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Experimental tests are conducted in this study to determine the temperature distribution in a dry gas seal
by establishing a temperature field test system and choosing sensors that are stable for extreme
operating conditions. The temperatures of a narrow gap-occurring gas film with seal rings under different
rotating speeds and pressures are measured, and a theoretical method is developed to compare the tem-
perature data. A theoretical procedure based on the compressible Reynolds equation and energy equation
considering thermal dissipation is used to explore the temperature distribution in the gas film. The
results obtained from the experimental data and thorough theoretical calculations are consistent. The
temperature distribution in the gas film face shows the following order: root radius temperature > inner
radius > outer radius. Increases in temperature are attributed to thermal dissipation caused by a signifi-
cant pressure drop in the root radius region. A seal isothermal model is compared with the thermal model
and values of the sealing opening force and leakage flow in the thermal model are greater than the values
in the isothermal model. Thus, the results of this research reveal that the proposed theoretical calculation
method can be applied to analyze dry gas seal temperatures and that thermal dissipation is a significant
factor that may be used to optimize groove designs in the future.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The use of spiral groove dry gas seals has been expanded from
low to high speed and high pressure. To suit operating conditions,
such seals are subjected to high load. The temperature rise caused
by thermal dissipation and friction heat is induced by a significant
pressure drop. Moreover, high temperature gradients alter the
thermal stresses in seal rings; this change may cause thermal
deformation in seal rings. As a result of seal ring deformation,
gas film thickness is so asymmetrical that the flow changes. What
is worse, the gas film stiffness decreases and the leakage of dry gas
seal increases. Thus, the stability and performance of seal system
decreases.

Many works have been conducted recently on the theoretical
and experimental problems with seal face temperature.

Li [1] used finite element method to set a heat value on seal
interfaces for the energy equation and determined the temperature
distribution in seal rings. Luan et al. [2] referenced Buck’s
simplified model and considered thermal changes in seal rings.
Doane et al. [3] designed experimental test technology to illustrate
the property of the thermal boundary condition for a mechanical
seal. Merati et al. [4] researched temperature distribution in a tur-
bulence flow field via computational fluid dynamics. Tournerie and
Brunetière [5–7] theoretically and experimentally studied the tem-
perature distributions between the film and the rings, specifically,
the influence between temperature and seal performance. Faria
et al. [8] noted that face temperature fields are affected by seal
groove shape. Offermann et al. [9] identified the influence of
thermo-elastic on the load in accordance with thermo-elastic
deformation theory. Thomas [10] focused on the thermo-elasto-
hydrodynamic (TEHD) problem and applied a numerical solution
to address the thermal transfer that results in the thermal defor-
mation of seal rings. Andres et al. [11] analyzed the leakages of
three different types of gas seals under high temperature. Blasiak
et al. [12] established a three-dimensional thermodynamics model
of a seal face to determine the temperature distribution in non-
contacting liquid film seals. Wang et al. [13] analyzed the thermal
fluid in dry gas seals under high temperature and gas cooled con-
dition through simulation. Etsion et al. [14] monitored a non-
contacting mechanical sealing stationary ring in their experimental
study on performance of dry gas seals. Kasem et al. [15,16] tracked
transient temperature changes continuously. Huang et al. [17,18]
identified the performance parameters of dry gas seals through
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Nomenclature

nr rotating speed, r/min
Ri inner radius, m
Ro outer radius, m
pi environmental pressure, MPa
po medium pressure, MPa
kn0 Knudsen number
U0 linear velocity of the inner radius of a seal ring, m/s
v compressible correction coefficient under slip boundary

condition
K compressible coefficient
f non-dimensional polar radius
r seal ring radius, m
E half of groove depth, m
P non-dimensional gas film pressure
h lubrication film thickness, m
H non-dimensional lubrication film thickness
d gas film thickness, m
rv coefficient of the adjustment in the molecular tangential

momentum
Re slip radius, m
b seal ring face width, m
As stationary ring area, m2

Ae effective area of medium acting on the stationary ring
surface, m2

a coefficient of linear expansion for stationary ring, 1/K

Integration constant
Ai i = 1, 2, 3

Bi i = 1, 2, 3
n number of spiral grooves
b0 groove coefficient
e small parameter of iterative perturbation
q density of thermal flux, W/m2

U thermal flux, W
p pressure of gas film, MPa
u non-dimensional polar angle
w PH non-dimensional function
g ratio of groove depth
x equivalent spiral angle
l molecular free path, m
T gas film temperature, �C
u circumference velocity of gas film, m/s
cp specific heat of gas at constant pressure, kJ/(kg K)
l dynamic viscosity of gas, Pa s
v radial velocity of gas film, m/s
k heat conductivity, W/(m K)
a spiral angle, rad
q gas density, kg/m3

