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A sudden loss of vacuum in particle accelerator beamlines and other cryogenic systems can lead to sub-
stantial equipment damage and possible personnel injuries. Developing a clear understanding of the
complex dynamical heat and mass transfer processes involved following a sudden vacuum break is of
great importance for the safe operation of these systems. Our past experimental studies on sudden vac-
uum break in a liquid helium cooled tube revealed a nearly exponential slowing down of the propagating
gas front. However, the underlying mechanism of this slowing down is not fully explained. In this paper,
we discuss a theoretical framework that systematically describes the gas dynamics, heat transfer, and
mass deposition of the propagating and condensing gas inside the helium-cooled tube. The experimen-
tally observed apparent gas-front propagation, measured as the abrupt temperature rise by the ther-
mometers installed along the tube wall, can be well reproduced by the model simulation. We also
show that following the gas front, the mass deposition rate of the gas on the tube inner wall approaches
a constant. The extension of this nearly constant gas deposition zone is the key to understand the
observed exponential slowing of the gas propagation. Our model also allows us to gain valuable insights
about the growth of the frost layer on the tube inner surface. This work paves the way for a theoretical
understanding of the physical processes involved during vacuum break in accelerator beamlines.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction superconducting cavity chambers called cryomodules. These
A sudden catastrophic loss of vacuum is one of the most serious
failures in liquid helium (LHe) cooled cryogenic systems, e.g., stor-
age vessels, superconducting magnets, particle accelerators. The
design and fabrication process seeks to mitigate the risk of vacuum
failure in these systems but the possibility of vacuum loss can not
be fully eliminated. Knowledge about the underlying dynamical
heat and mass transfer processes are of great importance for the
proper design of safety components and to minimize possible dam-
age. The most common concern regarding loss of vacuum is the
potential overpressure of the liquid reservoir due to the rapid boil-
ing of the cryogen. This overpressure hazard has been studied
experimentally and numerically but more work is needed to
understand the gas dynamics and condensation in long tube sys-
tems such as particle accelerators [1–4].

A major concern specifically for particle accelerators is the
propagation and condensation of air within the system after a vac-
uum break. Particle accelerators are composed of interconnected
linked cryomodules create a vacuum beamline up to several kilo-
meters in length. A vacuum break in one of these cavities could
lead to a substantial damage throughout the entire system [5]. Fur-
thermore, considering the high cleanness requirement of super-
conducting cavities, propagation of air and dust through the
cavities can cause the suspension in system operation for extended
period of time before it can be thoroughly cleaned. To mitigate
these risks, fast-acting valves installed to the beamline’s vacuum
are generally used to prevent the contamination from spreading
to multiple cryomodules [6]. However, very limited work has been
conducted in this topic area and there are no universal standards
available for the design of vacuum interlock components.

The propagation of air in a room-temperature tube driven by a
pressure head, known as the shock tube problem, has been well
studied and understood [7]. For the extreme case of a nearly abso-
lute vacuum in the tube, a shock wave front can propagate at a
speed close to 2c0=ðc� 1Þ, where c0 is the speed of sound and c
is the ratio of the specific heats [8]. However, in a particle acceler-
ator, air rushing into the beamline tube can condense on the cold
tube inner surface, which has been shown to drastically slow down
the air propagation. A propagation speed around 10 m/s was
recorded in multiple vacuum failure studies at accelerator labs,
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Nomenclature

Bw coefficient in the film boiling correlation of He I
(W/(cm2� K5=4))

C specific heat (J/(kg�K))
Ceff effective sticking efficient
D1 inner diameter of the tube (m)
D2 outer diameter of the tube (m)
E critical energy (J)
h enthalpy (J/kg)
k thermal conductivity (W/(m�K))
kb Boltzmann constant (J/K)
_m0 mass collision rate on the wall (kg/(m2�s))
_mc mass deposition rate (g/(m2�s))
_m mass flow rate (kg/s)
M gas molar mass (kg/mol)
Nu Nusselt number
P pressure (Pa)
Pe equilibrium pressure (Pa)
Ps saturation vapor pressure (Pa)
q� maximum nucleate boiling heat flux (W/m2)
qcon conductive heat flux along the wall (W/m2)
qdep deposition heat flux (W/m2)
qHe heat flux to the liquid helium bath (W/m2)
qi heat flux to the inner tube surface (W/m2)
qR minimum film boiling heat flux (W/m2)

