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Phases of heat transfer to superfluid/
liquid helium 

 
 

 

Figure 3.3: Phase diagram of He. The operating point of the considered LHC cables 

is (1.9 K, 1.3 bar). 

Figure 3.3 is the helium phase diagram where, in addition to the conventional 

characteristics such as the critical point and two-phase coexistence, there are several unique 

features: 

• first, unlike all other substances, the solid state is not obtainable in helium at any 

temperature unless an external pressure in excess of 2.5 MPa (25 bars) is applied; 

• liquid helium is also exceptional in that it can exist in either of two very different 

states. He I is the normal liquid with characteristics that are typical of classic 

fluids. In these region, helium acts as a weakly interacting gas, which is at least in 

part due to its weak molecular interaction and low viscosity. The viscosity of He I 

is comparable to that of air at room temperature; 

• the superfluid state (He II), has physical features that are truly exceptional. Most 

notable of these features are the transport properties, with a vanishingly small 

viscosity and an apparent thermal conductivity many orders of magnitude larger 

than liquids or even high-conductivity solids. This is the reason why no 

temperature gradients form in He II. The line that separates the two liquid states is 

called  the  λ-line, because the specific heat near the transition has the shape of the 

Greek   letter  λ   (see  Figure  5.9).  The  λ-transition represents a second-order phase 

transition, which means it has a discontinuous slope in the temperature 

! Several phases are possible  
in the heat transfer to helium 
from He II to the gaseous 
state 

1)  Th < Tλ 	
	
 	
Kapitza coefficient: hk 	
 	
 	
 	
 	
He II 

2)  Tλ < Th < Tsat  Helium I heat transfer coefficient: hheI   He I 

3)  Th = Tsat  Nucleate boiling He I: hnucl. boil.        He I/gas 

4)  Th = Tsat  Film boiling He I: hfilm. boil.          He I/gas 

5)  Th > Tsat  He gas/supercritical helium: hgas/hsc      gas/supercr. He 
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Phases of heat transfer to helium 

!   The various phases can be described as follows 

1)  Kapitza resistance at the interface between solid surface and 
superfluid/liquid helium 

2)  At low heat flux in superfluid helium the second sound regime is 
dominant. At high heat flux onset of quantum turbulence and Gorter 
Mellink limit applies. 

3)  Nucleate boiling: vapor bubbles appear in the helium; the bubbles 
are separated from each other  

4)  Film boiling: an evaporated thin film is created at the cooled surface 
with a dramatic reduction of the heat exchange coefficient 

5)  Phase transition to supercritical helium in closed volumes 

M. Breschi, BIQ 2014, CERN 



Cooling regimes for He II and He I 

!   G. Willering “Stability of superconducting Rutherford cables for accelerator magnets”, Ph. Dissertation, University of 
Twente, The Netherlands, 2009 

5.2 Helium as a coolant 125

the film boiling regime. In a closed volume, pressure will build up due to the
expansion of helium. When the critical pressure is reached, the heat exchange
is in the supercritical cooling mode. However, before entering the supercritical
regime, it is possible that it enters the nucleate or film boiling regime. Whether
this happensor not is strongly dependent on the volume to surface ratio and the
heating power.
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Figure 5.9: Schematic of the evolution of heat flow phases into He I as function
of temperature and pressure. Curves 1, 2 and 3 show the behavior for increas-
ing !ℎ"/#ℎ". The temperature limits between the transient and nucleate boiling
regimes and between the nucleate boiling and film boiling regimes depend strongly
on the heating power.

Heat transfer into a volume of liquid helium is characterized by multiple regimes
with many influencing parameters. A measurement by Steward gives a good insight
of the heat transfer regimes [102]. Figure 5.10 shows the temperature rise of a flat
heater placed vertical in a saturated bath of liquid helium at 4 K. The onset times
of the different heat transfer regimes are identified. For increasing heat flux a
following regime is reached earlier.

Four important limitations in heat flow to fluid helium are discussed:
1. Kapitza conductance in the transient regime.
2. Nucleate boiling.
3. The onset of the film boiling regime.
4. The phase transition to supercritical helium in closed volumes.

He II – high heat flux  He I 

!   The actual evolution of heat transfer phases depends on several parameters: 
Vhe/Ahe, heating power, open or closed bath 

!   For an open bath of superfluid helium, the two cooling regimes are the Kapitza 
regime and the superfluid film-boiling regime 
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118 Helium Cooling Affecting Stability

5.2.1 Superfluid Helium

The helium phase and heat flow regime are affected by the temperature and pressure
of the helium. In figure 5.3 the sequence of heat flow regimes and helium phases
after a sudden temperature increase of a surface cooled by He II is illustrated.