L axial length of stationary ring, m
Fs spring force, N
T0 initial temperature, K
dta thermo-elastic deformation
cij i = 1, 2 and j = 0, 1
c0ij i = 1, 2 and j = 0, 1
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the acoustic emission monitoring method by installing sensors on
the face of a seal ring. Luan [19,20] facilitated the conjugate
thermal transfer of turbulent or laminar flow in a mechanical seal
by performing numerical calculations that considered thermal
generation, conduction, and convection. Visconte et al. [21]
described an experimental methodology to measure leakage flow
in an air-lubricated seal and compared testing data via CFD.
Blasiak [22] proposed a mathematical model and analyzed
the effect of parameters on the temperature fields in a
non-contacting face seal.

These works followed a process to thermally analyze seals but
neglected the effect of thermal dissipation on the temperature dis-
tribution in gas films. The present study represents the first
attempt to calculate gas film temperature in consideration of ther-
mal dissipation by using the new test technology for dry gas seals.
The test technology for gas film temperature is difficult to imple-
ment in dry gas seal under high speed and high pressure because
the clearance of the seal faces is only 3–5 lm. This work examines
micro-scale gas film temperature to determine temperature field
distribution in gas films by establishing a temperature field test
system for dry gas seals with LABVIEW, and then by choosing sen-
sors that are stable for high operating conditions, by implementing
interference suppression measures, and by measuring gas film
temperature. The test data are compared based on the velocity slip
boundary condition and gas film pressure in combination with the
thermal dissipation energy equation for gas films in dry gas seals;
this comparison facilitates the determination of temperature field
distribution in gas films. And it explores the variation of the values
of the sealing opening force and leakage flow between a seal
isothermal model and the thermal model employed in the passage.
The results clarify the concept of gas film temperature and guide
the design of dry gas seals significantly.
2. Experimental test

2.1. Test bench system

A test bench with a spiral groove dry gas seal is used in the test
experiments [Fig. 1(a)]. This bench includes four major compo-
nents, namely, a transmission, seal, gas supply, and test system,
as illustrated in Fig. 1(b). The transmission system consists of an
axle, a variable frequency motor, a gearbox, and a control cabinet;
this system can operate from 0 r/min to 16,500 r/min. The seal sys-
tem that serves as the research object in this study is a spiral
groove dry gas seal with double faces [Fig. 2(a)]; the gas supply
system is a supporting facility for this seal system. The test system
consists of hardware devices and software; the former comprises
thermal sensors and data acquisition units, among others, and
the software used is LABVIEW.
2.2. Test technology

2.2.1. Selection and placement of thermal sensors
The rotating ring is composed of a hard alloy and can rotate at

high speed. Therefore, the temperature distribution of the rotating
ring face possesses coaxiality. Temperature is distributed along the
radial position of the rotating ring, and the variation in tempera-
ture at three positions on the rotating ring face can be measured
by three-channel temperature sensors considering the outer, root,



Fig. 1. (a) Schematic and (b) photograph of the test bench.
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and inner radii of the rotating ring. The three temperature sensors
are placed 120� from one another because the face is narrow [Fig. 2
(b)]. Temperatures are recorded by sending the signal received by
the sensors to the Taiwan Advantech ADAM-4051 temperature col-
lecting card.

Because the clearance of the stationary and rotating rings is
micron-scale, generating an accurate response to temperature
variations is difficult when using ordinary sensors because of the
high speed and pressure in the system. Therefore, the temperature
sensorModel Pt100 M 222 20NIPt6 is used in this study; this sensor
contains a German Heraeus 1/3B level chip and platinum thermis-
tor. The acceptable temperature range of this sensor is –50 �C to
450 �C, and the stability of the R0 drift is less than or equal to
0.04% (450 �C after 1000 h). The thermal response time is 0.1 s.
The placements of the sensors are described by special punches cor-
responding to the surfaces of the outer, root and inner radii of the
rotating ring. The three positions are separated from one another
by 120�; similarly, the three holes are separated at angles of 120�



Fig. 2. (a) Test bench and (b) static ring on which sensors are placed.
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with distances of 96.75, 102.00, and 107.75 mm from the center of
the stationary ring, as shown in Fig. 2(b). These three holes must
correspond to the wafer on the rotating ring. Three cylindrical
probes are subsequently installed in the holes in the stationary ring.

