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Dynamic Modeling of the Heat
Pipe-Assisted Annealing Line
In a conventional continuous annealing line, the energy supplied to steel strip during
heating is not recovered while cooling it. Therefore, an alternative heat transfer technol-
ogy for energy efficient continuous annealing of steel was developed. This technology
enables reusing the heat extracted during cooling of the strip in the heating part of the
process. This is achieved by thermally linking the cooling strip to the heating strip via
multiple rotating heat pipes. In this context, the dynamic simulation of a full heat pipe
assisted annealing line is performed. The dynamic simulation consists of the interaction
of computational building blocks, each comprising of a rotating heat pipe and strip parts
wrapped around the heat pipe. The simulations are run for different installation configu-
rations and operational settings, with the heat pipe number varying between 50 and 100
and with varying strip line speed and dimensions. The heat pipes are sized to be 0.5 m in
diameter and 3 m in length. The simulation results show that the equipment is capable of
satisfying the thermal cycle requirements of annealing both at steady-state and during
transition between steady-states following changes in boundary conditions. With this con-
cept, energy savings of up to 70% are feasible. [DOI: 10.1115/1.4042701]

1 Introduction

The cold rolling of steel results in the increase of the material’s
hardness due to dislocations induced by this process. In order to
reduce its hardness and to render it more workable, steel is ther-
mally treated by heating it to approximately 700 �C and then cool-
ing it down to room temperature. This process is called annealing
and it is an energy intensive process [1]. The current state of the
art is to heat the steel strip using natural gas fired furnaces and to
cool it down with a convective gas cooling system. In a conven-
tional annealing line, the energy supplied to steel during heating is
not recovered. Moreover, none of the energy is retained in the
final product.

Therefore, an alternative technology for energy efficient
annealing of steel was developed. This novel concept, called “heat
pipe assisted annealing,” aims to reduce the energy consumption
to 30% of a conventional line [2]. The technology is based on
multiple rotating heat pipes, thermally linking the heating strip to
the cooling strip (Fig. 1).

A rotating heat pipe is a cylindrical two-phase heat transfer
device rotating around its axis. It contains a fixed amount of work-
ing fluid, fully sealed inside. It is composed of three sections,
namely the evaporator section, the adiabatic section, and the con-
denser section [3]. The heat that is introduced to the evaporator is
transferred to the condenser by the working fluid, which functions

Fig. 1 Typical annealing cycle and linking cooling stage to
heating stage
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as a thermal energy carrier [4]. The subsequent processes occur-
ring in a rotating heat pipe are: (i) heat added to the evaporator
causes the liquid to evaporate, (ii) the vapor travels to the con-
denser passing through the adiabatic section due to the pressure
difference induced, (iii) the vapor dissipates its heat in the con-
denser section condensing back to liquid, (iv) the liquid returns to
the evaporator by the centrifugal force and the static pressure
head, completing the cycle [3,5].

Rotating heat pipes have been widely investigated for use in
various applications. They have been shown to be very effective
for cooling of drill tips [6,7]. Similarly, rotating heat pipes have
been successfully applied for the cooling of rotating electrical
machines [8–10].

Although applications of rotating heat pipes are not limited to
the aforementioned literature sources, such applications use heat
pipes much smaller in size and in diameter-to-length ratio com-
pared to the rotating heat pipes considered in the current work. In
this study, the selected size of the rotating heat pipe is 0.5 m in
diameter in order to avoid plastic deformation of tensioned strips
and 3 m in length to accommodate the strips. This results in a
diameter to length ratio of 0.17.

The concept of transferring heat from a hotter steel strip to a
colder one with a rotating heat pipe has been demonstrated using
a specially designed experimental setup [11]. This proof of princi-
ple setup consists of an exceptionally large cylindrical rotating
heat pipe (of 0.5 m in diameter and 1.2 m in length) consisting of
two steel strips hemicylindrically wrapped around it. Induction is
used to heat one of the strips. The heat pipe uses demineralized
water as a working fluid. The strip that is heated by induction is
fed to the evaporator section of the heat pipe and cools down as it
transfers its heat to the heat pipe. The colder strip is heated up by
the heat transferred by the hot strip (Fig. 2). Heat has been suc-
cessfully transferred from one strip to the other at various strip
line speeds up 10 m/s.