Pressure

T
em

p
er

at
u

re

Kapitza
(Superfluid)

Film
Boiling
(Liquid)

Nucleate�boiling
(Liquid)

Supercritical

1

2

3

Pressure

T
em

p
er

at
u

re

Kapitza

Film
Boiling
(Liquid)

Supercritical

1

2

3

Film�Boiling
(Superfluid)

Open
bath

a) b)

Kapitza
(Liquid)

Kapitza
(Superfluid)

Open
bath

Figure 5.3: Schematic drawing of the evolution of heat flow phases into He II
as function of temperature and pressure. Curves 1, 2 and 3 show the behavior for
increasing !ℎ"/#ℎ" ratio. a) Situation for very high heating power. b) Situation
for low heating power.

For an open bath of helium the two cooling regimes are the Kapitza regime
and the superfluid film boiling regime. For closed volumes the behavior can be
more complex. Low heating power will raise the temperature of the helium slowly
to above the transition temperature $# into the liquid phase or finally into the
supercritical phase.

In section 2.5.4 the geometry of the helium filled voids is discussed. It shows that
small helium volumes are connected to each other by small channels. Therefore,
neither the assumption of open bath nor the assumption of a closed volume will be
accurate.

The heat flow into superfluid helium is limited by four mechanisms:
1. The heat exchange between a material surface and superfluid helium is limited

by the Kapitza conductance.
2. High heat flux through a channel filled with He II is limited by the onset of

quantum turbulence. The second sound regime is dominant only for low heat
flux. For high heat heat flux the Gorter-Mellink limit applies [91].

3. High surface temperatures may induce a film of gas near the strand surface.
After the onset of film boiling the heat flow is reduced drastically compared
to the Kapitza conductance.



From Kapitza resistance to nucleate 
boiling 

!   The temperature rise from 1.9 K to Tλ requires  the deposition of a 
minimal amount of energy about 236 kJ/m3  

!   At the saturation temperature, after a given time required to reach 
ebullition, a transition to nucleate boiling occurs 

! This time teb of transition to nucleate boiling is computed in [1] by 
solving the equation of transient conduction in helium I 

            is the superheat of the liquid at the onset of boiling at the wall 

!   In most stability models the Kapitza and the nucleate boiling regimes 
are represented as a single phase 

teb =
π
4
λcρ ΔTeb

2

q2

ΔTeb

!   [1] V. I. Deev, et al, “Transient boiling crisis of cryogenic liquids”, Int. Journal of Heat and Mass Transfer, 47, 2004 
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Transient nucleate boiling: models 

!   A comparison of various available models for the Kapitza-transient 
heat transfer at nucleate boiling is presented in the plot for helium I 

!   A typical expression for this phase is given by Q = A Ts
m −Th

m( )
M. Breschi, BIQ 2014, CERN 
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Transition from nucleate to film boiling: 
steady state 

!   C. Schmidt, “Review of steady state and transient heat transfer in pool boiling He–I”, Proceedings of the Saclay 
Workshop on Stability of Superconductors in He-I and He-II, International Institute of Refrigeration, Paris, 1982, pp. 
17-31. 

!   The forward transition (1) from 
nucleate to film boiling occurs 
at a higher ΔT than the 
backwards transition (2) to 
nucleate boiling (hysteresis) 

! This peculiar feature must be 
taken into account in stability 
modeling of recovery for long 
heat pulses 

(1) 

(2) 
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Transition from nucleate to film boiling: 
steady state vs. transient 

! Two main differences can be observed 
when comparing the steady state and 
the transient heat transfer 

1)  In transient, heat fluxes higher than the 
peak steady state limit can be 
transferred to helium, improving stability 
at short pulse durations  

2)  The transition to film boiling can occur at 
heat fluxes lower than the peak steady 
state limit, when a limiting energy is 
reached, thus decreasing stability at low 
heat fluxes 

  

!   O. Tsukamoto, S. Kobayashi, “Transient heat 
transfer characterisctics of liquid helium”, 
Jour. Appl. Physics, 46, 1975 
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Transition from nucleate to film boiling: 
models of energy limit 

! Models to determine the onset of film boiling are often based on the 
calculation of the energy required to vaporize a thin layer of helium 
close to the heated surface [1] 

!   From the thickness of the diffusion layer, the time and energy of the 
film boiling onset are derived:  

