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A B S T R A C T

The cooling rate of metallic objects quenched in liquid nitrogen can be enhanced by coating its surface with a
material that has a low thermal effusivity. An early transition from film to nucleate boiling regime caused due to
the formation of cold spots at the liquid-coating interface is reported as the reason for this enhanced cooling rate.
However, untill now, optimization of the coating thickness to minimize the overall cooling time has only been an
empirical proposition. Inspired by experimental data a phenomenological model is proposed. Using this model,
an approximate insulation coating thickness that will approach the fastest cool down of an insulated metal
quenched in liquid nitrogen can be predicted. This model is verified with experimental data of several copper
cylinders coated with different thickness of epoxy quenched in saturated as well as subcooled liquid nitrogen.
The optimum coating thickness reduces significantly with the degree of liquid sub-cooling.

1. Introduction

Thermal quenching in a liquid pool is a common and convenient
laboratory and industrial process, spanning a wide range of applica-
tions. To name a few, in cryopreservation of biological samples where
plastic tubes containing the sample are quenched in liquid nitrogen [1],
in material processing such as quenching tool steel in a liquid nitrogen
bath to improve hardness [2], in various cryogenic systems where the
connecting pipelines must be first chilled [3,4].

The boiling heat transfer in saturated liquid nitrogen is classified
into three regimes, namely the film, transition, and nucleate boiling [5]
depending on the wall superheat temperature ( = −θ T Tf ). At high
wall superheat the vapour generated forms a layer between the wall
and liquid, resulting in a limited heat transfer to the liquid. The
thickness of the vapour layer reduces with the reduction in wall su-
perheat ( = −θ T Tf ) and breaks, when the wall temperature drops
below the minimum film boiling temperature. After this, a transition to
the nucleate boiling regime occurs, where due to increased liquid–solid
contact, higher heat flux is obtained. However, these regimes are elu-
cidated only to the materials with high thermal effusivity, while ma-
terials with a low thermal effusivity shows early transition from film to
the nucleate boiling regime [6]. The thermal effusivity (∊ = λρc ) of a
material is a measure of the materials ability to exchange thermal en-
ergy with its surroundings. The early transition in the boiling regime is
suspected due to an early drop in the outer wall temperature.

In a classical observation, Cowley et. al. [7] showed that the ap-
plication of a thin layer insulated material to a body will decrease the

cooldown time of a metallic object. Later a number of studies are per-
formed to pin the underlying mechanisms that led to this counter in-
tuitive result, which are briefly reviewed here. Cowley et. al. [7],
showed significant improvement in the cool-down time (from 25 °C to
−196 °C) of an aluminum cylinder coated with different thickness of
vaseline material. They also observed that a minimum value of the cool-
down time exist for an optimum thickness of the coating. Similar ex-
periments are also performed by Maddox et. al. [8], in which Teflon is
used as a coating material on stainless steel 304 tubes. However, the
analysis reported was inconclusive due to the unknown values of the
surface temperature of the coating material. The authors recommended
to rely on the experimental data for evaluating the optimum coating
thickness corresponding to the minimum cool-down time. Manson [9]
suggested that the theories based on average values of heat flux and
wall super-heat will not explain the early transition in the boiling re-
gime. The author proposed that a periodic and spatially non-uniform
heat-transfer mechanism occurs at the liquid-coating interface, which
due to low thermal effusivity of the coating material would result in the
formation of cold spots on the coating surface, thus causes early col-
lapse of stable film boiling. Experiments of coated surfaces in sub-
cooled liquid nitrogen is reported recently by Chung et. al. [10,11].
However, no quantitative analysis was performed to predict the early
transition for coated metals. Moreaux et. al. [6] reported that the low
thermal effusivity of the coating material is responsible for the ex-
istence of Larvate boiling during quenching. Larvate boiling is an in-
termediate mode between film and nucleate boiling [6]. Kikuchi et. al.
[12] also suggested that a non-uniform heat-transfer mechanism takes
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place at the liquid-coating interface. The authors assumed that the heat
transfer at the liquid-coating interface occurs due to a series of repeated
heat transfer phenomenon caused by thermal diffusion, film and nu-
cleate boiling in the liquid domain. A one-dimensional analytical model
capturing the heat transfer aspects of the coated metals quenched in
liquid nitrogen is also reported. However, the model uses an empirical
approach to determine the time scales for different heat transfer phe-
nomenons (thermal diffusion, film and nucleate boiling).