In the heat pipe assisted annealing concept, each heat pipe
transports some of the total heat from the cooling strip to the heat-
ing strip. With a limited number of heat pipes, most of the heat

can be reused in the process. In order to operate up to 700 �C, differ-
ent working fluids need to be used for different temperature ranges
due to constraints of vapor pressure and long-term fluid stability.
Only final heating and cooling of the steel strip is performed in a
conventional way. The strip being heated and the strip being cooled
may be part of the same strip. In this case, the strip that is heated is
reversed after the conventional heating section (Fig. 3) [2].

To study the technical and economic feasibility of the technol-
ogy, a dynamic simulation of a heat pipe assisted annealing line is
developed. This line concept can be seen as a collection of build-
ing blocks. Each block comprises of a rotating heat pipe and strip
parts wrapped around the heat pipe. The current paper focuses on
the building blocks interaction and the overall behavior of the sys-
tem, rather than on providing a detailed description of underlying
physics. Nonetheless, some of the architecture of the building
block is provided. With the information gathered from the simula-
tion results, the thermal cycle of the strip and associated energy
savings can be computed for different line configurations. This
will allow for determining the economic feasibility of the heat
pipe assisted annealing line concept.

2 Simulation Model

The heat pipe assisted annealing simulation model comprises of
modular components called building blocks. Each building block
consists of a rotating heat pipe and two strips wrapped around the
heat pipe (Fig. 4). The simulation model essentially represents the
interaction between these building blocks. The number of heat
pipes in the installation is equal to the number of building blocks
inside the simulation model. The building blocks are interlinked
by the connecting strips.

The model assumes no heat losses to the outside and no addi-
tional rolls apart from the heat pipes. The heat losses are not
included to the study because they are strongly dependent on the
properties of the plant insulation. The exclusion of the heat losses
from the analysis ensures that the focus lies on the energy savings
brought by thermally linking the heating and the cooling cycles.

Conventional heating and conventional cooling are calculated
based on the amount of heat required to reach the target tempera-
tures. The overaging stage of the annealing cycle is not included
in the simulations. This is because overaging does not have an

Fig. 2 CAD view of the proof of principle [11] (Reprinted with
permission from Elsevier copyright 2018)

Fig. 3 Heat pipe assisted annealing conceptual representation [2]

Fig. 4 Building block of the simulation model
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effect on the energy saving amount and the location of the overag-
ing stage in a plant strongly depends on the plant layout and the
type of the strips to be annealed.

2.1 Building Block. The building block comprises of the
meshed heat pipe wall, heat pipe interior, and strips. The wall of
the heat pipe is meshed in axial, radial, and angular directions.
The strip is meshed only in the angular direction, as the Biot num-
ber is lower than 0.1 for the strip thickness.

The hotter strip is in contact with the evaporator and the colder
strip is fed to the condenser. The adiabatic section is situated
between the evaporator and the condenser. Moreover, there are
two more adiabatic sections at the two ends of the heat pipe,
which are called dead zones. The angular mesh is slightly finer
near the first contact point of the strip with the heat pipe in order
to better capture the boundary condition change. The mesh struc-
ture is mirrored for the other half circumference. The heat pipe
wall is divided into several layers in the radial direction (Fig. 5).