[1] G. Willering “Stability of superconducting Rutherford cables for accelerator magnets”, Ph. Dissertation, University of 
Twente, The Netherlands, 2009  

[2] V. I. Deev, et al, “Transient boiling crisis of cryogenic liquids”, Int. Journal of Heat and Mass Transfer, 47, 2004 

γ factor accounting for phase transformation from liquid to gas 
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!   A model of film boiling onset in He I was developed in [2], computing 
the time required for the bubbles to coalesce and create the film: 
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Transition from nucleate to film boiling: 
models of energy limit 

! Ef = Q tf = Q C Q-2 = C Q-1  for helium I 

!   The energy transferred before the onset 
of film boiling decreases with increasing 
heat flux. A decrease of heat flow (thin 
insulation layer) may in some cases be 
advantageous for stability as it prolongs 
the duration of the nucleate boiling regime 

!   At film boiling                    with h in the 
range from 100 to 2000 W/m2 K 

!   Are the time and energy limits of the 
transition to film boiling in transient 
conditions known for the strands in the 
LHC cables ? 

where qh is the specific load of a heater (or power gener-
ation per unit area of wire surface), Kcq ¼ ðcqÞh=cq is the
ratio of heat capacity of a heater and a liquid,
nðlÞ ¼ lJ 0ðlÞ$ ð2=KcqÞJ 1ðlÞ; fðlÞ ¼ lY 0ðlÞ$ ð2=KcqÞ%
Y 1ðlÞ; and Fo¼ 4ateb=d2 is the Fourier number. As it is
seen from Fig. 3, experimental and calculated data con-
firm the earlier made conclusion that for nitrogen
tcr & teb.

In our other experiments [8] the transient boiling cri-
sis at stepwise power input was studied on the surface of
brass ribbon with the size 65 · 4 · 0.05 mm immersed in
a pool of liquid helium. One of the ribbon sides (65 · 4
mm) had a contact with helium, another side was ther-
mally isolated. The ribbon was heated by passing electric
current through it. For measurement of the ribbon sur-
face temperature, the miniature fast – response film ger-
manium resistance thermometer was used. In these
experiments, in particular, the dependence of critical
heat flux on orientation of test heater in the gravity field
and also the influence of helium saturation pressure on
critical time interval in the range 40'200 kP (p/
pcr & 0.18'0.88) were studied.

Fig. 4 shows the experimental data [8] for atmos-
pheric pressure and q P1.5qcr1 together with the calcu-
lated results of critical time interval by the suggested
model. (For the tested heater depending on its orienta-
tion in the gravity field the value of qcr1 was varied from
2.9 · 103 to 5.7 · 103 W m$2.) As it can be seen from this
figure, the orientation of the heater in the considered
cases practically does not have influence on critical time
interval. The correlation between q and tcr may be de-
scribed as

q ¼ Ct$0:5
cr : ð18Þ

In the case of tcr & tmer this dependence fully corre-
sponds to Eq. (15) of the model, if C ¼ ðp2I=ðp$ 2ÞÞ

q00Dhvf ðJaÞ
ffiffiffi

a
p

. The calculation of C in (18) at the helium
parameters corresponding to atmospheric pressure gives
the value C1 ffi 750 W s0.5 m$2. The comparison of pre-
dicted and experimental data is presented in Fig. 4.
Good agreement is observed.

As it follows from analysis of experimental data, the
value of C varies with changing saturation pressure. The
influence of pressure p on coefficient C is shown in rela-
tive coordinates in Fig. 5, where data from [8,13] and

Fig. 3. Transient boiling crisis in liquid nitrogen on the surface
of platinum wire at stepwise power input under conditions of
atmospheric pressure: s horizontal orientation of the heater; d
vertical orientation; — calculation by Eq. (17); - - - minimal
transient critical heat flux.

Fig. 4. Transient boiling crisis in liquid helium on the surface of
brass ribbon at stepwise power input under conditions of
atmospheric pressure: !dh horizontal orientation of the
heater (heat transfer surface facing upward, downward, located
vertically, respectively);s vertical orientation; — calculation by
the suggested model; - - - stationary critical heat flux.

Fig. 5. The influence of saturation pressure on coefficient C in
Eq. (18):s experimental data [8];d the data [13]; — calculation
by the suggested model.
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!   V. I. Deev, et al, “Transient boiling 
crisis of cryogenic liquids”, Int. Journal 
of Heat and Mass Transfer, 47, 2004 
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Q = h ΔT

!   C. Schmidt, International Institute of Refrigeration, Paris, pp. 17-31, 1982. 