R ideal gas constant (J/(mol�K))
t time (s)
T temperature (K)
Tc temperature of the SN2 layer (K)
v velocity (m/s)
x axial coordinate (m)

Greeks
a sticking coefficient
as speed of sound (m/s)
c heat capacity ratio
d thickness of the SN2 layer (m)
DTsw temperature difference across the SN2 layer (K)
DTw temperature difference for He heat transfer (K)
e specific internal energy (J/kg)
q density (kg/m3)
l viscosity (Pa�s)

Subscripts
g bulk gas condition
s surface of SN2 layer
w copper tube wall
SN solid nitrogen
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which is orders of magnitude smaller than the measured speeds at
room temperature (i.e., 630 m/s or greater) [9–12].

Early experiments conducted by Dhuley and Van Sciver in our
lab tested pure nitrogen gas propagating in a straight tube
immersed in either normal liquid helium (He I) or superfluid
helium (He II) [13–15]. Results from these experiments showed
an exponential slowing of the gas front propagation and a freeze-
out phenomenon at low inlet mass flow rates. A simple model
based on mass conservation analysis was utilized by these authors
to explain the observed slowing down of the gas propagation. In
our recent experiments, an upgraded helical tube system with an
insulated inlet section was adopted so that we can accurately con-
trol the inlet gas conditions and the location where the gas conden-
sation starts [16,17]. The results of this well-controlled experiment
confirmed similar exponential slowing down of the gas propaga-
tion and suggested slightly enhanced slowing down in He II cooled
tube. However, the underlying physical mechanism that leads to
the observed exponential slowing down was not explained.

In this paper, we describe a theoretical model for nitrogen gas
(GN2) propagating in a helium-cooled vacuum tube. This model sys-
tematically accounts for the fully-coupledgas flow, heat transfer, and
mass deposition processes. We have carried out numerical simula-
tions based on this model to compare with our experimental data
for model validation. The experimentally observed gas-front propa-
gation, measured as the abrupt temperature rise by the thermome-
ters installed along the tube wall, can be well reproduced by the
model simulation. Valuable insight about the growth of the frost
layer on the tube inner surface is also obtained. This work paves
theway for a theoretical understanding of the complex physical pro-
cesses involved in beamline vacuum break, which will benefit the
design and safe operation of accelerator beamline cryogenic systems.
2. Theoretical model

In our vacuum break experiments, room temperature GN2 at a
controlled inlet mass flow rate is allowed to flow into an evacuated
tube that is housed in a helium cryostat [17]. This tube has an inner
diameter of 25.4 mm, a wall thickness 1.25 mm, and a length of
6.45 m. The lower tube section with a length of 5.88 m is made
of copper and is immersed in the liquid helium bath. The tube sec-
tion above the liquid surface is made of stainless steel and is
wrapped by a multi-layer insulation (MLI) blanket together with
a vacuum jacket. This upper stainless steel section also incorpo-
rates a heater with a temperature controller such that its temper-
ature is always maintained at above 77 K. This setup allows us to
accurately control the starting point of the GN2 condensation in
the tube and eliminate the influence of helium vapor to the upper
tube section. In the initiate state, the tube is evacuated with a turbo
pump. At time t ¼ 0, a fast-acting solenoid valve (25 ms opening
time) that connects between a nitrogen buffer tank and the tube
opens to simulate vacuum break in the system. A venturi pipe sit-
uated immediately after the solenoid valve chokes the gas flow by
limiting the velocity of the gas to the speed of sound at the venturi
pipe’s throat. The mass flow rate of GN2 at the inlet of the copper
tube can be determined by monitoring the rate of the pressure
drop in the nitrogen tank [16]. In order to make direct comparison
with our experimental observations, we set the tube dimension
and other relevant parameters in our model to match exactly the
experimental conditions, as shown in the schematic in Fig. 1. The
definitions of all the relevant parameters are provided in the
Nomenclature table.
2.1. Gas dynamics

First, one can easily check that the compressibility factor of the
GN2 in our entire experiment is always close to unity. Therefore,
we can treat the GN2 as an ideal gas and describe its state by the
ideal gas equation of state PMg ¼ qgRTg. Then, to describe the
dynamical evolution of the GN2 in the copper tube, we consider
the conservation laws of N2 mass, momentum, and energy as dis-
cussed below. Due to the small diameter-to-length ratio of the tube
and the fact that the radial heat transfer characteristic time is
much smaller than the gas propagation time, we model the gas
dynamics in one dimensional (1D) space along the tube.