2.2.2. Anti-jamming measurement
Several equipment, such as a motor and air compressor, among

others, are located near the test bench. As the interference of the
electromagnetic energy may affect the sensors, the following
anti-jamming measures are implemented:
(1) Grounding technology is used to damp the interference.
(2) The length of the conducting wire is minimized, and a high-

density shielding copper grid is used.
(3) The test bench, test instrument, and computer are placed

near each other to improve the anti-interference perfor-
mance of the transmission channel.

(4) A high-input impedance collecting card (the input impe-
dance is increased from 10 M to 1 G) is customized to ensure
that the interference current exerts no effect on the incom-
ing signal.



Fig. 3. Schematic of the spiral groove seal system.
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(5) The collecting card adopts two-sided input (a one-channel
signal is inputted into positive and negative channels) to
limit common-mode interfering signals and enhance the
anti-interference performance of the test equipment.

Because temperature test is complex. The test bench is
improved to anti-jamming, optimize operating conditions, and
improve measurement precision.
Fig. 4. (a) Operating principle and (b) schematics of the spiral groove seal rotating
ring.
2.3. Test procedure

The seal system is installed in the head of the output axle.
According to the experimental scheme, a spiral groove dry gas seal
is selected as the seal system. Fig. 3 presents a schematic of the spi-
ral groove seal system. The seal system mainly consists of springs,
O-rings, and stationary and rotating rings. The springs and station-
ary rings are installed in the stationary ring seats and the second
seal is sealed by the O-ring. The rotating ring is fixed on the axle
sleeve and rotated by the axle, and the surface of the rotating ring
features a series of spiral grooves. The seal is a double-faced seal
[Fig. 2(a)] to allow easy assembly and disassembly. The gas supply
system provides pressure to the seal system. The inlet gas pressure
is controlled by adjusting the gas intake valve from 0 to 4.0 MPa,
and the inlet gas pressure is read by using a gas pressure gauge.
Temperature sensors signals are transformed as physical signal,
after which the digital signal is realized by data acquisition. The
digital signal is transmitted to a computer and displayed in output
equipment.

The monitoring system is built using LabVIEW software. The
sampling rate is decided by the A/D conversion, computer storage,
and sampling scope. On the one hand, if the period of sampling is
too low, the data requires a large storage. On the other hand, if the
period of sampling is too large, the data may become distorted.
Thus, the temperature sampling rate for the PC monitoring system
is set to once per second.
During testing, the rotating speed is maintained at 10,000 rpm
and the inlet gas pressure is increased by increments of 0.5 MPa
from 2.0 MPa to 4.0 MPa using the gas supply system. The available



Fig. 5. A controlled volume of the gas film.
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temperature data are measured at the inner, root, and outer radii.
Then, the inlet gas pressure is maintained at 3.0 MPa and the rotat-
ing speed is increased at increments of 1000 r/min from 8000 r/
min to 10,000 r/min. The run time of different operating conditions
is controlled to 141 s. The run time of every operating condition is
decided by three aspects: the dry gas seal must be rebalanced from
one operating condition to another, the response time of the ther-
mal sensors, and to prevent the temperature curves of the three
seal radii from assuming a single curve because of temperature
averaging. Experiments performed under the given conditions are
repeated twice to guarantee the reliability of the results.

3. Theoretical model

3.1. Spiral groove seal mechanism

Fig. 4(a) presents the operating principle of a spiral groove seal
rotating ring. The seal gas is bubbled into the seal chamber. When
the rotating ring is switched on, the gas proceeds into the spiral
groove of the rotating ring in the circumferential direction. The
gas then moves to the groove root and is constantly compressed.
During gas movement, the pressure of the gas in the spiral groove
increases so that an opening force is produced. The stationary ring
is pushed by the rotating ring. The springs and the back pressure of
the gas generate a closing force on the stationary seal rings in the
axial direction. Thus, a gas film is formed between the seal faces,
and the gas film thickness reaches 3–5 lm. Any leakage present
is sealed by the gas film. The schematics of a spiral groove seal
rotating ring is established in Fig. 4(b) to analyze the gas film
dynamics; here, a is the spiral angle, nr is the rotating speed, Ri is
the inner radius, Ro is the outer radius, pi is the environmental
pressure, and po is the medium pressure.

3.2. Gas film dynamics

It is assumed that the gas exhibits laminar flow, a continuous
medium, and steady-state flow. The micro flow of the gas film is
similar to that of a rarefied gas. Thus, boundary slippage is essen-
tial for the performance of the dry gas seal. The Reynolds equation
considering slip boundary conditions can be written as follows
[23]:
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where kn0 ¼ l0=h is the Knudsen number with 10�3 � kn0 � 10�1,
U0 = 2pnrRi is the linear velocity of the inner radius of the seal ring,
l is the dynamic viscosity of gas, p is the pressure of the gas film, d
is the gas film thickness and u is the non-dimensional polar angle.