Transition from nucleate to film boiling: 
a collective phenomenon 

!   Voltage traces in quench experiments on NbTi and Nb3Sn wires in pool 
boiling liquid helium revealed the need to account for spatial effects 

No smearing of the heat transfer coefficient Smearing of the heat transfer coefficient  

!   M. Breschi, et al., “Comparing the thermal stability of NbTi and Nb3Sn wires”, Superconductor Science and  Technology, 
Vol. 22, 2008. 
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Figure 7. Heat fluxes exchanged with the environment by the central
wire sector in the quench case reported in figure 6(b).

any transition to film boiling. In a few cases, with low power
inputs and long pulse durations (2 ms), a local transition to
film boiling over a very small region was observed, not able
to drive the quench. It was found that the actual development
of film boiling over a significant wire length is the key factor
that prevents the wire recovery after the end of the heat income
due to laser illumination. An accurate modeling of the heat
exchange process with liquid helium during the transition from
nucleate to film boiling is therefore of paramount importance
for a correct reproduction of the experimental data.

Figure 7 shows the time evolution of the heat fluxes from
the laser and towards the helium for the middle wire sector in
the quench case reported in figure 6(b). When the total energy
transferred to helium at the central sector reaches the energy
limit defined in (3), the heat flux transferred to the helium starts
decreasing in successive small steps. These steps correspond
to the onset of film boiling in neighboring sectors and result
from the smearing factor described in section 3.2, which avoids
the abrupt variation of heat exchange coefficient that would be
obtained with σ = 0.

The introduction of the smearing factor σ in the LHe
model was the key improvement to correctly reproduce
experimental data. A small value of σ leads to an abrupt
drop in the heat exchange coefficient and consequently to a
too fast quench development (figure 8). On the other hand, a
value of σ ≈ 1 mm leads to results in a very good agreement
with the experimental data (see figure 6(a) for the same case).
Values of σ higher than 1 mm led to a poorer agreement with
experimental data, but with less influence on the simulation
results than lower values.

4.2. Voltage traces recorded on the Nb3Sn wire

Experimental data for the Cu/Nb3Sn wire sample were
obtained with a 7 T background magnetic field and transport
currents in the range from 80% to 95% of the wire critical
current, equal to 431 A. The voltage traces recorded on the
Nb3Sn strand show a different qualitative behavior of the
quench development with respect to NbTi.

A first difference is the fact that, in the case of Nb3Sn
wires, it is not possible to measure any significant voltage trace
in the absence of quench. When the sample is subjected to
a heat pulse with an energy lower than the quench energy,

pulse 

V2 V3V1 quench

V1 recovery

Figure 8. Comparison between experimental data and numerical
results obtained with σ = 0 mm for the same case study reported in
figure 6(a).

pulse 

V1 quench 
(calculated)

V1 recovery 
(calculated)

Figure 9. Disagreement between simulation and experiment in the
application of the uniform-temperature model to the analysis of
quench development in the Nb3Sn wire.

the voltage practically remains equal to zero. This result
significantly differs from the results obtained with NbTi wires
under the same conditions. As shown in figure 6, the recovery
voltage traces recorded on NbTi strands with pulse energies
slightly smaller than the QE are clearly measurable, and closely
follow the voltage traces of quenches up to a ‘quench decision
time’ at which the bifurcation occurs.

A second important difference between the voltage traces
recorded with the two wires is the remarkable delay between
the beginning of the laser pulse illumination and the increase
of the voltage measured across the heated region in the Nb3Sn
wire during quenches. The increase of the voltage actually
occurs almost at the end of the illumination period.

The simplified model that was successfully applied to
the NbTi wire assuming a uniform temperature in the wire
cross section and neglecting the transverse electrical resistance
between the superconducting filaments and the copper matrix
could not reproduce the peculiar behaviors of Nb3Sn. As
shown in figure 9, the calculation results of the simplified
uniform-temperature model applied to the Nb3Sn wires are in
blatant disagreement with the experimental voltage traces. This
is also witnessed by the computed value of QE, which is about
four times higher than the experimental value.