Fig. 1. Schematic showing the propagation and deposition of GN2 in a He I cooled vacuum tube.
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(1) Mass Conservation: The mass conservation equation for the
propagating GN2 can be written as:

@qg

@t
þ @

@x
ðqgvÞ ¼ � 4

D1
_mc ð1Þ

where the term on the right hand side describes the effect due to N2

condensation on the tube inner wall. The parameter _mc denotes the
mass deposition rate of N2 per unit area, which is expected to
depend on local GN2 conditions and the wall temperature and
therefore should vary along the tube. To model _mc, we introduce
an effective sticking coefficient Ceff and write _mc ¼ _m0 � Ceff , where
_m0 is a normalization factor equaling the rate of mass collision on
the wall per unit area for ideal gas:

_m0 ¼ 1
4

ffiffiffiffiffiffiffiffiffiffiffi
8RTg

pMg

s
qg ð2Þ

It has been known in cryopumping research that in the free
molecular flow regime, Ceff can be modeled as [18–20]:

Ceff ¼ 1� Pe

P

� �
a ð3Þ

where Pe ¼ Ps
ffiffiffiffiffiffiffiffiffiffiffiffi
Tg=Ts

p
denotes the equilibrium pressure, and a is the

sticking probability that describes the chance a gas molecule collid-
ing on a cold surface gets stick to it. a depends on the over-
saturation ratio (i.e., P=Pe), the gas temperature Tg, and the surface
temperature Ts. For nitrogen, a has been measured experimentally
at some specific conditions [21,22]. In general, a approaches 1 when
P=Pe � 1 and drops down to a finite value when P=Pe ! 1. At
P=Pe < 1, there is no condensation and simply Ceff ¼ 0. In Fig. 2,
we show the dependance of a on P=Pe and Ts at N2 gas temperature
Tg ¼ 300 K, based on the interpolation of experimental data [19].
Fig. 2. Sticking probability a of GN2 at 300 K as a function of gas pressure P at
various surface temperature Ts .
The curves for a at other gas temperatures can be obtained by scal-
ing the values shown in Fig. 2 through the relation [22]:

Logð1� aÞ ¼ � E
kbTg

ð4Þ

where E is the so-called ‘‘critical energy” and is a constant for a
given surface temperature [22].

We must emphasize that the above-described sticking coeffi-
cient model is applicable to the free molecular flow regime. In
our experiment, the flow of the GN2 is essentially in the continuum
flow regime. The collisions between gas molecules near the wall
can become important and may alter the behavior of Ceff . However,
due to the limited experimental work and the challenges in evalu-
ating the rate of molecule impingement in the continuum flow
regime, there is no reliable existing knowledge about Ceff in this
regime [23,24]. Nevertheless, we shall show that the above Ceff

model indeed well accounts for our experimental observations.
(2) Momentum Conservation: The momentum conservation

equation for the propagating GN2 is given by:

@

@t
ðqgvÞ þ

@

@x
ðqgv2Þ ¼ � @P

@x
� 4
D1

_mcv ð5Þ

where the last term on the right hand side accounts for the momen-
tum loss to the tube wall due to the mass deposition. This equation
is essentially the Navier-Stokes equation for compressible fluids
with the added term to account for mass deposition effect. The vis-
cous term that usually exists in the Navier-Stokes equation is
dropped here since the 1D gas flow in our case is controlled by
the inertial effect and the mass deposition.