A node of the roll wall is modeled with Eq. (1). The properties
are calculated with reference to the average wall temperature for
each heat pipe
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When the above equation is integrated over the control volume,
the conductive resistances in the radial and axial directions are
found as follows:

Rradial ¼
lnðro=riÞ
DU kw Dz

(2)

Raxial ¼
Dz

kw A0
(3)

The innermost nodes are subjected to the liquid layer tempera-
ture, whereas the outermost nodes below the strip are subjected to
the strip temperature. For a strip node, Eq. (4) applies. The strip
properties are calculated with reference to the entering strip
temperatures

@ðqscpsTsÞ
@t

¼ qscpsuU
1

r

@Ts

@U
(4)

The strip is subjected to the contact heat transfer with the outer-
most nodes of the heat pipe. The contact resistance between the
strip and the heat pipe is defined with the below equation:

Rcontact ¼
1

hcontact ws lnode

(5)

A previous study carried out in the context of the heat pipe-
assisted annealing project describes the contact heat transfer coef-
ficient between a steel strip and a rotating heat pipe [11].
However, the numerical model described in this previous work is
not sufficiently fast. Therefore, the contact heat transfer coeffi-
cient values in the current work are calculated based on regression
analysis of the data generated from the numerical model in Ref.
[11]. To carry out a dimensionless analysis, Nusselt number is
selected as the dependent variable.

Nu ¼ hcontact Droll

kg
(6)

The Nusselt number is calculated for a parametric study of strip
thickness, specific tension, roll radius, and gas properties. Using
multiple regression analysis, the resulting Nusselt number correla-
tion is found as in the below equation:

Nu ¼ 0:394 c�1 e �
2
3ð Þ (7)

with

e ¼
lg us

rs ths
(8)

c ¼ 0:084g2 � 0:25gþ 0:643 (9)

g ¼ rs ths

pa
Droll

2

� � (10)

The exterior gas properties are calculated based on a typical
protective gas composition used commonly in the annealing of
steel (5% H2/95% N2) [12]. It should be noted that the thermal
conductivity and the viscosity of the interstitial gas are tempera-
ture dependent and this dependency is accounted for in the model.

The specific tension applied to the strip at room temperature is
taken as 30 MPa. At higher temperatures, a reduction factor
describing the change of actual yield strength with respect to the
yield strength at room temperature as a function of temperature is
applied [13].

The interior dynamics of the rotating heat pipe is described
with a model derived from a previous work performed in the con-
text of the same project [14]. The two main components of the
model are the liquid and the vapor, which are modeled as lumped
masses. Each phase is axially meshed (Fig. 6). Each node is a
lump mass characterized by a unique thermodynamic state. The
mesh is staggered such that the temperatures and pressures are
located at cell centers, whereas velocities are located at cell faces.

The model description includes the equations for mass, momen-
tum, and energy. The radial and the angular distributions of the

Fig. 5 Building block meshing
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axial velocity are not accounted for. The generic mass equation
for a given liquid or vapor node is shown in the below equation:

@ðq dVÞ
@t

¼ 1

r

@ðqrur dVÞ
@r

þ @ðquz dVÞ
@z

(11)

The phase change rate is described with the below equation:

_mph ¼
Tl � Tv

Rv�l Hfg
(12)

where Rv�l is the radial thermal resistance between the vapor
node and the liquid node. It can be defined as follows:
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where Rph is the phase change thermal resistance which is
neglected in the presented work [15]. The liquid thermal resist-
ance Rl2 is defined in Fig. 6.

The convective terms in the liquid momentum equation are
assumed to be negligible [16–18]. The generic momentum equa-
tion is described with Eq. (13), where the term in brackets is valid
only for the vapor phase. A central difference scheme is used dur-
ing the calculation of the convective term. The viscous term is
approximated with a friction factor [15,19,20].
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þ
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(14)

The pressure difference in the axial direction for vapor is
related to the vapor pressure difference. For the liquid, it is related
to the static liquid head and the centrifugal force [18]. For laminar
flow where Re is lower than 2100, the friction factor (f ) is taken
as 64=Re. For turbulent flow, the friction factor is calculated as
0:0791=Re0:25 [15,19,20].