The agreement between computation and experiment
could be remarkably improved by subdividing the cross
section of the Nb3Sn wire into two sub-elements and
introducing appropriate values of transverse thermal and
electrical resistances. In particular, in order to keep low
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boiling can be attained in computations as the illuminated
central sector reaches the energy limit (see figure 4(a)).
This numerical result does not respect the physics of the
phenomenon, as this region can be smaller than the typical
diameter of one single helium bubble. Even with a larger
film boiling region, the discontinuity obtained with σ = 0
in the heat exchange coefficient at the edges of the normal
region defined by the temperature profile seems not physically
realistic (see figure 4(b)). The effect of smoothing is illustrated
in figures 5(a) and (b) that correspond to the same cases
reported in figures 4(a) and (b) with σ equal to 1 mm. This
value of σ is compatible with the dimension of a few adjacent
helium bubbles as determined by photographic studies, that
show bubble diameters in the range from 0.2 to 0.5 mm, with a
peak at 0.35 mm [18–20].

To account for the hysteretic behavior of the transition
from nucleate to film boiling, the heat exchange model allows
wire sectors to enter the film boiling regime, and, subsequently,
to recover the nucleate boiling regime if the temperature
decreases. In our parameterization, this backward transition
occurs at a "T value that in general differs from the "T
corresponding to the transition to film boiling (hysteresis).
A recovery "T of 0.1 K, compatible with experimental
results [18], has been selected for computation. This feature
of the model is essential to accurately describe the recoveries
at long times, when maintaining the film boiling regime leads
to an artificially low value of heat transfer coefficient.

4. Voltage traces

4.1. Voltage traces recorded on the NbTi wire

Experimental data for the LHC Cu/NbTi wire sample were
obtained with a background field in the range from 5 to 7 T and
transport currents in the range from 80% to 95% of the wire
critical current. The values of the critical currents measured
in situ are equal to 534 A at 5 T, 424 A at 6 T, and 313 A at 7 T.

The model described in section 3 was implemented in
order to reproduce the experimental voltage traces, with very
satisfactory results. However, it was found in a parametric
study that results in agreement with experimental data could
be obtained by also considering zero transverse thermal and
electrical resistances. This is due to the high electrical
conductivity of the copper matrix which directly surrounds the
NbTi filaments, and provides a good thermal and electrical
short circuit. The thermal model could therefore be simplified
by considering only one temperature value over the wire
section as follows:

mi cp(Ti )
dTi

dt
= pJ,i + pext,i + pcond,i − pHe,i (7)

where cp and k are respectively the weighted averaged values
of specific heat and thermal conductivity of the copper matrix
and the NbTi filaments. Moreover, the solution of the
electrical circuit in figure 3 could be simplified by removing
the transverse resistors REL. These simplifications led to faster
code execution, still providing results in good agreement with
the experimental data.

pulse  

V2 V3

(a)

V1 quench

V1 recovery

pulse  

V2 V3

(b)

V1 quench

V1 recovery

pulse 
V2 V3

(c)

V1 quench

V1

recovery

(a)

(b)

(c)

Figure 6. Measured (solid) and computed (dashed) voltages at 6 T,
Iop = 85% IC, tpulse = 50 µs (a), 100 µs (b), and 2000 µs (c) for the
NbTi wire.

The calculated voltage traces are compared in figure 6 with
the experimental ones for Iop = 85% IC, 6 T background field,
and three different light pulse durations: 50, 100, and 2000 µs.
The voltage traces relative to the voltage taps located across
the illuminated region (V1) are reported for both quench and
recovery. The curves relative to V2 and V3 only refer to the
quench case. The trace relative to the laser pulse refers to the
voltage across the diode laser, and is reported in arbitrary units
to show the period of illumination of the wire.

The computed and experimental voltage traces show a
very good agreement over the whole range of pulse lengths.
The model can also reproduce the propagation of quench
along the wire, as seen from the V2 and V3 curves. Similar
agreements have been found over a wide range of transport
currents and background fields.

As a general remark, it is worth noting that, in most of
the recovery cases analyzed, the numerical model did not show
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Transition from nucleate to film boiling: 
model of spatial smearing 

!   The transition to film boiling is a collective phenomenon rather than a 
local transition. The heat transfer coefficients calculated for each 
sector are smeared along the sample length 
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!   In a wire length less than σ, the transition to film boiling is not allowed 
even if the critical energy Ef is reached (σ = 1 mm, rb = 0.35 mm) 
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Figure 4. Temperature and heat exchange coefficient profiles
computed with σ = 0 mm at the beginning of the resistive transition
(t = 200 µs, (a)) and after full development of a film boiling region
(t = 800 µs, (b)).