(3) Energy Conservation: The energy conservation equation for
the GN2 in the copper tube can be derived based on the thermody-
namics first law analysis:

@
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@x qgv eg þ 1
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2 þ P
qg

� �h i
¼

� 4
D1

_mc eg þ 1
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2 þ P
qg

� �
� 4

D2
1
Nu � kgðTg � TsÞ

ð6Þ

The two terms on the right hand side account for the loss of
energy due to N2 mass deposition on the tube wall and the convec-
tive heat transfer from the gas to the cold SN2 frost layer. The sur-
face temperature of the frost layer Ts needs to be determined
through the radial heat transfer analysis (see discussions below).
The Nusselt number Nu for the GN2 convective heat transfer is
evaluated using the Sieder-Tate correlation [25]:

Nu ¼ 0:027Re4=5Pr1=3ðlg=lsÞ0:14 ð7Þ
2.2. Radial heat transfer

In order to solve the above-mentioned 1D equations for the gas
dynamics, we need to analyze the radial heat transfer and deter-
mine the frost layer surface temperature Ts. Fig. 3 shows a sche-
matic of the relevant radial heat transfer processes. The heat flux



Fig. 4. Heat transfer correlations of He I adopted in our modeling.
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qdep from the GN2 to the frost layer consists of contributions from
both the energy associated with the deposited molecules (i.e., the
kinetic energy, and the sensible and latent heat) and the convective
heat transfer:

qdep ¼ _mc
1
2
v2 þ hg � hs

	 

þ Nu � kg

D1
ðTg � TsÞ ð8Þ

When the frost layer thickness is small, it is reasonable to assume
that the temperature profile in the frost layer always takes an equi-
librium linear profile. With this simplification, the variation of the
frost layer center temperature Tc ¼ ðTw þ TsÞ=2 can be evaluated
via:

qSNCSNd
@Tc

@t
¼ qdep � qi ð9Þ

where qi ¼ kSNðTs � TwÞ=d denotes the heat flux into the copper
wall. Here we adopt the density qSN, specific heat CSN, and thermal
conductivity kSN of solid nitrogen at Tc for the frost layer for reasons
that will be discussed in detail in Section 3.3. The frost layer thick-
ness d grows with time and is given by:

@d
@t

¼ _mc=qSN: ð10Þ

The evolution of the copper tube wall temperature Tw, which is
also required for solving Eq. 9, is governed by:

qwCw
D2

2 � D2
1

4D1

@Tw

@t
¼ qi � qHe

D2

D1
þ D2

2 � D2
1

4D1
kw

@2Tw

@x2
ð11Þ

where qHe is the heat flux into the He I bath. Due to the high thermal
conductivity of copper and the small wall thickness, the copper wall
is treated as a lumped-heat-capacity system with a nearly uniform
temperature Tw through the wall thickness.

The heat transfer into the He I bath with a time-varying heat
flux qHe is a complicated transient process that has not been thor-
oughly studied. Nevertheless, the onset time of film boiling in He I
at high heat fluxes (i.e., >2 W/cm2) is generally at the sub-
millisecond scale [26]. Therefore, it is reasonable to adopt the heat
transfer correlations for steady-state heat transfer in He I, as
depicted in Fig. 4. When the temperature difference DTw between
the tube wall and the He I bath is small (i.e., DTw < 0:1 K), the heat
transfer is controlled by natural convection near the wall surface. A
constant heat transfer coefficient of 0.375 kW/(m2�K) can be
deduced from published experimental data [27]. As the wall tem-
perature increases, vapor bubbles can appear and grow, which
drives the heat transfer into the nuclear boiling regime. In this
regime, we adopt the most commonly used Kutateladze correlation
[28]. As DTw further increases, a maximum nucleate boiling heat
Ts Deposition

Tg

LHe

Tw
qHe

qcon

qdep

Tc

Convection/Boiling

qi

Fig. 3. Schematic showing the radial heat transfer processes through the frost layer
and the tube wall.
flux q� is achieved and the bubbles start to coalesce into a film
[29]. The wall temperature Tw rises quickly during the transition
to a steady film boiling. Thereafter, DTw becomes an order of mag-
nitude greater than that in nucleate boiling. For the steady film
boiling regime, the widely accepted Breen-Westwater correlation
[30] is used in our simulation:

qHe ¼ BwDT
5=4
w ð12Þ

where Bw is a constant that slightly depends on surface.

