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Abstract: An experimental thermal survey of a turbocharger was performed in an engine test cell
using IR thermography. The emissivity coefficients of housings were specified using a furnace and
camera. It was shown that the emissivity of the turbine, compressor, and bearing housings are 0.92,
0.65, and 0.74, respectively. In addition, thermocouples were mounted on the housing to validate the
temperature of the thermal camera while running in an engine test cell. To compare the data of the
thermocouple with data from the thermal camera, an image was taken from the sensor’s location on
the housing. The experimental results show that the temperature prediction of the thermal camera has
less than 1 percent error. Steady-state tests at various working points and unsteady tests including
warm-up and cool-down were performed. The measurements indicate that the turbine casing’s
maximum temperature is 839 °C. Furthermore, a thermal image of the bearing housing shows that
the area’s average temperature, which is close to the turbine housing, is 7 °C lower than the area
close to the compressor housing. The temperature of the bearing housing near the turbine side
should be higher; however, the effect of the water passing through the bearing housing decreases
the temperature.
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1. Introduction

In an internal combustion (IC) engine with a turbocharger, the energy available in
the exhaust gases is used to rotate the turbine of the turbocharger [1]. The internal parts
of the turbocharger are shown in Figure 1. The energy available in the exhaust gases is
used to rotate the turbocharger turbine, which simultaneously drives the compressor to
compress the intake air to the IC engine [2,3]. The compressor housing is usually made
of aluminum. The air enters the center of the compressor housing, and the pressurized
air exits radially [4]. The exhaust gases enter the turbine radially and leave it axially. The
turbine housing, which is the hottest part of the turbocharger, is generally made of cast
iron that can withstand hot gases up to 950 °C [5]. The bearing housing in a turbocharger is
usually made of cast iron and is located between the turbine and compressor. The bearing
housing includes bearings, seal rings, and gaskets. High-pressure oil enters the bearing
housing and flows towards the bearings [6]. Finally, oil is drained from the bottom of the
bearing housing. The oil film is located between the bearing and the bearing housing, and
between the shaft and bearing. Oil is responsible for lubrication, cooling, and cleaning [7].

The turbochargers of diesel engines are generally cooled by the flow of oil and air
passing around the bearing housing. However, in the turbocharger of a gasoline engine, the
temperature of the exhaust gases is high, in some cases 1050 °C [8], so the bearing housing
is cooled by oil and water [9]. Generally, gasoline turbochargers have a wastegate valve to

Clean Technol. 2022, 4, 329-344. https://doi.org/10.3390/ cleantechnol4020019

https://www.mdpi.com/journal/cleantechnol


https://doi.org/10.3390/cleantechnol4020019
https://doi.org/10.3390/cleantechnol4020019
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cleantechnol
https://www.mdpi.com
https://orcid.org/0000-0001-9548-6928
https://orcid.org/0000-0002-6559-0094
https://doi.org/10.3390/cleantechnol4020019
https://www.mdpi.com/journal/cleantechnol
https://www.mdpi.com/article/10.3390/cleantechnol4020019?type=check_update&version=1

Clean Technol. 2022, 4

330

control the boost level produced in the intake manifold of a turbocharger by limiting the
exhaust gas flow through the turbine wheel. The wastegate allows for a turbocharger with
a smaller turbine and eliminates over-speed problems by bypassing a percentage of the
exhaust gases from the turbine wheel. Using a smaller turbine reduces turbocharger lag
and improves transient performance.

Turbine hosing Bearing hosing Compressorhosing

-

|

Turbine wheel Bearings Compressor wheel

Figure 1. Turbocharger internal parts.