In conclusion, previous studies suggested local cooling of the surface
to the early collapse of the film, although no microscale heat transfer
studies are reported to support this claim. From an application per-
spective, it is clear that an insulation coating decreases the cool down
time, however, a tool to predict an optimum coating thickness based on
the thermal properties of the material is still lacking. In this paper, we
address this gap by presenting an approximate predictive model of the
coating thickness based on the thermal properties and the pool tem-
perature. We present experimental data of the cooling of several epoxy
coated copper cylinders in saturated and sub-cooled liquid nitrogen.
The heat flux and cooldown time derived from these experiments
showed interesting trends, which allowed us to develop an approximate
model to predict the optimum coating thickness. The heat transfer
model is also validated using the measurements and its general ap-
plicability is also discussed.

2. Materials and methods

Seven similar copper cylinders of length (L) and diameter (D) of
60 mm and 6 mm, respectively are used for the experiments. The high
aspect ratio ( = 10L

D ) is chosen to neglect the heat transfer from the side
surfaces of the cylinder as the ratio of the lateral and longitudinal area,

= =A 0.05ratio
πD
πDL

2( / 4)
( )

2
, is low. The longitudinal area of the cylinders

are coated with an epoxy (stycast 1266) material to different coating
thickness (δ) values of 50 μm, 100 μm, 150 μm, 200 μm, 300 μm, and
500 μm. The coating procedure is as follows, first the copper cylinder is

machined to a diameter of 6 mm. Next the copper cylinders are placed
in a glass tube with about 1 cm of the cylinder sticking out of the tube.
Epoxy is filled in the gap formed between the cylinder and the glass
tube, which is about 2 mm. After hardening of the epoxy, the glass tube
is sacrificed. The cylinder is mounted in a turning tool and the epoxy is
machined to the required coating values. All the cylinders are prepared
with the same batch of epoxy. The temperature of the cylinder is
measured at its center using a type-E thermocouple, which is soldered
at the inner end of the hole made at the centre of the cylinder (see
Fig. 1). The diameter and length of the hole is 1.2 mm and 3 mm. Liquid
nitrogen pool used for the experiments is pre-cooled to different tem-
perature values of 66 K, 70 K, 74 K by evaporative cooling, and is kept
open to the atmosphere during experimentation. The heat transfer from
the cylinder during its cool-down is about 1 kJ. The specific heat ca-
pacity of the bath is about 10 kJ K−1. Therefore, the bath temperature
will not increase substantially during the quenching process. The cy-
linder is immersed horizontally at room temperature and is maintained
to approximately the same depth in the liquid nitrogen pool.

The cylinder is held stationary during the measurements using a
thin stainless steel tube of 1.2 mm outer diameter and 0.1 mm wall
thickness glued to the side face of the cylinder. The length of the
stainless steel tube inside the liquid pool is at approximately 10 cm for
each experiment. Due to the low heat capacity of the tube, it cools faster
compared to the cylinder and therefore the parasitic heat load through
the tube is neglected in the present analysis. The large length of the
tube inside the liquid pool also helps in further reducing the parasitic
heat load through the tube. The measurements are recorded at the rate
of 100 samples per second. To demonstrate the repeatability, three
independent experimental runs were conducted for each measurement.
Thermal properties of the stycast are assumed to be constant, its density
(ρ), specific heat capacity (c) and thermal conductivity (λ) are 1120

