaches the saturation line. The
inset shows the obtained correlation between g: and ¢,. (b)
Time evolution of the He II pressure P, temperature 1", and
the vortex-line density L at x = Az, 1 mm, and 2 mm for the
case with g, = 50 W/cm?. All the simulations are conducted
at T, = 1. 78 Kand H =1 m.

by the asterisk for each curve in Fig. 6 (a). It is clear
that the magnitudes of both AP and AT increase with
increasing the heat flux ¢q. To provide a more direct view
of the fast process, we show the time evolution of the
He II pressure, temperature, and the vortex-line density
at £ = Az, 1 mm, and 2 mm for a representative case
with ¢, = 50 W/cm? in Fig. 6 (b). For the » = Ax
curve, following the fast process the He II temperature
and pressure remain nearly constant for over 0.1 s. Dur-
ing this period, the vortex-line density L gradually grows
following an initial rapid increase. This initial increase

of L is controlled by the generation term (i.e., the last
term) in Eq. (9), which is also the reason why the ex-
act value of the initial line density Ly does not affect the
simulation result. When L builds up to a sufficient level
(i.e., of the order 108 cm~2), local heating due to the
mutual friction makes the He II temperature rise again.
This heating process drives the He II state at z = Az
further towards the saturation line. Interestingly, at the
critical peak heat flux ¢ ~ 55 W/cm?, the state curve
of the He II at © = Ax reaches the saturation line during
the fast process without involving any subsequent slower
heating process. Therefore, the onset time for boiling
suddenly drops to the order of Az/ce (see the inset in
Fig. 6 (a)). At heat fluxes higher than ¢, the boiling is
largely controlled by the sudden drop in pressure across
the saturation line, a phenomenon that is known as cav-
itation [39].

Based on the physical picture presented above, we can
indeed develop an analytical model to evaluate ¢;. When
the heater turns on, a second-sound pulse emerges from
the heater surface. At short times when the vortex-line
density near the heater is relatively low, the temperature
increment AT within the second-sound zone is related to
the applied heat flux g5, as [2]:

an = 2T (ps|2na — pslbatn)
1 Opn (10)
~ copCp AT + EU,?LSCQT (ﬁ)

)

Ty+AT, Py

where the subscripts “o,,4” and “pqin” denote parameters
evaluated in the second-sound zone and in the He II bath,
respectively. C, = T(0s/0T)p is the specific heat of He
II, and the second term in the above equation comes from
the correction term in Eq. (6). Within the second-sound
zone, a counterflow of the two fluids establishes as shown
schematically in Fig. 7. The velocities of the two flu-
ids are given by vp,=qn/(psT)|1,+aT and vs=—vyppn/ps.
Accordingly to Eq. (2), the finite v, and vs lead to a
pressure change AP, in the second-sound zone as:

2
APy = —(p0? + pyv2) = — —hn S ay

272
S*Tpps |1, 4 ar.p,

This pressure drop AP, is essentially a manifestation of
the Bernoulli effect due to the motion of the two fluids
in the second-sound zone.

Besides the effects due to the second-sound pulse, there
is another subtle effect. Note that He II has a nega-
tive thermal expansion coefficient at temperatures above
about 1.1 K [28]. Therefore, the He II density p in the
second-sound zone must increase due to the temperature
rise AT, which requires a mass flow towards this region.
To supply the mass, a first-sound pulse is generated on
the second-sound pulse front, where the two fluids move
in phase at a velocity v towards the second-sound zone
as shown in Fig. 7. The mass flux pv should balance the
needed mass associated with the expansion of the second-
sound zome, i.e., p|v| = ca(pland — plist) (“1st” denotes



FIG. 7. A schematic diagram showing the temperature and
pressure changes as well as the motion of the two fluids in the
first-sound and the second-sound zones.

the first-sound zone). This finite pv leads to a pressure
drop AP; in the first-sound pulse zone. To the lowest
order in v, one can derive AP, from Eq. (2) as:

Qnd] (12)

where ¢; is the speed of the first sound in He II (i.e.,
about 231 m/s at 1.78 K). The pressure drop AP; can
affect the total pressure change AP in the second-sound
zone.

To evaluate AP, we apply Eq. (2) across the interface
of the first-sound and the second-sound zones:

APy >~ —pci V] = —cica(pland — plist)

2,2
S S p Uns 6pn/p
= —crca |l =l + g (22

p|V|—0 AP2 (Pb+AP1)—(Pb+AP)
+ +
ot ox ox

=0, (13)

where 0z is the interface thickness across which the He
IT conditions change from the values in the first-sound
zone to that of the second-sound zone, and §t = dx/co
is the time it takes to complete this change. The above
equation leads to AP = (1 — ¢a/c1)AP; + AP». Since
cog < c¢1, AP ~ AP; + AP,. The fact that the total
pressure drop AP in the second-sound zone is about the
sum of AP; and AP, can be clearly observed in Fig. 6 (b)
at x = 1 mm (and z = 2 mm), where the first-sound pulse
and the second-sound pulse arrive at different times.

At the critical peak heat flux ¢, the temperature in-
crement AT and the total pressure drop AP associated
with the second-sound pulse would drive the He II from
the initial state (T3,P) to the saturation line upon its
arrival. Therefore, the following equation must hold:

P,(Ty) + pgH + AP = Py(T, + AT), (14)

where ¢ enters the equation through AT and AP via
Egs. (10)-(12). Using this model, we have calculated ¢

as a function T, at H = 0.5 m and as a function of H at
T, = 1.78 K. The results are included in Fig. 4 (b) and
Fig. 5 (b) as the solid curves. Excellent agreement be-
tween the model’s calculation and the simulated ¢} values
is observed, which proves that our understanding of the
mechanism underlying the critical peak heat flux is cor-
rect. To see how large the first-sound effect is, we have
also repeated the calculation using Eq. (14) but with-
out the AP; contribution. The results are shown as the
dashed curves in Fig. 4 (b) and Fig. 5 (b). Obviously,
the first-sound effect is non-negligible at these large heat
fluxes.

VI. SUMMARY

We have conducted a numerical study on 1D transient
heat transfer in He II from a planar heater. The peak
heat flux ¢* for the onset of boiling in He II is deter-
mined as a function of the heat-pulse duration ;. A
major finding in our study is the observation of a criti-
cal peak heat flux ¢} above which boiling occurs almost
instantaneously. Our analysis shows that the boiling at
heat fluxes lower than ¢ is caused by a heating process,
which is associated with the relatively slow buildup of
the quantized vortices and the thermal layer in front of
the heater. When the applied heat flux is higher than ¢,
the boiling is essentially a cavitation on the heater sur-
face due to the combined effects of the first-sound and
the second-sound waves in He II. A theoretical model for
evaluating ¢} is developed, which nicely reproduces the
simulated ¢} values at various He II bath temperatures
and hydrostatic head pressures. Inspired by this work,
a question we plan to address next is how the boiling
physics may change in non-homogeneous heat transfer
in He II. As shown in our early work [12], heat transfer
of He II in non-homogeneous geometries (such as from
cylindrical or spherical heaters) can exhibit new features.
Understanding the behavior of the peak heat flux in these
geometries could benefit research work such as quench-
spot detection on He II cooled superconducting acceler-
ator cavities [40, 41] and the heat and mass transfer pro-
cesses due to a vacuum failure in He II cooled accelerator
beamline tubes [42-45].
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