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A marine gas turbine insulation solution was designed to reduce exhaust
system temperatures. The effects of cooling gas temperature (45 °C, 55°C,
65 °C), cooling air velocity (2 m/s - 10 m/s), and a range of classic
aerodynamic conditions ranging on the thermal insulation performance of
the gas turbine exhaust system were investigated using numerical
simulations. The results indicate that the use of aerogel insulation material
effectively reduces the average temperature of the exterior volute casing to
71°C from 315 °C under rated turbine conditions. The exterior volute casing
temperature increases with higher cooling gas inlet temperatures but
decreases with increasing cooling gas inlet velocities. Additionally,
alterations in the aerodynamic conditions at the gas inlet will induce
changes in the thermal insulation performance of the exhaust system, and
excessive circumferential flow velocities can cause localized overheating in
the exhaust volute casing.
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1. Introduction

Gas turbine engines, as power devices for maritime propulsion, have been in use since the
previous century [1]. Compared to internal combustion engines and steam turbines, gas turbines
exhibit several advantages, including higher single-unit power, lower weight, smaller size, rapid
startup, acceleration, and the ability to achieve cascade utilization of energy. Due to the absence of
reciprocating moving parts, gas turbines experience reduced mechanical vibration-induced damage,
resulting in improved operational reliability [2-4]. The exhaust volute casing of marine gas turbine
engines serves as a critical component connecting the power turbine to the exhaust system. It functions
to collect and decelerate the exhaust gases expelled from the power turbine, redirecting the airflow [5].
The outlet of the exhaust volute casing is connected to the exhaust duct of the gas turbine power unit,
ultimately venting the exhaust gases from the power turbine into the atmosphere. Whether it is the
main marine gas turbine engine that generates propulsion power or auxiliary gas turbine engines
driving shipboard machinery, all of them challenges related to high exhaust temperatures, increased



resistance, limited design space, and tonnage constraints. The high-temperature and high-velocity
exhaust flow impinging on the exhaust volute casing leads to elevated casing temperatures. These
excessively high temperatures can result in elevated temperatures within the ship's compartments,
which are unfavorable for personnel operations and may even pose risks to personnel safety [6].
Additionally, compared to land-based gas turbines, shipboard gas turbines often require smaller-scale
insulation solutions to meet the constraints of onboard spaces. The existing research on insulation for
marine gas turbine exhaust systems is scant. Therefore, this paper aims to explore an exhaust
insulation scheme that can withstand extreme temperatures at the turbine outlet, occupies minimal
space, and exhibits excellent insulation performance. This research holds significant implications for
the development of marine gas turbines.

In the industrial domain, there exists a substantial body of research outcomes pertaining to
thermal insulation schemes and insulating performance of gas turbines. Park Jun Su [7] investigated
heat transfer and temperature distribution within micro gas turbine systems. Moreover, various
insulation materials were utilized to regulate temperature levels on the baseplate. To evaluate the
impact of thermal conductivity on the generator and micro gas turbine, the insulation material's
thermal conductivity was varied between 0.1 W/(m-K) and 100 W/(m-K). Parminder Singh [8]
proposes an air diffuser for gas turbine exhaust systems and explores three design strategies for
reducing exhaust gas temperatures using slots in numerical simulations. Optimizing the slot
parameters can enhance the diffuser's cooling efficiency. Cheol Hoon Park [9] introduced a thermal
insulation scheme for a micro gas turbine generator (MTG). Given the high turbine temperatures of up
to 700°C, Zirconia (Zr0O,) was selected as the insulation material to keep the generator's temperature
below 50°C without affecting the performance of NdFeB permanent magnets. Vinay [10] examined
insulation techniques for exhaust ducts in aircraft engines to mitigate the heating of short
compartments adjacent to exhaust pipes. Experimental validation was conducted by covering the
insulation material. The findings revealed that the surface aluminum materials in the short
compartments satisfied the target temperature requirements. Rangshu Xu [11] studied the heat transfer
mechanisms within the auxiliary power unit (APU) compartment of aircraft and analyzed its structure.
The study revealed that the temperature rise within the compartment was primarily due to radiative
heat transfer, and APU fire shields and exhaust insulation covers contributed to radiative insulation.