−kgm 3 [13], 1000 − −Jkg K1 1 [14] and 0.18 − −Wm K1 1 [14], respectively.
The specific heat capacity and thermal conductivity of the copper ma-
terial is temperature dependent and are given by

Nomenclature

Greek Symbols

α thermal diffusivity ( −m s2 1)
β eigen values
δ coating thickness (m)
∊ thermal effusivity ( − −Ws m K1/2 2 1)
λ thermal conductivity ( − −Wm K1 1)
ρ density ( −kgm 3)
θ temperature difference (K)

Subscripts

CHF critical heat flux
avg average
b boiling
c coating
f fluid

i initial
m metal
opt optimum

Latin Symbols

A area (m2)
Bi Biot number
c specific heat capacity ( − −Jkg K1 1)
D diameter (m)
Fo Fourier number
h heat transfer coefficient ( − −Wm K2 1)
L length (m)
m mass (kg)
q heat flux ( −Wm 2)
r radius(m)
R thermal resistance ( −KW 1)
T temperature (K)
t time (s)

Fig. 1. Schematic and photos of a coated cylinder.
A stainless steel tube with outer diameter and wall
thickness of 1.2 mm and 0.1 mm, respectively is
used to hold the cylinder in the liquid cryogenic
pool.
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− × + × − × + −

×

− − −

c
T T T T( 1.35 10 1.29 10 4.73 10 8.23 2.15

10 )

7 4 4 3 2 2

2
− −Jkg K1 1 for < <T60K 300K [15] and =λ

− × + × − + ×− −T T T( 1.26 10 8.97 10 2.11 5.55 10 )5 3 3 2 2 − −Wm K1 1 [16]
for < <T100K 300K respectively. The density of the copper is 8952

−kgm 3 [17].

3. Results and discussion

The temperature data during the cooling of the bare and the coated
cylinders in saturated and sub-cooled liquid nitrogen pool is shown in
Fig. 2. We observe the overall cool down time of the bare cylinder re-
duces as the degree of sub-cooling increases, similar to quenching re-
sults in water [18]. The coated cylinders also exhibit similar behavior.
In addition, the cooling time in the case of a coated cylinder shows a
strong dependency on the coating thickness for a particular pool tem-
perature. As the coating thickness is increased, the cooling time reduces
at first and beyond a certain value increases. Similar observations were
also made by Cowley et. al.[7] and Maddox et. al. [8] in a pool of
saturated liquid nitrogen. The coating thickness leading to the lowest
cool down time also depends on the pool temperature as noted in our
experimental data, which is not studied previously.

To draw insights into the physical processes in these experiments,
the heat flux (q) is calculated from the temperature–time data. The
copper cylinder can be assumed as a lumped mass because the Biot
number representing the ratio of the internal to the external thermal
resistance is approximately 0.07 corresponds to the lowest thermal
conductivity value of copper at room temperature ( − −385 Wm K1 1) and
maximum heat transfer coefficient value of − −10 Wm K4 2 1 and the
Fourier number is greater than one after 0.10 s. The q and h values are

calculated using,

= − = −q h T T mc
A

dT
dt

( )f (1)

in this, m and c are the mass and specific heat capacity of the copper
cylinder. The cooling rate (dT

dt
) is calculated from the measurements

using a second order Savitzky-Golay method [19] with 21 neighboring
points. The heat transfer area (A) for the copper cylinder is approxi-
mated as, =A πDL. This approximation is valid due to the low coating
thickness (δ) values compared to the diameter (D) of the cylinder. The
heat transfer through the side faces is also neglected. The calculated
values of the heat flux for all cases are shown in Fig. 3.

The heat flux as a function of surface temperature curve for the bare
cylinder is similar to the classical pool boiling curve [20–23], which
consist of three different boiling regimes; starting from the film regime
at warm surface temperature, followed by transition and nucleate re-
gimes. The magnitude of the heat flux increases as the pool temperature
is reduced, which is similar to the findings reported in literature
[24,25] and is attributed to the re-condensation of vapors in the sub-
cooled liquid pool. Although similar regimes are visible for coated cy-
linders, the temperature span of the film regime reduces as the coating
thickness is increased followed by complete disappearance of the re-
gime beyond a certain thickness value.