Eq. (1) is computed using the non-dimensional method, and the
new equation is expressed as:
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where v ¼ K=ð1þ 6kn0Þ is the compressible correction coefficient

under slip boundary conditions, K ¼ 12plnrR2i
pi dþEð Þ2 is the compressible

coefficient, P = p/pi is the non-dimensional gas film pressure,
f = r/Ri is the non-dimensional polar radius, r is the seal ring radius,
E is half of the groove depth, H is the non-dimensional lubrication
film thickness, d is the gas film thickness, and u is the non-
dimensional polar angle.

The PH linear method is employed in combination with the
iteration method to solve Eq. (2) (non-linear Reynolds equation).
The PH linear method considers that the nonlinear partial differen-
tial equation can be converted into a linear partial differential
equation; the analytical solution of the distribution of gas dynamic
pressures in the spiral groove may be roughly obtained. Using the
PH linear method, a possible solution to the Reynolds equation is
obtained, and the relationship between gas film temperature and
pressure is determined. The equation of the gas film pressure is
as follows [23]:
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where h is the lubrication film thickness, H is the non-dimensional
lubrication film thickness, d is the gas film thickness, b0 is the
groove coefficient, and n is the number of spiral grooves. As well,
Ai, where i = 1, 2, 3; Bi, where i = 1, 2, 3; cij, where i = 1, 2 and
j = 0, 1; and c0ij, where i = 1, 2 and j = 0, 1, are the integration con-
stants, e is the small parameter of iterative perturbation, g is the
ratio of the groove depth, and x is the equivalent spiral angle.
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3.3. Thermal dissipation analysis

Fig. 5 displays the energy model for a controlled volume of the
gas film. Heat convection and diffusion passes the model. Temper-
ature fluctuations occur in the radial, circumferential, and film
thickness directions. Of these, circumferential temperature fluctu-
ations can be neglected because of the rotating speed. Thus, only
the thermal energy in the radial and film thickness directions is
studied here.

The equation for thermal diffusion in the radial direction is
expressed as:

dUk;r ¼ qk;rrdh ¼ �k
@T
@r

rdh ð4Þ

dUk;rþdr ¼ qk;rþdrðr þ drÞdh ¼ �k
@

@r
T þ @T

@r
dr

� �
ðr þ drÞdh ð5Þ

The equation for thermal convection in the radial direction is
written as:

dUh;r ¼ qh;rrdh ¼ qvcpTrdh ð6Þ

dUh;rþdr ¼ qh;rþdrðr þ drÞdh

¼ qcp v þ @v
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dr
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� �

ðr þ drÞdh ð7Þ

Referring to Eqs. (4) and (5), the energy equation of micro-
control with thermal diffusion per unit time is expressed as:

dUk ¼ k
@T
@r

drdhþ kr
@2T
@r2

drdh ð8Þ

Based on Eqs. (6) and (7), the energy equation of micro-control
with heat convection per unit time is written as:

dUh ¼ �qcpvTdrdh� qcpvr
@T
@r

drdh� qcpTr
@v
@r

drdh ð9Þ

A new heat factor (the dissipation of viscous fluid) should be
considered during micro-control. The expression of thermal dissi-
pation [24] is expressed as:
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Thermal convection in the film thickness direction can be
neglected because the gas film thickness is only 3–5 lm. The
energy equation of a gas filmwith energy diffused in the film thick-
ness direction is written as:

dUk ¼ k
@2T
@r2

drdh ð11Þ

When combined with Eqs. (8)–(11), the principle of energy con-
servation indicates that the energy differential equation for gas
film can be expressed as:
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where T is the gas film temperature, q is the gas density, u and v are
the respective circumferential and radial velocities of the gas film,
cp is the specific heat of the gas at constant pressure, k is the ther-
mal conductivity, l is the dynamic viscosity of the gas, U is the
thermal flux, and q is the density of the thermal flux.

Expressions for the circumferential and radial velocities of gas
films [25] are written as:
u ¼ 1
2lRi

ðz2 � Hz� hl0Þ @p
@uþ U0 1� zþl0

h

� �
v ¼ 1

2lRi
ðz2 � Hz� hl0Þ @p

@f

8<
: ð13Þ

where l is the molecular free path, rv is the coefficient of molecular
tangential momentum adjustment, and l0 ¼ ð2� rvÞl=rv :