With the advancement of material technology, a variety of high-performance materials are being
integrated into thermal insulation solutions in industrial design. Nano-porous materials such as
aerogels, as multifunctional materials, have found extensive applications in fields such as physics,
chemistry, aerospace, and new energy [12]. Aerogel-based porous composite insulation materials
exhibit properties such as high surface area, low density, and high porosity [13]. Importantly, their
thermal conductivity, even at standard temperature and pressure, can be lower than that of free air.
Consequently, nano-porous insulation materials are often referred to as super-insulating materials [14],
offering significant potential for applications in thermal insulation, energy conservation, and safety
protection in low-temperature engineering and extreme high-temperature environments. Dai [15] et al.
studied the influence of cracking gas on the heat transfer of SiO, aerogel using experimental and
numerical methods. With the increase of working pressure, the influence of cracking gas permeation
on the heat transfer of SiO, aerogel is mitigated due to the increase of gas density stored in SiO,
aerogel. The thermal insulation performance of SiO, aerogel-based insulation systems will be better
under higher working pressure conditions. Markus Heye [16] proposed a versatile component based on



fiber-reinforced (FR) silica aerogel for exhaust system insulation, aiming to maintaining exhaust gases
at high temperatures to enhance the effectiveness of catalytic systems. Fesmire [17] demonstrated a
space launch rocket solution employing aerogel beads to address thermal insulation challenges for
liquid hydrogen (LH,) internal tank models of space shuttle external tanks. Conghang Li [18]
introduced an innovative design of integrated structures and insulation materials based on silica
aerogels for thermal insulation under the extreme conditions of the Martian surface environment.

This paper proposes a thermal insulation solution for marine gas turbine exhaust systems.
Aerogel-based materials are employed as the insulation material. Numerical simulations are employed
to optimize the flow field of the insulation scheme. The insulation's effectiveness is evaluated by
analyzing the exterior volute casing temperature under varying cooling gas inlet temperatures (45°C,
55°C, 65°C), cooling gas inlet velocities (2m/s-10m/s), and five representative aerodynamic conditions.
To predict heat transfer and temperature distribution, the commercial code Fluent-18 was employed
for convective and thermal calculations. A combined experimental and simulation approach was
utilized to determine the adoption of the Realizable K-epsilon model coupled with standard wall
functions as the turbulence model. The results indicate that the insulation scheme effectively controls
the exterior volute casing temperature, providing reliable temperature management.

2. Model and design

Figure 1 depicts a schematic of the gas turbine exhaust system, which consists of an enclosure
and an exhaust volute casing. The exhaust volute casing measures 3.8 meters in both height and width.
The exhaust volute casing connects to the gas turbine outlet at one end and to the power unit exhaust
duct at the other end. The exhaust gases from the gas turbine ultimately pass through the exhaust
volute casing and enter the atmosphere through the exhaust duct. To prevent the exhaust system from
reaching excessive temperature a box-type volute casing has been widely employed. This design
entails encapsulating the exhaust volute casing with an enclosure and injecting low-temperature
ambient air within the enclosure. At the outlet of the exhaust volute casing, high-temperature exhaust
gases are mixed with low-temperature cooling air before entering the exhaust duct. The external
airflow passes through the enclosure, introducing cool air to the exhaust volute casing's exterior.
Following the cooling of the exterior casing, the airflow bends at a 90-degree angle and ascends
through the converging section before entering the exhaust duct.

.

; | l l l l —> Gas flow
|

|

—h Ll l ‘TT[TT\I

e —f [l

9. Tm

Fig.1 Gas turbine exhaust system schematic and flow direction diagram
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Fig.2 Exhaust volute internal flow and structure composition

Figure 2 illustrates the various structure composition of the exhaust volute casing. The exhaust
volute casing is divided into several sections: the expansion section, straight turning section, front
support wall, rear support wall, sidewalls, and the converging section. High-temperature internal gas
flow egresses from the turbine and enters the exhaust volute casing through the straight turning section,
executes a 90-degree bend, and subsequently ascends through the converging section before entering
the exhaust duct. To further reduce the exterior casing surface temperature, it is necessary to cover the
exterior casing with nano-aerogel-based insulation material.