In an interesting finding, the calculated critical heat flux (CHF) or
the maximum heat flux in nucleate regime values is fairly independent
of the coating thickness value and this trend is observed for all the pool
temperatures. Similar trend is also observed in the experimental results
reported by Hellmann et. al. [20] for several coated cylinders in satu-
rated liquid nitrogen. The physical reason for this observation is un-
known and further studies are required to pin the underlying me-
chanisms. The calculated CHF (qCHF) values for the bare cylinder in

Fig. 2. Temperature measurements of the bare and coated copper cylinders in saturated and subcooled liquid nitrogen. Temperature is measured using a type-E
thermocouple with an accuracy of ± 2 K. The legend shown is applicable to all the sub-plots.
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liquid pools with saturated and pre-cooled to 74 K, 70 K and 66 K are
approximately 1.2 −Wm 2, 1.4 −Wm 2, 1.75 −Wm 2 and 2.2 −Wm 2, re-
spectively. These values will be used later in the approximate model.

As we noticed in Fig. 2, the cool down time first reduces to a lowest
value and increases again as the coating thickness is increased. In Fig. 4,
we plot the cool-down time of the cylinder from 290 K to 120 K for all
the cases. This temperature range is chosen due to our sample con-
straints. The heat flux due to boiling on the side surfaces of the cylinder
that are not covered with the epoxy coating will increase substantially
below 120 K. In the same plot, temperature averaged heat flux is also
shown. The average is the integral of the heat flux with temperature
divided by the temperature range. For a particular pool temperature the
average heat flux reaches a maxima for a coating thickness. As ex-
pected, the minimum cool down time corresponds to this maximum
average heat flux. Tracing these curves from left to right, for small
coating thickness values the average heat flux is low due to the presence
of the film boiling regime in the cooling temperature span. The average
heat flux peaks for a certain coating thickness as the film boiling regime
contribution decrease. Further decrease in the average heat flux is due
to the finite thermal resistance of the coating, which increases as the
coating thickness increases. Kikuchi et al. [12] approached this problem
by developing an empirical microscale heat transfer model using fitting
parameters to explain the optimum coating thickness. Instead, we adopt
a different method, by approaching the optimum case from the right
side i.e. from higher coating values to the optimum case. We will not be
able to model the optimum case which is the defined as the coating
value for the lowest cool down time, but close to it. The details of the
model is discussed in the next section.

3.1. Phenomenological modeling

In this section an approximate physical model based on experi-
mental observations to determine the optimum coating thickness is
discussed. This model will incorporate pool temperature and thermal
properties of the coating. In Fig. 5, the calculated heat flux and heat
transfer coefficient values for a bare and a 100 μm coated cylinder is

Fig. 3. Calculated heat flux from the temperature–time measurements using Eq. 1 as a function of metal temperature for all the cylinders quenched in saturated and
subcooled liquid nitrogen. The points denote the critical heat flux values and the corresponding metal temperature. The legend shown is applicable to all the sub-
plots.

Fig. 4. Cool-down time from 290 K to 120 K and the corresponding average
heat values. The points are joined by straight lines for better visualization. The
predicted values of cool-down time in the nucleate boiling regime are also
shown. The shaded area represents the values for which the cool-down time is
less than 10% of the minimum value corresponding to the optimum coating
thickness.

S. Jagga and S. Vanapalli Cryogenics 109 (2020) 103114

4



shown. This particular coated cylinder is chosen as a representative
case. It is interesting to note that for small super heat temperatures the
characteristics of the heat transfer coefficient of the bare and the coated
cylinders are different.