4. Results and discussion

4.1. Experimental test result

4.1.1. Temperature distribution of the gas film under different pressure
Fig. 6 illustrates the effect of medium pressure on the tempera-

ture distribution along the rotating ring face when the rotational
speed is 10,000 r/min. The temperature data are processed and
plotted against the medium pressure, as shown in Fig. 7 (here, pi
represents medium pressures of 2.0, 2.5, 3.0, 3.5, and 4.0 MPa).
The temperature increases by approximately 1.0 �C between 2.0
and 2.5 MPa, by 1.8 �C between 2.5 and 3.0 MPa, by 1.1 �C between
3.0 and 3.5 MPa, and by 2.9 �C between 3.5 and 4.0 MPa. The tem-
perature of the rotating ring face also increases; this face is com-
posed of the outer, root, and inner radii areas. The variation
tendency of temperature in the rotating ring face is consistent.
Fig. 6 also shows that temperature consistently peaks at the root
radius and that the temperature in the inner radius is higher than
that in the outer radius. The linear velocity of the outer radius is
greater than that of the inner radius; thus, the flow within the
outer radius of a rotating ring can rapidly remove increased heat
in the system. The temperature increases with pressure until the
former peaks at 90.90 �C at the root radius of the rotating ring
(the maximum pressure is 4 MPa). As a result, heat is transmitted
from the source to the rotating ring face by heat conduction.

4.1.2. Temperature distribution of the gas film under different rotating
speed

Fig. 8 illustrates the effect of rotating speed on temperature dis-
tribution along the rotating ring face when the medium pressure is
3.0 MPa. The temperature data are processed and plotted against
rotating speed, as shown in Fig. 9 (here, nr is the rotating pressure
at 8000, 9000, and 10,000 r/min). The temperature increases speed
by approximately 10 �C between 8000 and 9000 rpm and by 7 �C
between 9000 and 10,000 r/min. The temperature of the rotating
ring face also increases; this face is composed of the outer, root,
and inner radii. The variation tendency of temperature in the rotat-
ing ring face is consistent. The temperature increases faster under
different rotating speeds than under different medium gas pres-
sures, which illustrates that the effect of rotating speed on temper-
ature is greater that of medium gas pressure. Fig. 8 also shows that
the temperature consistently peaks at the root radius and that the
temperature in the inner radius is higher than that in the outer
radius. Thus, the flow within the outer radius of a rotating ring
can rapidly eliminate increases in heat. As a result, heat is trans-
mitted from the source to the rotating ring face by heat conduc-
tion. As the operating conditions become more extreme, the gas
film temperature rises with increasing speed, which means the
effect of operating conditions on the film temperature is obvious.

4.2. Comparison and verification of results

To prove the reliability of the experimental results, thermal dis-
sipation in the gas film is calculated theoretically to determine the
temperature distribution in the rotating ring face. First, the gas film
pressure of the spiral groove is measured. The materials compris-
ing the stationary and rotating rings are carbon graphite and hard
alloy, respectively. The gas inlet and outlet pressures are set to the
corresponding experimental supply pressures. Table 1 presents the



Fig. 6. Curves of temperature variation on the seal gas film for different pressure. (a) Temperature distribution at p = 2.0 MPa and n = 10,000 r�min�1. (b) Temperature
distribution at p = 2.5 MPa and n = 10,000 r�min�1. (c) Temperature distribution at p = 3.0 MPa and n = 10,000 r�min�1. (d) Temperature distribution at p = 3.5 MPa and
n = 10,000 r�min�1. (e) Temperature distribution at p = 4.0 MPa and n = 10,000 r�min�1.

X. Ding, J. Lu / International Journal of Heat and Mass Transfer 96 (2016) 438–450 445
parameter values of the seal rings as well as the operating condi-
tions of the experimental system.

The data in Table 1 are substituted into Eq. (3) and combined
using MAPLE software. The pressure curve of the gas film is plotted
against the non-dimensional radius, f = r/Ri, where r and Ri are the
radial locations of interest from the inner to the outer radius of the
rotating ring and the inner radius of the rotating ring, respectively
(Fig. 10). A pressure drop primarily occurs near the root radius of
the rotational ring, which suggests that the maximum pressure
point occurs at the root radius region. The maximum pressure is
related to the maximum temperature during the experimental
measurement. Results reveal that the temperature mainly
increases because a significant drop in the pressure of the root
radius region causes heat to dissipate over the face. This decrease
in pressure accelerates thermal dissipation.

Fig. 10 depicts the pressure distribution along the seal radial
direction and investigated through the least-square methods using
MAPLE software. The expression of the gas film pressure may be
written as:

P ¼ 539:83757f4 � 2366:04907f3 þ 2937:46759f2

� 515:75603f� 594:52472 ð14Þ



Fig. 7. Gas film temperature distribution at p = 2.0–4.0 MPa and n = 10,000 r�min�1.