Fig.4 DRS-3A high-temperature thermal

Fig.3 Insulation material unit conductivity meter

As shown in Figure 3, the insulation material used in this study is a composite of aerogel
particles and silica fibers. The density is 187 kg/m3. The temperature-dependent real thermal
conductivity of the insulation material was experimentally determined in the Thermal Management
Laboratory of Civil Aviation University of China. The laboratory used a high-temperature thermal
conductivity meter, model DRS-3A, as shown in Figure 4. The experiment used a steady-state method
to measure the effective thermal conductivity of the insulation material, culminating in the
determination of the functional relationship between the thermal conductivity of this type of insulation
material and temperature, expressed as Ay (t) = 0.9880 — 0.0053t + 9.5164 x 1076t2 —
4.8831 x 10~°¢3.



3. Mesh and boundary conditions

To evaluate the thermal insulation performance of the exhaust system, the following settings
were implemented, adhering to a consistent mesh configuration and boundary conditions: The exhaust
system region was partitioned into three distinct domains: the internal flow domain, the solid domain,
and the external flow domain. The solid domain comprises the metallic exhaust volute casing and the
insulation material adhered to the metallic walls. The inlet of the exhaust volute casing serves as the
internal flow inlet, utilizing a mass flow inlet boundary condition. The inlet of the enclosure serves as
the external flow inlet, employing a velocity inlet boundary condition. The system's outlet is
configured as a mixed outlet after combining the internal and external flows, and is specified as a
pressure outlet. The materials of the exhaust system casing and the exhaust volute casing are
0OCr,gNigyTi stainless steel. The exhaust volute casing measures 6mm in thickness, while the insulation
material measures 50mm in thickness, ensuring effective thermal insulation. The mesh is shown in
Figure 5.
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An integrated model was established using the interface method, and numerical computations
were conducted. Structured grids were used for block-wise grid division. For both the internal and
external flow domains, air was employed as the working fluid. However, due to the potential for flow
velocities exceeding 200 m/s in both the internal and external domains, compressibility effects arising
from the high-speed flow had to be considered. Therefore, the working fluid was modeled as an ideal
gas with variable density to account for compressibility effects. The grids for the internal flow,
external flow, and solid domain were combined to form the three-dimensional mesh of the final fluid-
structure integrated model. Under the specified operational parameters, the exhaust gas temperature at
the exit of the exhaust system was used as the measurement object, and the results are presented in



Figure 6. After reaching 8.3 million grid cells, the variation in the average outlet temperature becomes
relatively low. Therefore, a grid size of 8.3 million was chosen for the model. The external flow
calculation domain consisted of approximately 4.342 million grid cells, while the internal flow
calculation domain comprised approximately 2.955 million grid cells. Within the solid domain, the
metallic wall contained approximately 840,000 grid cells, while the insulation material incorporated
approximately 1.169 million grid cells. The total number of grid cells in the model was approximately
8.3 million.
Table 1 In-inlet parameters under different working conditions

Working qm Peotar  Pstatic Teotal Vaxial Veire Viadial

condition  Kg/s Kpa Kpa °C m/s m/s m/s
Case 1 334 102436 938 347.85 54.3 -160.253 15.2
Case 2 43.58 102.9 94.54 352.05 62.1 -159.7 7.2
Case 3 70.97 106.44  101.74 379.55 99.6 -79.8 4.6
Case 4 81.57 108.31  103.87 399.55 1161 -45.2 2.6
Case 5 90.99 11021  105.25 421.95 132.3 -115 0.6

Table 1 presents the state parameters of high-temperature gases at the turbine outlet of the gas
turbine, corresponding to the inlet cross-section of the exhaust volute. In these five operating
conditions, the mass flow rate gradually increases, the total temperature remains essentially constant,
and the total pressure gradually increases. The axial component of the velocity vector exhibits a
gradual increase, while the circumferential component gradually decreases, and the radial component
gradually decreases. The flow state of the gas flow at the inlet of the volute gradually changes from
turbulent to laminar, as shown in Figure 7.The standard working condition of gas inlet is case 5, and
the standard temperature and pressure in a ship are 55 °C and 99.725 kPa, respectively.