The heat flux (q) curve is divided into three different sections,
namely AB, BC and CD, representing nucleate, transition, and film
boiling regimes, respectively as shown in Fig. 5. The nucleate boiling
regime is defined for the temperature values lower than the tempera-
ture corresponding to the critical heat flux (TCHF). For convenience,
discussion of this nucleate regime is limited to temperature values
greater than 100 K ( ≈θm 25 K). As discussed above, bare side faces of
the copper cylinder goes through the transition to the nucleate boiling
regime, due to which heat flux through the edges increases and there-
fore, its contribution in the total heat flux (q) values becomes visible
(see Fig. 3). To simplify the discussion, nucleate boiling regime (section
AB), is further divided into two different sections AA1 and A1B, which
will be discussed individually in the subsequent sections.

3.1.1. Section AA1
The heat transfer coefficient (h) for the coated cylinder case in the

section AA1 is fairly constant. Similar trend is also observed for all
coated cylinder measurements. On the other hand, the heat flux in-
creases with superheat temperature in the bare cylinder. The point A1 is
the inflection point, which is reported in the literature as the heat flux
value corresponding to the maximum boiling heat transfer coefficient.
The heat transfer process is characterized by the formation of isolated
bubbles in section AA1 and by bubble jets and columns in section A B1
[26].

This difference in the heat transfer characteristics of the coated
cylinder compared to the bare case can be best understood by con-
sidering an equivalent thermal network, which is shown in the Fig. 6.
The following assumptions are made:

• The copper cylinder is a lumped thermal capacitance.

• The heat capacity of the coating is negligible compared to the
copper cylinder.

We will later prove that these assumptions are valid for the problem
under consideration. The effective thermal resistance (R) between the
liquid and the metal is the summation of the boiling resistance (Rb) and
that of the coating (Rc),

= + =
−

R R R
T T

qAb c
m f

By re-writing the thermal resistance ( =R hA
1 ) in terms of heat

transfer coefficient (h),

=
+

=
−

h h q
T T1

c
h
h

m fc
b (2)

In this, Tm and Tf are the temperature of the copper and liquid ni-
trogen pool, respectively and hb is the boiling heat transfer coefficient.
The heat transfer coefficient due to the coating (hc) is calculated for the
cylindrical shell with inner and outer diameter of D and +D δ2 , re-
spectively and is given by, =

+( )hc
λ
D ln

2 1

1

c
δ

D
2 , where, δ and λc is the

thickness and thermal conductivity of the coating, respectively.
This two series resistance model suggest that in order to obtain an

effective constant heat transfer coefficient the boiling heat transfer
coefficient hb should be significantly high compared to the coating heat
transfer coefficient hc. The calculated value of boiling heat transfer
coefficient at inversion point (A1) for the bare cylinder in saturated li-
quid nitrogen pool is approximately 104 − −Wm K2 1, which is at-least 5
times high compared to the heat transfer coefficient offered by the
coating material, ≈hcoating 1829 − −Wm K2 1, 1229 − −Wm K2 1, 929

− −Wm K2 1, 629 − −Wm K2 1 and 389 − −Wm K2 1 for coating thickness 100
μm, 150 μm, 200 μm, 300 μm and 500 μm, respectively. Due to the low
thermal effusivity of the coating material, the high value of boiling heat
transfer coefficient at point A1 further reduces the temperature of the
liquid-coating interface to a value close to the liquid temperature. This
results in enhanced liquid–solid contacts and therefore further reduces
the thermal resistance offered by the liquid during the cooling period
from point A to A1. In conclusion, heat transfer rate in the section AA1 is
majorly limited by the coating material and therefore, a constant heat
transfer coefficient value, which is equal to the heat transfer coefficient
provided by the coating material i.e. ≈h hc can be used to predict the
heat flux.