Fig. 8. Curves of temperature variation on the seal gas film for different rotating
speed. (a) Temperature distribution at n = 8000 r�min�1and p = 3.0 MPa. (b) Tem-
perature distribution at n = 9000 r�min�1 and p = 3.0 MPa. (c) Temperature distri-
bution at n = 10,000 r�min�1and p = 3.0 MPa.
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Table 2 lists physical constant related to the dry gas seal.
The expression for the gas film with thermal dissipation can be
obtained by substituting the physical constants derived in
Eqs. (13) and (14) into Eq. (12). Therefore, the nonlinear second-
order inhomogeneous differential equation with variable coeffi-
cients is computed as follows:

@2T

@f2
þ A

@T
@f

þ BT þ C ¼ 0 ð15Þ

A¼� 1
0:148f

ð�2:8�10�5x4þ9:1�10�5x3�7:5�10�5x2

þ6:6�10�6x�0:148Þ

B¼� 1
0:148f

ð�1:11�10�4x3þ2:71�10�4x2�1:5�10�4xþ6:6�10�6Þ

C¼� 1
0:148f

ð�5:85�10�12x4þ2:58�10�11x3�3:9�10�11x2

þ2:4�10�11x�4:9�10�12Þ

Eq. (15) is solved according to the following assumptions:

(1) The spiral groove ranges only from the root radius of the
rotating ring to the outer radius. The rotating seal ring face
is divided into two faces that run from the root radius to
the outer radius and from the inner radius to the root radius.

(2) The temperature change is calculated from the outer radius
to the root radius and then from the inner radius to the root
radius.

(3) The supplied gas follows the ideal gas law.
(4) The gas flow follows laminar flow conditions.
(5) The inlet temperature of the gas film is given.
(6) A derivative with respected to the temperature at the root

radius is given as zero. Figs. 7, 9 and 10 imply that the root
radius region presents the maximum temperature and pres-
sure. Thus, the root radius should indicate a turning point.

MATLAB software is used to solve Eq. (15). The temperature is
plotted against the non-dimensional radius, f = r/Ri, where r and
Ri are the radial locations of interest from the inner to the outer
radius of the rotating ring and the inner radius of the rotating ring,
respectively (Fig. 11). Fig. 11(a) shows that temperature increases
with the non-dimensional radius by approximately 0.0021 �C
between the inner and root radii. Fig. 11(b) indicates that tempera-
ture decreases with increasing non-dimensional radius by roughly
0.2727 �C between the root and outer radii. Fig. 11(a) and (b)
respectively illustrate the increase in interfacial temperature along
the r direction before reaching a maximum value and the corre-
sponding decrease upon peaking. The increase in temperature
between the root and outer radii is more significant than that
between the root and inner radii because of thermal dissipation.
We applied Eq. (15) to compute the gas film temperature between
the rings; this equation suggests that thermal generation is a func-
tion of the second derivative r. Thus, thermal dissipation alters the
temperature along the r direction. Moreover, the temperature drop
in this region is close to that on the outer surface of the rotational
seal because themaximum linear velocity can facilitate the removal



Fig. 9. Gas film temperature distribution at nr = 8000–10,000 r�min�1 and
p = 3.0 MPa.

Table 1
The values of the parameters of the seal rings and properties of the working condition.

Parameter Name Value

Ri Inner radius 0.0862 m
Ro Outer radius 0.114 m
Rr Root radius 0.102 m
Re Slip radius 0.945 m
b Seal ring face width 0.0278 m
As Stationary ring area 0.017 m2

Ae Effective area of medium acting
on the stationary ring surface

0.013 m2

L Axial length of stationary ring 0.0144 m
a Spiral angle 16�
E A half of groove depth 0.000004 m
n Number of spiral grooves 16
pi Medium pressure 4 MPa
po Environmental pressure 0.1013 Mpa
nr Rotating speed 10,000 r/min
h Film thickness 0.000004 m
Fs Spring force 110 N
T0 Initial temperature 293.15 K

Fig. 10. Curve of non-dimensional gas film pressure p changes with the non-
dimensional polar radius f.

Table 2
The physical constant interrelates to the dry gas seal.