(@) case 1 (b) case 5

Fig.7 Velocity vector map of the gas inlet of the volute



4, Turbulence models

To ensure the reliability of numerical simulation results, it is necessary to study the use of
turbulence models and wall functions. This paper employs the method of comparing experimental data
with numerical simulations. The experimental system design is illustrated in Figure 8, while the
experimental setup is depicted in Figure 9. The steady-state experiments were conducted using the
same insulation material, as shown in Figure 10. An electric heater was installed inside the cylindrical
insulation model (50mm insulation material and 6mm OCr;gNigTi) to maintain the wall temperature of
the insulation material at 600 °C. The insulation material was positioned within an air flow field
maintained at a constant temperature of 40°C and velocities of 2 m/s, 3 m/s, 4 m/s, and 5 m/s. The wall
temperature was measured and recorded by thermocouples attached to the outer surface of the
insulation material. Then, six combinations of turbulence models and wall functions were used to
conduct numerical simulations with the same experimental model, and the temperatures at the
observation points were compared with the experiments. The data acquisition locations and numerical
simulation flow field diagram are shown in Figure 11.
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As shown in Figure 12, six turbulence models were utilized: K-epsilon standard model with
standard wall functions, K-epsilon standard model with enhanced wall functions, Realizable K-epsilon
model with standard wall functions, Realizable K-epsilon model with enhanced wall functions, K-
omega standard model, and K-omega SST model. The results indicate that the Realizable K-epsilon
model with standard wall functions demonstrates good agreement between the calculated thermal
coupling results for two different types of insulation materials and the experimental data. The selection
of the Realizable K-epsilon model, based on the k-¢ two-equation model, is suitable for fully
developed turbulent flows and is specifically designed for high Reynolds number turbulent flows. It
requires special treatment for low Reynolds number flows and near-wall flow regions, necessitating
the use of wall functions, such as the standard wall function, for near-wall flow and heat transfer
solutions. The simple pressure-velocity coupling algorithm was employed, and spatial discretization of
the convective term used the least squares cell-based method. second-order schemes were applied for
the pressure and momentum equations, while first-order upwind schemes were employed for
turbulence kinetic energy, turbulent dissipation rate, and energy equations.

5. Results and discussion

To verify the feasibility of the insulation solution, the volute gas inlet was operated under the
standard operating condition, case 5. The cooling airflow velocity was set to 5 m/s and the cooling
airflow temperature was set at 55°C.

Figure 13 displays the variation in the outer surface temperature of the exhaust volute casing
before and after the addition of insulation material. Figure 14 provides a detailed account of the
average temperature changes in different sections of the exhaust volute casing. The results reveal that
the addition of insulation material significantly enhances the thermal insulation. Following the
implementation of insulation measures, the temperatures of various sections of the exhaust volute
casing decreased noticeably, resulting in an average temperature reduction of 244°C. After insulation
measures were applied, the average temperature of the exhaust volute casing reduced to 71°C, with the
highest temperature observed on the front wall (92.2°C). Compared to the situation before insulation,
the thermal insulation has a significant impact. The temperatures of the exhaust volute casing have all



dropped to below 100°C. Further cooling through the external flow casing of the exhaust system
ensures the safety of personnel working inside the compartment.
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The insulation treatment results in the formation of localized hot spots, as shown in Figure 13.
The hot spots are located at the front wall gas inlet (94.3°C), the side wall section (92.1°C), and the
straight bend section (87.2°C). The temperature of the hot spots is approximately 20°C higher than the
overall average temperature. The high temperature at the front wall is due to the proximity to the heat
source and the conduction of heat through the volute. The elevated temperature at the side wall section
is due to the reduced airflow velocity caused by the small gap between the volute and the casing, as
shown in Figure 15(a). The high temperature at the straight bend section is due to the excessive gap



between the volute and the casing, which results in low airflow velocity and poor heat transfer, as
shown in Figure 15(b).
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Fig.15 Cross-sectional velocity cloud diagram and streamlines in the volute