3.1.2. Section A B1
The maximum heat flux in section A B1 is the Critical Heat Flux

(CHF). The CHF is limited by the restricted liquid–solid contacts caused
due to the formation of bubble columns resulting from the departing
bubbles [26]. The CHF value for an object quenched in a liquid pool is a
function of many parameters that includes, object dimensions, thermal
properties, orientation, liquid properties [27–29]. Liang and Mudawar
[27] in their work has accessed different models and correlations to
predict CHF. The reported models and the correlations are able to
predict the CHF values with a minimum error of approximately 20%. In
the present work, the CHF value is a deterministic parameter to esti-
mate the minimum cool-down time, this will be discussed in detail
later. Therefore, to avoid the error in the cool-down time estimation,
CHF value from experimental data of the bare cylinder is used in the
present analysis. The CHF value for the coated cylinder is also same for

Fig. 5. Calculated heat flux values for the bare (left) and coated cylinder with 100 μm coating thickness (right) quenched in saturated liquid nitrogen pool. Model
predicted heat flux in the nucleate regime for the coated case is also shown.

Fig. 6. Equivalent thermal network diagram of the coated cylinder.
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different coating thickness as discussed before.
The heat transfer coefficient values in the section A B1 is lower than

the section AA1 and is unknown for the present configuration. If the
same value of heat transfer coefficient is assumed for the entire nucleate
boiling regime (section AB), the temperature corresponds to the CHF
will be given by point A2 instead of B. This will result in slightly dif-
ferent optimum coating thickness value, as it is assumed that the op-
timum coating thickness occurs when temperature corresponds to the
CHF is equal to the room temperature. Therefore, to predict heat flux in
the section A B1 , it is divided into two subsections - A A1 2 and A B2 . The
heat flux in the section A A1 2 are estimated using the same constant heat
transfer coefficient values ( ≈h hc) as obtained in section A A1 2 and the
heat flux in the section A B2 is assumed constant as shown in Fig. 5. This
approximation will result in slightly higher heat flux values for the
section A B1 , however this will not introduce large difference in the
overall heat flux profile for the nucleate boiling regime, as the heat flux
in this regime is limited by the critical heat flux value.

The point B corresponding to the CHF temperature moves to a larger
superheat temperature as the coating thickness is increased. From this
trend, we developed a strategy to determine a coating thickness when
the CHF is at the initial immersion temperature of the cylinder Tm,CHF.
From the measurement data for bare copper cylinders, the metal tem-
perature TCHF values corresponding to the CHF obtained are approxi-
mately 90 K, 92 K, 95 K and 100 K for liquid pool temperature of 77 K,
74 K, 70 K and 66 K, respectively. In order to extend this to the coated
cylinders we assume the coated surface in contact with the liquid will
be at the above mentioned temperature when the CHF state is reached.
This assumption can be verified from the results reported by Moreaux
et. al. [6], where, a 2μm coating thickness of polymeric resin does not
have much influence over the minimum film boiling temperature. For
such a low coating thickness value, the temperature gradient inside the
coating material are negligible and therefore temperature at the liquid-
coating interface can be assumed same as the metal temperature. For
negligible influence over the minimum film boiling temperature, the
temperature corresponds to the CHF will also be close to the value for
the bare metal case, as the temperature span after the minimum film
boiling temperature is very low (≈ 30K) and close to the bare metals in
liquid nitrogen. Therefore, the coating thickness when the CHF is at the
initial immersion temperature is estimated from the following expres-
sion,

= +T T R Q .cm,CHF CHF CHF (3)

The estimated coating thickness value for which, =T 290m,CHF K, are
315 μm, 265 μm, 207 μ m and 159 μ m for liquid pool temperature of
77 K, 74 K, 70 K and 66 K, respectively. This means, the cylinder with
coating thickness larger than these values will only be exposed to the
nucleate boiling regime during its entire cool-down.

The coating thickness value estimated by the approach described
above for saturated liquid nitrogen is 315 μm, which is larger than the
coating thickness value for a minimum cooldown time (see figure
Fig. 4). It is important to note that the optima is rather broad. By using
our approach where only the nucleate boiling regime is considered the
cool-down time reduction with a coating compared to the bare case is
approximately 90% of the maximum possible time reduction. The exact
prediction of the optimum coating thickness would require the heal flux
prediction for the transition boiling regime. The experimental data re-
ported for the transition boiling regime is very limited and so far there
is no comprehensive theory or correlation to predict heat flux in this
regime.