Parameter Name Value

cp Specific heat of at gas constant pressure 1.0064 KJ/(kg�K)
l Dynamic viscosity of gas 1.8247 � 10�5 Pa�s
q Gas density 1.1885 kg/m3

k Heat conductivity 0.0255 W/(m�K)
rv Coefficient of the adjustment in the

molecular tangential momentum
1

l Molecular free path 6:89� 10�8 m
a Coefficient of linear expansion for

stationary ring
5:5� 10�6 1=K

Fig. 11. Temperature curve (a) from the outer radius to the root radius and (b) from
the inner radius to the root radius.
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of a large amount of heat [Fig. 11(b)]. The temperature reaches
roughly 90.20 �C at a location corresponding to the outer radius of
the rotational ring. Nonetheless, the change rules of the tempera-
ture curves depicted in Fig. 11(a) and (b) differ. The groove area
generated through the spiral groove ranges from the outer radius
to the root radius of the rotating seal ring. Therefore, the pressure
on the root radius is not only observed at the maximum point but
also at the turning point. The increase in temperature is mainly
attributed to the fact that a drop in the pressure on the root radius
region facilitates thermal dissipation in the rotational ring face. The
temperature distribution in this face shows the following order:
root radius temperature > inner radius > outer radius.

Analytical expressions to describe the temperature ranging
from the outer radius to the root radius and from the root radius
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to the inner radius are determined by applying the least-square
methods. The equation to determine the temperature of the rota-
tional ring from the outer radius to the root radius is expressed as:

T ¼ �3:187f4 þ 13:659f3 � 21:929f2 þ 15:64fþ 86:286 ð16Þ
The equation to compute the temperature from the inner radius

to the root radius is written as:

T ¼ �3288:352f4 þ 16100:789f3 � 29559:336f2

þ 24115:877f� 7286:570 ð17Þ
Table 3 compares the experimental and theoretical data. The

temperature distribution results calculated using energy equations
that consider thermal dissipation are similar to the experimental
results, thus suggesting that the experimental method is reliable
and that the tendency of temperature can be predicted by the the-
oretical method. Moreover, the temperature peaks at the root
radius, in agreement with both the theoretical results and test
data. Thus, the proposed theory and experiment verify the maxi-
mum temperature in the groove root area. The temperature
increase is attributed to thermal dissipation caused by a significant
drop in pressure. Table 3 also indicates a clear difference between
the theoretical results and the experimental data. This difference
first increases and then decreases from the outer radius to the
inner radius and is maximized at the root area of the groove. The
change observed is identical to the distribution of the gas film tem-
perature. The error rates at the root radius and inner radius of the
rotating seal ring are 0.47% and 0.18%, respectively; hence, the dif-
ference between the experimental data and theoretical calcula-
tions is slight. The theoretical calculation method presented in
this work can therefore be applied to analyze dry gas seal temper-
atures. The analysis results also show that thermal dissipation can
serve as a factor influencing the optimization of groove designs.

4.3. Comparison with a seal isothermal model

It is assumed that there is not deformation under an isothermal
model, but the thermo-elastic is occurred under the thermal model
employed in the passage. With reference to Eqs. (16) and (17), the
equation to determine the temperature of the rotational ring from
the inner radius to the outer radius is expressed as:

T ¼ �12750:73635f6 þ 86515:08604f5 � 244270:57735f4

þ 367347:97175f3 � 310334:75913f2

þ 139637:43983f� 26053:95523 ð18Þ
The equation for seal rings thermo-elastic deformation [26] is

written as:

dta ¼ aLbDT=L ¼ abDT ð19Þ
In the view of the seal rings materials, the deformation of the

rotating ring is neglected. Thus, the equation for stationary ring
thermo-elastic deformation is expressed as:

dta ¼ abðT � T0Þ ð20Þ
where T is the gas film temperature; T0 is the initial temperature; a
is the coefficient of linear expansion for stationary ring; b is the
width of stationary ring; L is the axial length of stationary ring.
Table 3
The experimental results and theoretical predictions for the gas film temperature.

Name Inside radius
(�C)

Root radius
(�C)

Outside radius
(�C)

Theoretical
predictions

90.4706 90.4727 90.20

Experimental data 90.63 90.90 90.20
The structure of sealing rings affects the shape of the gas film.
Thus, the film thickness h is a constant when non-deformation.
However the film thickness hb is variable value when the
thermo-elastic deformation is occurred. The equation for film
thickness can be expressed as:

hb ¼ hmin þ D ð21Þ

D ¼ dtamax � dta ð22Þ
where dtamax is the maximum value of stationary ring thermo-
elastic deformation; hmin is minimum value of film thickness. The
Fig. 12 presents the geometrical relationship between hb, hmin, D,
dtamax and d.