To verify the impact of the inlet parameters on the thermal insulation performance of the
exhaust system, adjustments were made to the boundary conditions. First, the effect of cooling airflow
inlet temperature on insulation performance was investigated. The gas inlet operating condition was
maintained at case 5, the cooling airflow velocity was set at 5 m/s, and the airflow temperature was
changed to 45°C, 55°C, and 65°C, respectively. Figures 16(a) and (b) show the variations in the average
and maximum temperatures of the insulation material outer surface in varying cooling airflow inlet
temperature conditions.
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(b) Variation of the maximum temperature of the outer wall surface of the volute with cooling
air temperature



The figures 17 illustrate that the cooling gas temperature has a significant impact on the outer
surface temperature of the insulation material. As the cooling gas temperature increases, the outer
surface temperature of the insulation material gradually rises, resulting in a temperature, for every
10°C increases in the inlet air temperature, both the overall temperature and individual component
temperatures increase by 10°C, exhibiting a strong positive linear correlation. When the cooling
temperature is set at 65°C, the overall average temperature reaches 78.82°C. The region with the
highest local average temperature is the front wall, with an average temperature of 85.87°C. However,
when considering the highest temperature, there is no linear correlation between the inlet air velocity
and the outer wall temperature. Under the 65°C conditions, the highest local temperatures in these
three areas are 108.03°C, 108.14°C, and 112.20°C, respectively.

To investigate the effect of cooling airflow velocity on insulation performance, the gas inlet
aerodynamic condition was maintained at case 5 and the cooling airflow temperature was set to the
standard cabin temperature of 55°C. The cooling airflow velocity was changed to 2 m/s to 10 m/s. The
relationship between the volute outer surface temperature and cooling gas velocity is shown in Figure
14.
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cooling air velocity

(b) Variation of the maximum temperature of the outer wall surface of the volute with cooling
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The cooling airflow velocity has a significant impact on the insulation effect. As the cooling air
velocity increases, the outer surface temperature of the insulation material of the exhaust volute
gradually decreases. With respect to the average temperature, the most substantial overall average
temperature reduction occurred when the inlet cooling airflow velocity increased from 2 m/s to 5 m/s.
The average temperature decreased from 89.4°C to 71°C. The maximum temperature of the volute
decreased to below 100°C when the cooling airflow velocity reached 5 m/s. However, local hot spots
were observed in the converging section when the cooling airflow velocity was below 5 m/s. Figure 18
shows the temperature diagram and airflow streamlines in the volute under different cooling airflow
velocities. As shown in the figure, the local hot spots are caused by the reverse flow of hot gas into the
outer wall of the volute due to the low cooling airflow velocity and high gas flow velocity. The reverse
flow phenomenon does not occur when the cooling airflow velocity reaches 5 m/s.
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Fig.18 Cross-sectional temperature cloud diagram and streamlines of the exhaust volute

Figure 19(a) depicts the trend in airflow velocity on the outer surface of the exhaust volute,
while Figure 19(b) illustrates the variation in convective heat transfer coefficients on the outer surface
of the exhaust volute. The formula for calculating the convective heat transfer coefficient is derived
from the following equation:

q
HTC = —mM
Twall - Tout (1)
Where T,,,;; represents the temperature of the insulation material's outer surface, and T,,;
represents the outlet temperature, which is fixed at 55°C. Heat flux and wall temperature can be
calculated through simulation.
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Fig.19 (a) Surface velocity of the outer wall of the volute



(b) Convective heat transfer coefficient of the outer surface of the volute

From Figures 19(a) and Figure 19(b), as the inlet velocity of the cooling air increases, the
average airflow velocity on the outer surface of the insulation material of the volute gradually
increases. Correspondingly, the convective heat transfer coefficient also gradually increases, but there
is a significant unevenness between different regions. The surface airflow velocity of the converging
section is highest, and the surface airflow velocity of the sidewall section is lowest. Similarly, the
convective heat transfer coefficient is highest in the converging section, while those of the front wall
and sidewall are relatively low. This is attributed to the narrowness of the local region, which restricts
airflow circulation.