3.2. Validation of assumptions in the model

Here we will consider a more generalized heat transfer model in
which the coating heat capacity is included. We will compare the re-
sults from this model for two cases; first, for the case where heat ca-
pacity of the coating is included, which is referred hereafter as

‘transient’ and the second case where the heat capacity of the coating is
set to a value two orders in magnitude lower than the actual case,
which is referred hereafter as ‘steady’. Moreover, we will make use of a
similar heat transfer problem described in the book of Ozisik et. al.
[30]. The geometry and the heat transfer boundary conditions re-
presenting our problem is shown in Fig. 9 and for completeness the
problem description, boundary conditions and the solution is given in
the Appendix. The comparison is performed for a coating thickness
value of 500 μm, which is the maximum coating thickness value used
for the experiments. Our aim is to discuss the error introduced in cal-
culating the heat flux at the metal-coating interface, caused by ne-
glecting the heat capacity of the coating material.

In order to replicate our earlier observations in this paper where the
outer coating temperature may be assumed to be equal to the liquid
temperature, we use a high value of heat transfer coefficient from the
coating to the liquid pool. The heat transfer at the metal and coating
interface is given by,

= − ∂
∂ =

Q λ πDL θ
rtransient c
c

r rm (4)

Fig. 7 shows the heat transfer Qtransient for a 500 μm coating and in
the same figure Qsteady is shown. This data is obtained by setting a
specific heat capacity value two orders in magnitude lower than the
actual coating material value. The difference in the heat transfer rate
for the two cases is plotted in Fig. 7. The difference is maximum at room
temperature, which is due to the limited thermal diffusivity inside the
coating material. In the early regime, defined as the time taken for the
cooling front to reach the metal and the coating interface, there is no
heat transfer between the metal and coating. This is only pertinent for
the transient case. In the steady case,Qsteady is directly proportional to the
temperature difference between the two interfaces, the metal-coating
and coating-liquid. The constant slope of heat and temperature con-
firms this characteristic.

Looking closely at the shape of the Qtransient , from room temperature
the heat transfer increases and then follows the steady characteristics.
The slope of the Qtransient with temperature is lower than the Qsteady. In
order to understand this characteristic let us investigate the tempera-
ture profile in the coating, which is given by [31],

=
⎡

⎣

⎢
⎢

−
+

⎤

⎦

⎥
⎥

⩽ < + >
( )

( )
θ r t θ r t

ln

ln
r r r δ t( , ) ( , ) 1

1
in ( ), 0c m m

r
r

δ
r

m m
m

m

(5)

Fig. 8 shows the temperature profile in the coating for both the

Fig. 7. Heat transfer to the metal with and without considering the heat ca-
pacity of the coating (top) and the corresonding error (bottom).
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transient and steady case, for three metal temperature values. The
temperature profiles of the transient and steady case are very close and
the differences are not visible in the figure. Differences can be seen in
the spatial temperature derivative (dT

dr
) values. The absolute values of

the derivative at the metal-coating interface is higher in the steady case
for all metal temperature values causing higher amount of heat transfer
from the metal compared to the transient case. The difference in the
derivative values between the two cases decrease as the metal tem-
perature approaches liquid temperature. This explains the character-
istics of heat transfer in the transient and steady case shown in Fig. 8.