The energy equation for liquid is defined as follows:
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Assuming that the heat transfer in the radial direction and phase
change are dominant over the heat transfer in the axial direction
[16–18], the energy equation for a liquid node is written as follows:
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(16)

where Rw�l is the radial thermal resistance between the wall node
and the liquid node. It is defined as follows:
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where the thermal resistances Rw2 and Rl1 are defined in Fig. 6.
Due to the axisymmetric geometry, the thermal resistance

caused by the liquid pool is distributed across the interior circum-
ference. In order to determine the flow pattern, the dimensionless
Froude number is calculated and then compared to the critical
Froude number for complete annular flow in a finite cylinder [21]

Fr ¼
x2 D

2

� �

g
(18)

Frc ¼ 20:03 ð1� vÞ�2:421
(19)

In the case of a liquid pool forming, the heat transfer is assumed
to take place only through the thin liquid film that is pulled by
rotation. The average thickness of the thin liquid film is calculated
with Eq. (20), whereas the angle of the liquid pool is calculated
using the below equation [22]:

�d ¼ 5

6
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2

� �
ffiffiffiffiffiffiffiffiffiffiffiffi
q g Di

2 lx

r (20)

v ¼ 1

2p
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The liquid resistance within the condenser and adiabatic sec-
tions are associated with thermal conduction only [23,24]

Rl ¼

ln

Di

2
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2
� thl

0
BB@

1
CCA

2p� hð Þkl Dz
(22)

The liquid resistance at the evaporator side is described as a mixed
convection evaporator model [17,25,26], where natural convec-
tion is taken to be dominant in the liquid. It is calculated as
follows [17]:

Rl;e ¼

ln

Di

2
Di

2
� thl

0
BB@

1
CCA

ð2p� hÞNum kl Dz
(23)

where Num is defined as

ðNumÞ7=2 ¼ ðNuf Þ7=2 þ ðNunÞ7=2
(24)

where Nuf is taken as 1 due to relatively low Reynolds number
liquid flow and Nun is defined as:

Nun ¼ 0:133 Ra0:375 (25)

The Rayleigh number (Ra) for a rotating heat pipe is calculated
with the below equation [16]:

Fig. 6 Heat pipe interior meshing
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Ra ¼
bql

D

2
x2

� �
DTd3

llal
(26)

Natural convection is present when the calculated Rayleigh
number exceeds the value of 400. Below this value, natural con-
vection does not play a role as the prevailing heat transfer mecha-
nism is conduction [26].2

As the dynamics of the vapor is much faster compared to the
dynamics of other components, the vapor energy equation is
solved with an algebraic balance equation, rather than a differen-
tial equation3

pv

Tv
¼ qvRg

M
(27)

Where the vapor is assumed to be saturated everywhere and its
pressure is calculated with the Antoine equation:

pv ¼ 10A� B
TvþC (28)

The fluid properties are calculated based on the average temper-
ature of the corresponding phase for the given time-step [27–31].

2.2 System Solver. The governing equations describing a
building block consist of both first-order ordinary differential
equations and algebraic equations. The equations are formulated
in their discretized forms in space. Given an initial condition and
boundary conditions, the set of equations can be solved with an
integration method.

The entering strip temperature to the evaporator and the con-
denser of a certain heat pipe is equal to the exiting strip tempera-
ture of the preceding building block. The boundary condition
applied to the outer surface of the strips and the outer surface of
the heat pipe wall not in contact with the strips is:

r ¼ ro ) �k
dT

dr
¼ 0 (29)

At the two ends of the heat pipe, following conditions apply:

z ¼ 0 � z ¼ L) ul ¼ uv ¼ 0 �
dT

dz
¼ 0 (30)

The boundary condition at the symmetry line of the heat pipe
is:

r ¼ 0 ) dT

dr
¼ 0 (31)

The initial conditions for each heat pipe are selected such that
the heat pipe starts with a uniform temperature throughout and at
an idle state. The initial temperatures for the heat pipes increase
from the first heat pipe to the last, with an interval of 7 �C between
cesium heat pipes and with an interval of 4 �C between the rest of
the heat pipes.