2.3. Boundary and initial conditions

At the inlet of the tube, the GN2 flow velocity vð0; tÞ is assumed
to be at the local speed of sound, since the flow is chocked. The
mass flow rate at the inlet _mð0; tÞ can be determined based on
the measured pressure change in the buffer tank using the correla-
tion provided in Ref. [14]. Note that the buffer tank has a finite size
of 230 L. As the GN2 flows out, the tank pressure gradually drops,
and so does the mass flow rate. In our model simulations, we have
incorporated this slowly time-varying mass flow rate at the tube
inlet for better accuracy. Then, based on the known mass flow rate
and the relation _mð0; tÞ=qgð0; tÞvð0; tÞpD2

1=4, we can calculate the
inlet gas density qgð0; tÞ. Taking the gas temperature
Tgð0; tÞ=298 K, the inlet pressure Pð0; tÞ can be derived using the
ideal gas law. At the outlet, the copper tube used in our experi-
ments has a closed end. Nevertheless, the measurements are usu-
ally made at short times to avoid influence of the gas reflected from
the closed end [16]. In our model, we set an simple open boundary
at the outlet of the tube, as shown in Fig. 1.

As for the initial conditions, we set the insulated stainless steel
section of the tube to have the experimentally measured initial
temperature profile [17]. The copper section of the tube immersed
in the He I bath has an initial temperature of 4.2 K. To avoid poten-
tial numerical instability, we also set an infinitesimal initial gas
pressure in the evacuated tube.

3. Results and discussion

We have conducted numerical simulations to solve the 1D gas
dynamics equations and the radial heat transfer equations using
a two-step first-order Godunov-type finite-difference method
[31]. This Godunov scheme is known to be efficient and reliable
in solving nonlinear hyperbolic equations [32]. The physical prop-
erties of nitrogen, copper and stainless steel used in our simula-
tions are extracted from existing literature [33,34]. In what
follows, we first present the simulation results to compare with
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experimental observations for model validation. We then discuss
the insights we have gained on the GN2 dynamics in the tube
and the growth of the frost layer.
Fig. 6. Comparison of the calculated and measured wall temperature curves TwðtÞ
at locations where the thermometers are installed.
3.1. Model validation

In our experiments, the propagation of the GN2 is detected as
the abrupt temperature rise by the thermometers installed along
the tube wall. To compare with the experimental observations,
we first present the calculated wall temperature curves at different
locations along the tube, as shown in Fig. 5. These wall tempera-
ture curves exhibit some common features: the temperature ini-
tially remains at the He I bath temperature; as the GN2 flows
into the tube and condenses on the tube wall, the temperature
then rises up sharply, reaching a maximum around 50 K; subse-
quently, the temperature slowly decreases due to the growth of
the SN2 frost layer. Furthermore, the gradually increasing separa-
tion between adjacent temperature curves suggests a slowing
down of the gas propagation. All these key features agree quite
well with experimental observations.

To see more clearly the agreement between the simulated and
the observed GN2 propagation, we show in Fig. 6 both the mea-
sured wall temperature curves and the calculated ones at the same
thermometer locations. It is clear that these two sets of curves
match fairly well except at the last thermometer location. The
measured temperature by the last thermometer rises earlier than
the calculated one. This is likely caused by the reflection of the
shock front and the accumulation of GN2 at the closed end in the
experiment, which may effectively enhance the mass deposition
at the last thermometer since it is placed close to the tube end.
We would like to note that in this simulation, we have adjusted
the coefficient Bw in the Breen-Westwater correlation to achieve
the best match between simulation and experimental data. Never-

theless, the optimum Bw value is found to be 0:017W=ðcm2�K5=4Þ,
which is close to the recommended value of 0:013W=ðcm2�K5=4Þ
by Smith for cylindrical heaters with a diameter over 1 cm [35].
This slightly larger Bw may suggest that the helical structure of
our tube system could enhance the film boiling heat transfer com-
pared to straight tubes.