A final element in the heat transfer model is the
observation that in steady-state experiments film boiling is
never reached, even after a long time, if the heat flux remains
below a threshold value, q . In these cases, the nucleate boiling
can in fact remove the heat transferred to the helium without
forming a vapor film [11]. These heat flux values correspond
to maximum "T values in the range from 0.6 to 0.8 K. In
the algorithm implemented in this work, the energy transferred
from each wire sector to liquid helium is computed through
numerical integration of the exchanged power. To account
for the aforementioned threshold "T , this integration only
starts after the sector "T temperature overcomes 0.7 K. As
the integrated energy flux reaches the limit defined in (3), the
sector enters the film boiling regime. The length of sectors
required to achieve numerical convergence can be on the order
of tenths of a millimeter. A formation of stable film boiling
over such a short length is, however, physically not possible.
Indeed, the gas film formation is a collective phenomenon
rather than a local transition. This problem is solved in the
present approach by avoiding an abrupt change of the local heat
transfer coefficient between adjacent sectors. This is obtained
through the introduction of a Gaussian smearing of the heat
transfer coefficient along the sample length. This procedure
is applied by defining for every sector the following discrete
functions: Hcheck(i) = 0 for nucleate boiling and Hcheck(i) = 1
when the limit defined in (3) is reached, with i = 1, Ns. The

Figure 5. Temperature and heat exchange coefficient profiles
computed with σ = 1 mm at the beginning of the resistive transition
(t = 200 µs, (a)) and after full development of a film boiling region
(t = 800 µs, (b)).

smeared value of the heat transfer coefficient is then given by

Hsmeared(i) =
∑Ns

j=1 w(i, j)Hcheck( j)
∑Ns

j=1 w(i, j)
(4)

where the weight functions w(i, j) are defined as

w(i, j) = 1√
2πσ

∫ xr( j)

xl( j)
exp

{
− [xm(i) − x]2

2σ 2

}
dx (5)

where xl ( j ), xr ( j ), and xm (i ) represent the left and right edges
of element j , and the central point of element i . Finally, for
each sector, the heat transfer coefficient is computed as

hi = [1 − Hsmeared(i)]hnucl + Hsmeared(i)hfilm (6)

with i = 1, Ns.
This definition shows that the value of h for each sector is

affected by the values of h in the neighboring sectors, allowing
for a smooth transition from nucleate to film boiling.

The shape of the smearing region is controlled by the
parameter σ . The effect of the introduction of this parameter is
shown in figures 4 and 5, respectively referring to simulations
performed with σ = 0 and 1 mm at two different times
from the beginning of the heat pulse. It can be noticed
that without a smearing factor, very small regions of film

4

!   M. Breschi, et al., “Comparing the thermal stability of NbTi and Nb3Sn wires”, Superconductor Science and  Technology, 
Vol. 22, 2008. 

M. Breschi, BIQ 2014, CERN 



Backward transition from film boiling to 
nucleate boiling: recovery 

!   The knowledge of the heat transfer for the backwards transition to 
nucleate boiling is essential for recovery analysis 

! Most heat transfer experiments were performed with increasing heat 
fluxes but few data are available for decreasing heat fluxes  

!   The heat transfer in recovery processes at 
decreasing temperatures is lower than in 
the steady state mode 

!   In presence of repeated heat pulses, the 
heat transfer will also depend on the hystory 
of the pulsed heating 

! Is the heat transfer at decreasing fluxes, for 
short, long and repeated pulsed 
disturbances, known for the LHC strands ? 

! Recovery time vs temperature 
reached in the pulse 

!   C. Schmidt, International Institute of Refrigeration, Paris, pp. 17-31, 1982. 
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Outline 

!   Heat transfer to superfluid/liquid helium 
!  Phases of heat transfer and transitions 

!  Stability of Rutherford cables vs beam loss disturbance 
!  0-D model 
!  1-D model with 1-strand 
!  1-D model with N-strand 

!  Conclusions 

 



Stability of Rutherford cables vs beam 
loss disturbance 

! Models for the thermal stability of the Rutherford subjected to the external heat 
disturbance from beam losses were developed 

!   The model was developed at increasing levels of complexity: 0-D, 1-D with a 1-
strand model and 1-D with N-strand model 

•  Heat deposit distribution: 
•  radial 

•  azimuthal 

•  longitudinal 
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Drawings by D. Santandrea 

Stability of accelerator SC magnets 

•  He heat transfer mechanisms: 
•  inside the cable 

•  towards the external bath 

Heat deposit simulations by E. Skordis, F. Cerutti and A. Lechner 

•  Heat deposit distribution: 
•  radial 

•  azimuthal 

•  longitudinal 
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Drawings by D. Santandrea 