To conclude, during the late regime the heat transfer values calcu-
lated by neglecting the heat capacity in the coating, considering the
largest coating thickness of 500 μm will result in about 4% error. This
margin of error is acceptable in an engineering application. The error
margin during the early regime is higher, however it will not affect the
total cool-down time calculations, as the thermal diffusion time
( ≈ ≈t 1.5searly

δ
αc

2
) for the coating material is very low compared to the

metal cool-down time of approximately 30 s for a coating thickness of
500μm. To apply the results discussed in this paper for a generic
cryogenic cooling application, the following procedure is re-
commended. The critical heat flux QCHF and the temperature at the
critical heat flux TCHF for a particular cryogenic fluid for a bare surface
must be known, which is documented for most engineering surfaces. If
the intial temperature is Ti, then the coating thickness is,

= −δ T T( )i CHG
λA

QCHF
, where λ is the thermal conductivity of the coating.

This coating thickness is an estimate that is within 10 % to the fastest
cooldown thickness value.

4. Conclusion

We succeeded in developing a model to a classical cryogenic ob-
servation where insulated metals are shown to cooldown faster than
their bare counterparts. We performed a systematic set of quenching
experiments using copper cylinders coated with different thickness of
low conductive epoxy coatings in both saturated and sub-cooled liquid
nitrogen. From these experiments we noticed particularly, two im-
portant observations. First, a fairly constant heat transfer coefficent
value in the nucleate regime for coated cylinders. Second, the critical
heat flux value does not change with the coating thickness. In contrast,
to earlier attempts in the literature to employ fitting parameters to
model the film and transition regime, we approached this problem from
a different perspective. We showed that the coating thickness, whose
thermal resistance will bring the critical heat flux to the initial metal
temperature is close to less than ten percent of the optimum coating for
the fast cool down. This hypothesis is validated with experimental data
for several sub-cooling temperatures. This approach will give cryogenic
application engineers a predictive tool to design systems for fast cool
down by quenching in cryogenic liquid baths.
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Fig. 8. Temperature profile in the coating predicted using steady and transient
case for various metal temperatures (top) and the spatial temperature deriva-

tive ( )dT
dr (bottom).

Fig. 9. Schematic of the cross-section of a coated cylinder with perfect thermal contact at the metal-coating interface and limited value of heat transfer coefficient, h,
with liquid nitrogen.
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Appendix A

A.1. Mathematical description of the composite cylinder model

The model is presented for the case, where a metal cylinder of radius, rm, is in perfect thermal contact with the coating material of constant
thickness, δ, along its length, L and the coating-liquid interface is subjected to a limited value of heat transfer coefficient, h, with liquid nitrogen. The
schematic of coated cylinder in liquid nitrogen pool is shown in the Fig. 9.

The heat diffusion equation for the metal and coating is given by,

∂
∂

⎛
⎝

∂
∂

⎞
⎠

= ∂
∂

⩽ < >α
r r

r θ
r

θ r t
t

r r t( , ) in 0 , 0m m m
m (6)

∂
∂

⎛
⎝

∂
∂

⎞
⎠

= ∂
∂

⩽ < + >α
r r

r θ
r

θ r t
t

r r r δ t( , ) in ( ), 0c c c
m m (7)

in this, = −θ T Tf , is the wall superheat. The cylinder is subjected to the following initial and boundary conditions,
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Using initial and boundary conditions to solve Eqs. (6) and (7). The solution for the temperature variation in metal and coating is given by [30],

∫ ∫∑= ⎡
⎣⎢

′ ′ ′ + ′ ′ ′⎤
⎦⎥=

∞
−

′= ′=

+
θ r t T

N
e ψ r λ

α
r ψ r dr λ

α
r ψ r dr( , ) ( ) ( ) ( )m

n

i

n

β t
n

m

m r

r
n

c

c r r

r δ
n

1
1 0 1 2n

m

m

m2

(8)
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in this, the eigen values (βn) are the roots of the following transcendental equation:
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where, J Y,0 0 and J Y,1 1 are the Bessel functions of order 0 and 1 respectively and the values of γ η H, , and K are given by,
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After calculating the eigen values (βn), the temperature variation inside the metal and coating material is calculated using Eqs. 8 and 9, in which
N ψ r, ( )n n1 and ψ r( )n2 are given by,
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