Like in the experiment, we can set a threshold (i.e., 4.7 K) on the
wall temperature curves to determine the ‘‘rise time” (i.e., appar-
ent gas front arrival time), as shown in Fig. 6. The derived rise time
as a function of the thermometer location is shown in Fig. 7. Again,
we see an excellent agreement between the calculated and the
measured results, which clearly validates the fidelity of the model
simulation.
Fig. 5. Calculated wall temperature curves TwðtÞ at different locations along the
tube.
3.2. Dynamical behavior of GN2

We now discuss the dynamical propagation of the GN2 in the
tube. In Fig. 8, we show the simulated spatial profiles of the GN2

density, temperature, pressure, velocity, and the wall temperature
in the tube at a number of propagation times. These profiles show
three distinct regions:

(1) Inlet region: In the insulated stainless steel tube section
(i.e., the first 0.57 m in Fig. 8), the GN2 flows through it rapidly
and all the physical properties of the GN2 in this tube section
evolve to their inlet values within a few tens of milliseconds. Note
that the gas pressure and density in this section are not constant
and they slowly decrease with time due to the drop of buffer tank
pressure during the discharge of N2 gas.

(2) Mass deposition region: For a given propagation time t, the
region between the condensation starting point (around
x ¼ 0:57 m) and the location where the wall temperature begins
to spike up is the region where the N2 deposition on the tube wall
occurs predominantly. As an example, the two vertical solid lines
in Fig. 8 mark roughly the boundaries of this region for a propaga-
tion time t = 0.5 s. This region can be further divided into two sub-
regions: a nearly steady deposition subregion and a transition
subregion. Again for the case of t = 0.5 s, the boundary between
the two subregions is indicated by the dashed vertical line in
Fig. 8. In the steady deposition subregion, the radial heat transfer
Fig. 7. Rise time of the wall temperature as a function of position along the tube.



Fig. 8. Calculated spatial profiles of the N2 density, pressure, velocity, temperature,
and the wall temperature at various propagation time t. The vertical solid and
dashed lines mark the boundaries of different mass deposition regions for t = 0.5 s,
as discussed in the text.
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reaches a dynamical equilibrium state. A nearly constant GN2 mass
deposition rate on the tube wall is observed, which is associated
with a steady film-boiling heat transfer at a flux of about
23 kW/m2 into the He I bath. The wall temperature changes only
slightly along the tube in this subregion. Contrastingly, in the
roughly 0.5 m wide transition subregion, both the GN2 mass depo-
sition rate and the heat transfer to the He I bath varies significantly
with x. The mass deposition rate in this subregion is found to be
significantly higher than that in the steady deposition subregion,
which causes the rapid drop of the gas density, temperature, and
pressure in this subregion, as seen in Fig. 8. The heat transfer to
He I in this subregion undergoes transition from convection cool-
ing to steady film boiling.

(3) Tail region: This region refers to the tube section beyond the
mass deposition region and is featured by very low gas pressure
and density. Indeed, if one looks closely in the far tail part of the
GN2 property profile curves, there exists a shock front across which
there is an abrupt change of the GN2 properties. This shock front
propagates at an extremely high speed, close to the theoretical pre-
diction of 2c0=ðc� 1Þ for shock expansion in good vacuum [7]. It
passes through the entire tube length in a few milliseconds and
is not visible at the timescale shown in Fig. 8. Following the shock
front, the gas velocity remains nearly constant at about 860 m/s in
the entire tail region. But due to the low gas pressure and density
in this region, there is negligible mass deposition (i.e., Ts remains at
less than 4.6 K), and the heat transfer to He I is by natural
convection.
Fig. 9. Calculated frost layer thickness as a function of time at different locations
along the tube.
3.3. Growth of the frost layer

Our model also allows us to study the growth of the SN2 frost
layer. As mentioned in Section 2.2, we have adopted the density
and thermal conductivity of solid nitrogen in our model simula-
tion. Indeed, the exact form of the frost layer highly depends on
the surface temperature and mass deposition rate. In the free
molecular flow regime and at low surface temperatures, the frost
layer more likely takes a disordered polycrystalline structure with
large voids. But at relatively high surface temperatures and large
deposition rate, the increased mobility of the molecules on the
solid surface can lead to the formation of a close-packed crystalline
structure [36,37]. Specifically, it has been observed that for nitro-
gen, as the deposition rate and the surface temperature increase,
the density and the thermal conductivity of the nitrogen frost layer
can increase and approach the values for solid nitrogen formed
from its liquid phase [36,24]. In our experiments, the wall temper-
ature rises from 4.2 K to about 50 K within tens of milliseconds.
The N2 mass deposition largely occurs following this abrupt tem-
perature rise. Therefore, we adopt the SN2 property values recom-
mended in Ref. [36] for the frost layer.