Stability of accelerator SC magnets 

•  He heat transfer mechanisms: 
•  inside the cable 

•  towards the external bath 

Heat deposit simulations by E. Skordis, F. Cerutti and A. Lechner 

!   The model includes strands, interstitial 
helium and helium bath, connected to 
each other with a heat transfter 
coefficient 

•  The cable components are: strands, He inside the cable, electrical 

insulation 

•  They are lumped parameters, featuring uniform temperature, heat deposit 

and magnetic field over the cable cross-section 

•  No longitudinal direction, hence no longitudinal heat conduction 

•  Heat balance equations: 

0-D approach: description of the model  

(ZeroDee code) 

9/10/2013 P.P. Granieri - 0-D and 1-D approaches to investigate stability of SC cables 8 

ZERODEE Software, CryoSoft, France, 2001. 

Drawings by D. Santandrea 
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Heat transfer models 

!   Model based on stationary heat 
transfer, with a fitting of 
experimental results [1] 

!   The heat transfer towards the interstitial helium is based on a transient heat 
transfer model, including several phases 

 

•  Steady-state heat transfer between cable and external He bath 

•  From experimental results on cable-stacks 

•  As a function of the mechanical pressure 

•  For a radially and longitudinally uniform heat deposit 

9/10/2013 P.P. Granieri - 0-D and 1-D approaches to investigate stability of SC cables 7 

Heat transfer mechanisms 

 SSC: C. Meuris, B. Baudouy et al. 

 LHC MB & EI4: D. Richter, P.P. Granieri et al. 

 Nb3Sn: P.P. Granieri, R. van Weelderen et al. 
•  Transient heat transfer between strands and He inside the cable 

•  From experimental results of each He phase 

•  But the model of the whole process should be validated  

Heat transfer mechanisms 

He II 

He I 

Nucleate 

Boiling 

Film 

Boiling 

Gas 

9/10/2013 P.P. Granieri - 0-D and 1-D approaches to investigate stability of SC cables 6 

P.P. Granieri et al., Stability analysis of the LHC cables for transient heat depositions 

hfilm boiling= 250 W/m²K 

hgas= 70 W/m²K 

Heat transfer to helium bath 

Heat transfer to interstitial helium 

[1] P. P. Granieri, et al., IEEE Trans. Appl. Supercond., vol.24, 
4802806, 2014 

!   The coefficients are taken from experimental results on each helium phase, but the 
whole process should be validated experimentally 



Stability models: 0-D model 

!   In the 0-D model the equations account for the enthalpy of the 
strands, interstitial helium and electrical insulation 

•  The cable components are: strands, He inside the cable, electrical 

insulation 

•  They are lumped parameters, featuring uniform temperature, heat deposit 

and magnetic field over the cable cross-section 

•  No longitudinal direction, hence no longitudinal heat conduction 

•  Heat balance equations: 

0-D approach: description of the model  

(ZeroDee code) 
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ZERODEE Software, CryoSoft, France, 2001. 

! All strands are lumped into one single thermal and electrical 
element, with uniform temperature 

!   The non-uniformity of magnetic field, cooling and heat deposit over 
the cable width are not taken into account 

!   The maximal value of magnetic field on the cable is considered 

•  The cable components are: strands, He inside the cable, electrical 

insulation 

•  They are lumped parameters, featuring uniform temperature, heat deposit 

and magnetic field over the cable cross-section 

•  No longitudinal direction, hence no longitudinal heat conduction 

•  Heat balance equations: 

0-D approach: description of the model  

(ZeroDee code) 
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ZERODEE Software, CryoSoft, France, 2001. 
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Results of the 0-D model: HD vs QE 

!   The highest heat deposit is 
on the mid-plane cable 

!   The lowest quench energy 
is at the pole position 

!   P. P. Granieri, et al., “0-D and 1-D approaches to investigate the thermal stability of superconducting cables”, presented at 
CHATS-AS, Boston, 2013. 

MQ 

M. Breschi, BIQ 2014, CERN 



Results of the 0-D model: impact of 
cooling 

!   The role of the helium bath becomes relevant at t > 0.1 s  

!   At short pulse durations the inner layer cables are the most 
solicited  

!   At long pulse durations, since the helium bath is closer to the 
inner layer, the outer layer cables become the most critical 

•  Heat deposit distribution: 
•  radial 

•  azimuthal 

•  longitudinal 

9/10/2013 P.P. Granieri - 0-D and 1-D approaches to investigate stability of SC cables 4 