Each building block is solved for a finite time-step. After the
effects of the time-step have been calculated for all the building
blocks, the resulting strip temperatures entering the building
blocks as well as the material properties of each heat pipe are

updated. The time-step is selected as the time it takes for a strip
element to travel over the heat pipe. It is defined with the follow-
ing equation:

Dt ¼
p Do

2
us

(32)

The problem at hand is stiff. Therefore, the system of equations
is solved implicitly with the “MATLAB ode15i” function.

The number of nodes for one building block is in total 280. The
heat pipe interior is composed of 20 nodes, the heat pipe wall is
composed of 5� 5� 10 nodes in the radial, axial and angular
directions, respectively. The strips are composed of five nodes
each in the angular direction.

3 Simulation Results

3.1 Annealing Line Configurations. In a typical continuous
annealing line, the strip enters the line at room temperature. It is
then heated up to the target temperature of 700 �C. The line speed
in the continuous annealing is around 10 m/s. In the light of this
information, the simulations are run for a number of configura-
tions with heat pipes numbering between 50 and 100.

The selection of the working fluids is critical for this concept. It
determines the temperatures at which the heat pipes can operate,
has a major influence on their performance and together with the
shell material it restricts lifetime. The working fluids are selected
based on their vapor pressures at the relevant temperature range as
well as their performance, stability, and compatibility with stain-
less steel, safety aspects, and availability. Accordingly, the work-
ing fluids are determined as water, Dowtherm A, phenanthrene
and cesium to cover the temperature range up to 700 �C. The
vapor pressures of these fluids are provided in Fig. 7. Special
attention should be paid to the organics, which can decompose to
produce noncondensable gas outside their intended temperature
range.

The fill ratio is selected such that the critical Froude number
calculated with Eq. (19) yields a higher value than the actual
Froude number obtained through Eq. (18). This ensures a flow
pattern where a complete annular flow is not formed.

The heat pipe diameter and length are 0.5 m and 3 m, respec-
tively. The thickness of the strip varies between 0.15 mm and
0.30 mm, whereas its width is kept fixed at 1 m. The line speed
varies from 8 to 10 m/s.

3.2 Near Steady-State Results. Three cases are selected as
representative results of near steady-state conditions. Installation
properties and process parameters for these cases are shown in
Table 1. For each case, the energy saving of the system is calcu-
lated as follows:

Hexit
s � H20 � C

s

H700 � C
s � H20 � C

s

(33)

where Hexit
s is the enthalpy of the exiting strip from the condenser

of the last heat pipe, H20 �C
s is the enthalpy of the entering strip

and H700 �C
s is the enthalpy of the strip at the target temperature.

Figure 8 shows the strip temperature evolution for case 1. Strip
temperature changes over different heat pipes can be clearly seen
when the heat pipe number in the x-axis is followed. The straight
lines in the figure correspond to conventional heating/cooling and
thermal soaking stages.

In this figure, it is seen that each heat pipe contributes to the
strip heating and cooling. The close-up of part of the heating cycle
in Fig. 8 shows that the magnitude of these contributions may dif-
fer between various heat pipes. It is seen that the heat transfer via
cesium heat pipes is significantly more effective compared to the
heat transfer achieved via heat pipes filled with organic fluids

2In all simulations, the Rayleigh number is larger than 400 for the water,
Dowtherm A, and phenanthrene heat pipes. For the cesium heat pipes, the Rayleigh
number is below 1 at all times, resulting in the absence of natural convection at the
evaporator.

3It should be noted that the ideal gas law is not a good approximation for
Dowtherm A and phenanthrene when the pressure is above 10 bar. In such cases, the
compressibility factor should be taken into account. In the current application, the
pressure of the heat pipes containing Dowtherm A and phenanthrene always remains
below 5 bar.
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(Dowtherm A and phenanthrene). The main reason for such differ-
ence in the effectiveness of working fluids is the different thermal
conductivity of the liquids. The typical overall thermal resistance
of a cesium heat pipe is �0.001 K/W, whereas it varies between
0.006 and 0.007 K/W for heat pipes filled with organic fluids. For
water heat pipes, this value is �0.0025 K/W.