The calculated frost layer thickness as a function of time at dif-
ferent locations along the tube is shown in Fig. 9. The deposition
starts as the front of the ‘‘mass deposition region” reaches the loca-
tion of interest. Within a time period less than 100 ms, a rapid
mass deposition occurs, which leads to formation of a frost layer
of about 0.03 mm thick. This rapid deposition is the cause of the
‘‘transition subregion” in Fig. 8. As the wall and the frost surface
temperatures rise, the mass deposition slows down and evolves
into a state with a nearly constant mass deposition rate, as evi-
denced in Fig. 9 by the almost linear dependance of the frost layer
thickness on time. This constant deposition rate reflects the nearly
constant heat flux into He I in the ‘‘steady deposition subregion”.
Note that due to the relative high gas temperature and density near
the inlet, convective heat transfer from the gas to the wall con-
tributes a significant fraction of the heat deposition in this region.
Therefore, the steady mass deposition rate near the inlet is lower
than that at other locations downstream.

In Fig. 10, we show the calculated profiles of the thickness and
surface temperature of the frost layer as well as the wall tempera-
ture profile at t = 2 s. This propagation time typically corresponds
to the end of experimental measurements, since the front of the
‘‘mass deposition region” almost reaches the end of the tube. We
can see that the thickness of the frost layer increases from the inlet,
reaches a maximum of about 0.11 mm at around x = 2.13 m, then
decreases gradually toward the tube end. This small thickness jus-
tifies our treatment of the temperature profile within the frost
layer as discussed in Section 2.2. The temperature difference
between the frost surface and the wall temperature show the same
trend. A maximum temperature difference of 2.41 K is observed at
x = 2.13 m, which is the consequence of the thermal resistance of
the frost layer. Due to the insulation of the frost layer, the copper
wall temperature gradually drops after reaching a maximum value
as observed in our experiments [16].



Fig. 10. Calculated profiles of the frost layer thickness, its surface temperature, and
the wall temperature at t = 2 s.
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4. Conclusion

We have presented a theoretical model that systematically
accounts for the propagation and condensation of nitrogen gas in
an evacuated He I cooled tube. Numerical simulations based on
this model have been conducted. From these simulations, we have
obtained information about the time evolution of the gas proper-
ties in the tube, the growth of the frost layer on the tube inner sur-
face, and the wall temperature variations. The model simulation is
validated by the excellent agreement between the calculated and
the observed rise times of the wall temperatures at the locations
where the thermometers are installed. This agreement also means
that the observed exponential slowing down of the gas propaga-
tion is well reproduced.

Our simulation results also provide us some important insights
into the complex heat and mass transfer processes following the
vacuum beak in the cold tube. First, the apparent gas front propa-
gation observed in the experiment indeed corresponds the propa-
gation of the front of the ‘‘mass deposition region” that we
identified in Section 3.2. Second, within the ‘‘mass deposition
region”, the gas deposition occurs predominantly in the ‘‘steady
deposition” subregion with a nearly time independent mass depo-
sition rate. As the gas propagates, the steady mass deposition sub-
region expands in length, since the other subregion (i.e., the
‘‘transition subregion”) has a small and roughly constant length
of about 0.5 m. Based on this observation, one can easily imagine
that for a sufficiently long tube such as an accelerator beamline
tube, after a certain propagation time, the mass flowing into the
tube would be completely consumed by mass deposition in the
steady deposition zone. Therefore, the gas propagation would
appear to cease. In this situation, the length of the mass deposition
region would tell us the maximum range of frost contamination in
the beamline tube, which is of great practical significance.

Indeed, at low inlet mass flow rates, this interesting ceasing
phenomenon can be observed even in our tube system with a lim-
ited length. We plan to present the relevant experimental and
analysis results for various inlet mass flow rates and gas pressures
in a future publication. We will also conduct simulations for gas
propagation in the He II cooled tube. These studies will produce
key knowledge for the development of safety standards for beam-
line cryogenic system design.
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