To examine the impact of the gas inlet's aerodynamic conditions on the exhaust system's
insulation performance, the cooling air's velocity and temperature are maintained at a constant 55°C,
the standard cabin temperature, and a speed of 5 m/s. Subsequently, the five working conditions are
individually incorporated into the numerical simulation calculations. From Figure 20, it is evident that
the outer surface temperature of the insulation material increases with the increase in the internal flow
inlet condition coefficient. Both the overall and individual average temperatures exhibit a positive
correlation with the condition coefficient. Case 5 represents the standard rated thrust condition, while
cases 1 to 4 represent other operating conditions below the standard. From the perspective of average
temperature, an increase in inlet mass flow rate and total temperature leads to a decrease in thermal
insulation effectiveness.
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Fig.20 (a) Surface velocity of the outer wall of the volute

(b) Convective heat transfer coefficient of the outer surface of the volute

The front wall and side walls show an increasing trend with the condition coefficient, and the
high-temperature regions are primarily concentrated in the center of the front bearing wall and the
lower part of the side walls. In contrast, the temperature in the rear wall, converging section, and
straight bending section fluctuates considerably. Through analysis, it is concluded that these
phenomena may have multiple causes. This caused includes changes in the direction of the air inlet
velocity vector with the increasing condition coefficient, as well as the presence of small vortex flows
within certain regions of the exhaust volute due to the variation in internal flow as the condition
coefficient increases.
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Fig.21 (a-c) Vector Distribution at the Midsection Under Different Operating Conditions

Figure 21 displays the velocity vectors and temperature distributions at different internal flow
conditions across the exhaust volute. As evident from Figure 21, in the range from condition case 1 to
case 3, the substantial initial radial airflow causes the internal flow gas to preferentially rotate along
the expanding section walls of the casing. Consequently, distinct high-velocity and low-velocity
regions become apparent. Airflow that flows out near the expanding section's walls mostly enters the
converging section when passing through the turning section. This leads to lower airflow velocity in
the areas of the front bearing wall, straight bending section, and rear bearing wall, creating a low-
velocity region. Consequently, the center part of the front bearing wall, most of the straight bending
section, and the rear bearing wall exhibit higher temperatures. In the range from case 3 to case 5, the
radial airflow velocity decreases, and the airflow is primarily in the axial direction. At this point, the
airflow velocity is relatively high, and the high-temperature airflow directly impacts the straight
bending section. However, in this region, the external cooling airflow has a very low airflow velocity,
leading to elevated temperatures. As the airflow passes from the expanding section into the turning
section, only a limited amount of airflow goes through the front bearing wall, resulting in a distinct
low-velocity region and higher temperatures in the center of the front bearing wall. The high-
temperature region on the side walls is primarily concentrated at the bottom centerline. As the airflow
enters the turning section from below the expanding section, the internal flow gas directly impinges on
the casing's lower wall, and the narrow gap between the casing and the box body in this area results in
ineffective heat transfer, ultimately leading to elevated temperatures.

6. Conclusion

The study introduces a thermal insulation method based on nano-aerogel material, which
effectively safeguards the exhaust system of marine gas turbines. Under rated operating conditions,



this method reduces the outer surface temperature of the exhaust volute casing from 315°C to 71°C. It
achieves efficient thermal insulation within the constraints of limited ship compartment space.

The effectiveness of the exhaust system's thermal insulation is influenced by three main factors:
cooling gas temperature, cooling gas inlet airflow velocity, and internal exhaust flow conditions.
Higher cooling gas temperatures and elevated internal exhaust flow conditions diminish insulation
effectiveness, while higher cooling gas inlet airflow velocities enhance insulation performance.

During low-power operation of the gas turbine, the circumferential velocity of the exhaust flow
within the exhaust volute casing is relatively high, giving rise to the formation of low-velocity regions
inside the exhaust system. This condition results in localized high-temperature regions in the exhaust
volute casing, consequently impacting the insulation performance.
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Nomenclature

HTC Convective heat transfer coefficient ~ J/(m”2-s-°C)
q heat flux W-m-2
Twau wall temperature °C

Tout Outflow temperature °C

m Mass flow Kals
Piotar Total pressure Pa
Psiatic Static pressure Pa
Trotal Total temperature °C
Vaxial axial fluid velocity m/s
Veire circumferential fluid velocity m/s
Viadial radial fluid velocity m/s
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