Still, heat pipes filled with organic fluids are indispensable to
the concept in order to cover the intermediate temperature range.
A too low temperature, and thus pressure of a cesium heat pipe, is

likely to result in high vapor velocities, eventually encountering
sonic limitations [32,33].

Consequently, the heat transfer rate via heat pipes is calculated
as �4.5 MW for case 1. This corresponds to an energy saving of
75%.

Figures 9 and 10 show the strip temperature evolution patterns
for cases 2 and 3, which are obtained by the variation of the prop-
erties shown in Table 1.

In case 2, the smaller number of heat pipes as well as the larger
line speed results in a relatively lower energy saving of 62%,
although the strip thickness is lower compared to case 1. This is
also caused by the higher ratio of the number of heat pipes filled
with organic fluid to the total number of heat pipes. The calculated
heat transfer rate via heat pipes is �3.5 MW for this case.

In case 3, the strip thickness and the number of heat pipes are
doubled in comparison to case 2. The line speed is selected as
8 m/s due to the thicker strip. With a total heat transfer rate of
�6.8 MW via 100 heat pipes, the resulting energy saving is found
to be 75% for case 3. For this case, the typical heat transfer rate
for individual heat pipes are 86 kW, 32 kW, 35 kW, and 112 kW
for water, Dowtherm A, phenanthrene, and cesium heat pipes,
respectively.

Table 1 Representative simulated cases

Parameter Unit Case 1 Case 2 Case 3

Total no. of heat pipes (HP) — 70 50 100
Water HP # 10 0 20
Dowtherm A HP # 20 20 25
Phenanthrene HP # 20 20 25
Cesium HP # 20 10 30
Line speed (m/s) 8 10 8
Strip thickness (mm) 0.20 0.15 0.30
Fill ratio (%) �32 �32 �32

Fig. 7 Vapor pressure of working fluids

Fig. 8 Simulation case 1: near steady-state

091801-6 / Vol. 141, SEPTEMBER 2019 Transactions of the ASME



Fig. 9 Simulation case 2: near steady-state

Fig. 10 Simulation case 3: near steady-state

Fig. 11 Dynamics of a cesium heat pipe at a strip thickness change

Journal of Heat Transfer SEPTEMBER 2019, Vol. 141 / 091801-7



The average head necessary to bring the liquid from the con-
denser to the evaporator is �2.5 lm for water heat pipes, whereas
it varies 4–5 lm for Dowtherm A and phenanthrene heat pipes.
This demonstrates the superior properties of water [23] especially
due to its very high specific latent heat. Cesium also has superior
properties compared to the organics (higher specific latent heat
and liquid density). However, the required liquid head is compara-
ble to the organic heat pipes because more heat is transferred
through a cesium heat pipe compared to the heat transferred
through an organic heat pipe.

For all of these cases, it is clearly seen that the thermal cycle
requirements of annealing can be met with the benefit of substan-
tial energy saving.

3.3 Transient Results. With the model, detailed state infor-
mation, such as temperature, pressure, liquid height, and vapor
velocity in a heat pipe, is obtained. In addition, the time-based cal-
culation method allows for time tracking of such parameters.

In Fig. 11, the temperature of the last cesium heat pipe follow-
ing a transition to a thicker strip is shown. It is seen that the
temperature of the heat pipe decreases and reaches a new near
steady-state.

The reason for the decrease in the heat pipe interior temperature
can be explained by considering the system as a whole. Looking
at the last heat pipe in the line, the entering strip temperature to
the evaporator is always equal to the soaking temperature, in this
case to 700 �C. However, the entering strip temperature to the
condenser decreases after the strip thickness increases. This is
because the increased thickness of the strip has a higher thermal
inertia compared to the thinner strip. This results in a lower strip
temperature increase during the heating stage and translates into a
higher heat output from the heat pipe after the strip thickness
change.