The PH linear method is employed and combined with the iter-
ation method for Eq. (2). The function of opening force is obtained
with the following formula [23]:

Fo ¼ 2p
Z R0

Ri

rpdr

¼ p R2
0 � R2

i

� � pi þ Epi g1ðfÞ cosxþ g2ðfÞ cosx
� �

=ðEþ hbÞ
1� ez cosu� E cosx=ðEþ hbÞ

0
@

�3
2
b0½E=ðEþ hbÞ�2g2ðfÞðf0 � fÞpi

!
ð23Þ

When the thermo-elastic deformation is occurred, the gas film
and seal rings will build a new force balance. For dry gas seal,
the opening force Fo must be equal to the closing force Fc during
steady state operation:

Fo ¼ Fc ð24Þ
and

Fc ¼ Fp þ Fe ¼ piAe þ psAs ð25Þ
where, Ae refers to effective area of medium acting on the stationary
ring surface and As is the stationary ring area, ps is the spring force.

The minimum value of film thickness can be obtained by substi-
tuting the Table 1 data derived with Eqs. (23) and (25) into (24)
and combined with MAPLE software. The minimum value of film
thickness (hmin) is 2.14 lm.
Fig. 12. The structural diagram of the film thickness.
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When combined with Eqs. (18)–(20), the thermo-elastic defor-
mation for the stationary ring can be expressed as:

dta ¼ �1:0099� 10�3f6 þ 6:852� 10�3f5 � 1:9346� 10�2f4

þ 2:9094� 10�2f3 � 2:4579� 10�2f2 þ 1:1059

� 10�2f� 2:0867� 10�3 ð26Þ
Based on Eqs. (21), (22) and (26) and combined with

hmin = 2.14 lm, the expression of film thickness is expressed as:

hb ¼ 1:0099� 10�3f6 � 6:852� 10�3f5

þ 1:9346� 10�2f4 � 2:9094� 10�2f3 þ 2:4579� 10�2f2

� 1:1059� 10�2fþ 2:105� 10�3 ð27Þ
The function of gas film pressure under the thermo-elastic

deformation is obtained with the following formula:

Pb ¼ w2=H ¼ 1þ gbðg1ðfÞ cosxþ g2ðfÞ sinxÞ=H � 3
2
b0g2

bg2ðfÞðf0 � fÞ
ð28Þ

where, gb = E/(E + hb).
The expression for the radial flow of dry gas seal is written as:

Q ¼
Z h

0
2pvRidz ¼ �ð1þ 6kn0Þppih

3
b

6l
@Pb

@f
ð29Þ

The leakage flow is written as:

Q 0jf¼1 ¼ �ð1þ 6kn0Þp
6

@Pb

@f

� �
f¼1

ð30Þ

When pi = 4 MPa, nr = 10,000 r/min, combined with Eqs. (3),
(27), (28) and (30), the leakage flow of non-deformation and
thermo-elastic deformation are calculated respectively by MAPLE
software:

The leakage flow of non-deformation is 0.519 m3/h. The leakage
flow of the thermo-elastic deformation is 0.726 m3/h. The result
shows that the leakage flow of the thermal model is greater than
that of an isothermal leakage. The sealing opening force of an
isothermal model is 51155.70 N, and the sealing opening force of
the thermal model is 65199.58 N. The sealing opening force of
the thermal model is greater than the closing force. Because the
gas film and the seal rings need to be built a new force balance.
The film thickness becomes bigger and the opening force will
decrease in the thermal model. When the film thickness becomes
bigger, the leakage flow is greater because of gas film stiffness.
Thus, the leakage flow of the thermal model is greater than that
of an isothermal leakage. The results indicate that an isothermal
model isn’t good enough to predict the seal performance character-
istics. It is worthwhile to develop a thermal model for the seal
energy equation considered the thermal dissipation to predict
the temperature fields and research the performance of dry gas
seal.

5. Conclusion

This research determines temperature changes in the gas film of
sealing rings. An experimental test is conducted to measure the
temperature distribution in a dry gas seal, and a theoretical calcu-
lation method based on seal dynamics, energy equations, and ther-
mal dissipation is proposed. The distributions and values of
temperature are calculated at rotating speed of 10,000 r/min and
a medium pressure of 4.0 MPa. The theoretical results are close
to the experimental data. Besides confirming that temperature
increments is attributed to thermal dissipation in the rotating ring
face because of a significant drop in the pressure of the root radius
region, the results also confirm the reliability of the proposed
theory and experiment. Accurate measurements and theoretical
calculations of gas film temperature can facilitate design recom-
mendations, help determine the temperature distribution in seal
rings, and serve as a basis for optimizing future groove designs
under thermal dissipation. The theoretical calculations exhibit
minimal errors because the influence of thermal dissipation alone
is considered in theoretical calculations of the gas film; other ther-
mal motions are neglected (here, friction heat, thermal dissipation,
thermal convection, etc., are considered thermal motions). Future
studies on gas film flow characteristics and stability of a dry gas
seal system must incorporate various changes in thermal motions
to enhance the reliability of the theoretical results.
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