Drawings by D. Santandrea 

Stability of accelerator SC magnets 

•  He heat transfer mechanisms: 
•  inside the cable 

•  towards the external bath 

Heat deposit simulations by E. Skordis, F. Cerutti and A. Lechner 

M. Breschi, BIQ 2014, CERN 



1-D model: non uniform magnetic field 
and heat deposit 

0D model	


1D model peak	


1D model mean	


! Example of heat deposit calculation for the 
MQXA magnet (courtesy of L. Esposito, CERN) 



1-D approximation: 1-strand model 
!   In a first approach only one strand is considered in the simulations, able to 

exchange heat with interstitial helium and helium bath, not with the other strands 

9/10/2013 P.P. Granieri - 0-D and 1-D approaches to investigate stability of SC cables 14 

Drawing by D. Santandrea 

1-D approach: description of the model  

(THEA code) 

L. Bottura, C. Rosso, M. Breschi, Cryogenics, vol. 40 (8-10), 2000, p..617  

•  1-D description of one single strand experiencing heat deposit 

and magnetic field varying along its length 

•  The considered amount of He is relative to one strand 

•  Same heat transfer mechanisms used in the 0-D approach 
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Drawing by D. Santandrea 

1-D approach: description of the model  

(THEA code) 

L. Bottura, C. Rosso, M. Breschi, Cryogenics, vol. 40 (8-10), 2000, p..617  

•  1-D description of one single strand experiencing heat deposit 

and magnetic field varying along its length 

•  The considered amount of He is relative to one strand 

•  Same heat transfer mechanisms used in the 0-D approach 

9/10/2013 P.P. Granieri - 0-D and 1-D approaches to investigate stability of SC cables 15 

Results of the 1-D approach 

1-D vs. 0-D approach 

!   At low pulse durations the 0D 
model results are close to the 
1D model with QE = Qpeak 
tpulse (local effects relevant) 

!   At high pulse durations the 
0D model results coincide 
with the 1D model with         
QE = Qmean tpulse (global 
effects predominant) 

[1] L. Bottura, C. Rosso, M. Breschi, “A General Model for Thermal, Hydraulic and Electric Analysis of Superconducting Cables”, 
Cryogenics, Vol. 40, pp. 617 – 626, 2000 

THEA code 

Drawing by D. Santandrea 



1-D approximation: N-strand model 

!   The N cable strands are 
modeled distributed 
parameter circuit model [1] 

!   The strands are connected 
through conductances and 
mutal inductances in the 
electric model, and thermal 
resistances in the thermal 
model 

[1] M. Breschi, “Current distribution in multistrand superconducting cables”, Ph.D. dissertation, University of Bologna, Italy, 2001 

[2] G. Willering, “Stability of superconducting Rutherford cables for accelerator magnets”, Ph. Dissertation, University of Twente, 
The Netherlands, 2009 
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!   The values of interstrand electrical and thermal resistances are taken from [1] 
and [2] 



Comparison between 1-strand and N-
strand model (MQ-mid plane) 

!   The 36-strand model gives 
QEs a factor 2 higher than that 
of the 1- strand model at short 
pulse durations 

!   The QEs are coincident for 
long pulses 

!   For pulse durations from 10-2 
to 10-1 s, the 36-strand model 
QE is less than the 1-strand 
model 

 
!   M. Breschi, A. Bevilacqua, L. Bottura, P. P. Granieri, “Quench energy analysis of LHC superconducting cables using a multi-

strand, 1D model”, presented at ASC 2014, Charlotte, US, 2014. 

!   The model is applied to analyse 
the MQ inner layer cable 

TABLE I 
MQ CABLE DATA  

Parameter Value 

Cable Type LHC2 
Strand diameter [mm] 0.825 

Cu/non Cu ratio 1.95  
Number of strands 36 

Transposition pitch [mm] 100 
Width [mm] 15.1 
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Summary 

!   The main data on heat transfer that are crucial for stability analyses 
are the Kapitza conductance, nucleate boiling heat exchange,the 
time, spatial range, and energy/heat flux of the film boiling onset  

!   The knowledge of pressure evolution during a quench is relevant to 
determine whether or not the helium reaches supercritical conditions 

!   The temperature, heat flux and time required for backwards transition 
from film boiling is important for recovery analysis 

!   The details of the non-uniform distribution of the heat disturbance 
due to beam losses and of the magnetic field over the cable volume 
are relevant especially for short and intermediate pulse durations 

!   At short pulse durations, the N-strand model gives values of QE a 
factor 2 higher than the 1-strand model 

Quench at Iop = 11870 A, τq = 10-6s, Eext = 62 mJ/cm3	


M. Breschi, BIQ 2014, CERN 



Thank you for your attention 
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