It is important to note that the thermal cycle requirements are
met at all times during the transition between these near steady-
states.

4 Conclusions

In this paper, the dynamic modeling of the heat pipe assisted
annealing line is described. The model is composed of a series of
building blocks, each of them representing one rotating heat pipe
and steel strips hemicylindrically wrapped around it. The
described model is used as a process model to simulate the behav-
ior of the system. Additionally, it is used as an engineering sup-
port model to optimize the installation configuration with respect
to the number of heat pipes and the capacity of the conventional
heater.

The simulation results show that the thermal cycle requirements
can be satisfied with this new technology. A change in strip
dimensions during operation does not compromise the perform-
ance of the line. The efficiency of the liquid metal heat pipes is
much higher compared to the organic heat pipes. However, the
organic heat pipes are indispensable to the concept as they are
instrumental in covering the intermediate temperature range dur-
ing annealing. With this concept, an energy saving of 70%
remains feasible with the heat pipe number varying between 50
and 100.

Next steps for the simulation of this technology include the
optimization of the plant layout including overaging followed by
a sensitivity and economic analysis. It is also important to investi-
gate the effects of noncondensable gas and the performance of
each working fluid, which are critical for the high energy saving
values and the technical feasibility of the concept.
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Nomenclature

A0 ¼ cross-sectional area, m2

A;B;C ¼ Antoine equation constants
cp ¼ specific heat, J/(kg K)
D ¼ diameter, m

Dh ¼ hydraulic diameter, m
f ¼ friction factor

Fr ¼ Froude number ðx2 D=2ð ÞÞ=g
g ¼ gravitational acceleration, m/s2

h ¼ heat transfer coefficient, W/(m2 K)
H ¼ enthalpy, J/kg

Hfg ¼ latent heat, J/kg
k ¼ thermal conductivity, W/(m K)
l ¼ length, m

L ¼ heat pipe length, m
m ¼ mass flow rate, kg/s
M ¼ molecular weight, g/mol

Nu ¼ Nusselt number, hD=k
p ¼ pressure, Pa
_q ¼ heat flow, W
r ¼ radial coordinate
R ¼ thermal resistance, K/W

Rg ¼ universal gas constant, m3 Pa/K mol
Ra ¼ Rayleigh number ðbql ðD=2Þx2

� �
DTd3Þ=llal

Re ¼ Reynolds number, quD=l
t ¼ time, s

T ¼ temperature, K
th ¼ thickness, m
u ¼ velocity, m/s
V ¼ volume, m3

w ¼ width, m
z ¼ axial coordinate

Greek Symbols

a ¼ thermal diffusivity, m2/s
b ¼ thermal expansion coefficient, K�1

c ¼ compressibility factor
d ¼ liquid layer thickness, m
�d ¼ average liquid layer thickness, m

Dt ¼ time step, s
DT ¼ temperature difference, K
Dz ¼ axial distance difference, m

DU ¼ angular difference, rad
e ¼ foil bearing number ðlg usÞ=ðrs thsÞ
g ¼ pressure ratio (ðrs thsÞ=ðpa Droll=2ð ÞÞÞ
h ¼ angle of the liquid pool, rad
l ¼ dynamic viscosity, Pa�s
q ¼ density, kg/m3

r ¼ tension, Pa
U ¼ angular coordinate
v ¼ fill ratio
x ¼ rotational speed, rad/s

Subscripts

a ¼ ambient
c ¼ critical
e ¼ evaporator
f ¼ forced convection
g ¼ interstitial gas
i ¼ inner
l ¼ liquid

m ¼ mixed convection
n ¼ natural convection
o ¼ outer

091801-8 / Vol. 141, SEPTEMBER 2019 Transactions of the ASME



ph ¼ phase change
r ¼ radial
s ¼ strip
v ¼ vapor
w ¼ wall
z ¼ axial

U ¼ angular
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