The fluid flow in the turbocharger is extremely complex, which has reverse flow and
vorticities that occur in the housing. Therefore, computational methods were used to inves-
tigate the flow field in the turbocharger. For example, Benajes et al. [10] have simulated
the flow field in the turbine housing of a turbocharger. In addition, Alaviyoun et al. [11]
validated the full turbine model of a gasoline turbocharger using the pressure distribu-
tion and mass flow of gas. They showed that the gas velocity in the wastegate passage
exceeds 500 m/s, demonstrating that the wastegate opening has a considerable effect on
the temperature of the housing.

An object that has a temperature greater than zero Kelvin (273 °C) emits infrared
radiation. Depending on the object’s geometry, the surface of the body, and its temperature,
the infrared radiation waves are released at various intensities. The power of the infrared
wave’s emission is indicated with a coefficient called the emissivity factor. Thermography
cameras measure the temperature. These cameras receive infrared waves according to
their radiation intensity. The operator of the camera sets parameters such as ambient
temperature, humidity, and the distance between camera and part.

Bohn et al. [12] measured the temperature distribution on the surfaces with a thermal
camera. The results showed that the emissivity of the bearing housing was equal to
the turbine housing, which may need more investigation. One of the reasons was the
procedure that was used to find the emissivity of housings at 473 K, which is not the real
working condition of the turbine housing. Based on these measurements, the temperature
distribution on the surfaces was determined. The results include a parametric analysis
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of 12 turbocharger operating conditions. The maximum temperature of the turbine shell
increased almost linearly with turbine inlet temperature.

Baines et al. [13] performed experiments for three turbochargers equipped with ther-
mocouples on the external and internal surfaces. They showed that thermal radiation had a
significant role in external heat transfer. The highest external heat transfers occurred from
the turbine to the environment and the bearing housing.

Romagnoli et al. [14,15] investigated the heat transfer of turbochargers on an engine
under a constant speed and a constant load. According to the results, the temperature
of the surface of the turbine near the exhaust manifold was 60 °C higher than the outer
side of the housing. The main reason is the radiation from the exhaust manifold to the
turbocharger.

Aghaali et al. [16,17] determined the amount of heat transfer in a turbocharger
equipped with several temperature sensors. The results showed that the use of an external
cooling fan significantly affects the energy balance of the turbocharger. In addition, the
effect of cooling water is much higher than the external heat transfer at the bearing housing.

Jiagiang et al. [18] investigated both numerically and experimentally the effect of
boiling water on the heat transfer in the water pathways of a bearing housing in a gasoline
turbocharger. They simulated a three-dimensional model of bearing housing and specified
the effect of boiling on the amount of heat transfer.

Burke et al. [19] used 40 thermocouples to measure a wide range of fluid and solid
temperatures of the turbocharger. The temperature was measured using sensors, each of
1.5 mm thickness. The response time for the thermocouple with a diameter of 1.5 mm is
10-30 s; however, the response time of a thermocouple with a smaller diameter increases
the duration considerably.

Payri et al. [20] used 15 thermocouples to determine the convective heat transfer
coefficient of the fluid passing through a turbocharger. To measure the wall temperatures,
they used three thermocouples for each of the five axial cross-sections. The thermocouples
have a 0.5 mm diameter with a measurement uncertainty of 1.5 K. An experimental investi-
gation of steady-state and transient heat transfer was performed for a turbocharger test
rig. Tadesse et al. [21], used six K-type thermocouples in tests to experimentally record
the temperature distribution in a turbine housing. Additionally, an infrared camera was
used to capture images during the transient test. However, each image includes a picture
of the turbine and bearing housings, which leads to an error when the user wants to assign
emissivity because the coefficients of these two parts are not the same. Basir et al. [22],
using the thermal camera data, used the finite element method to find the temperature
distribution in the turbocharger for all thicknesses. An acceptable level of agreement is
observed by comparing the experimental data and the temperature distribution obtained
from the simulation.

The literature review clarifies that most research uses thermocouples for the measure-
ment of turbocharger wall temperature. Limited uses of infrared cameras are reported,
which do not have high-quality images. Moreover, there are limited thermal images from
turbocharger housings. The images captured in a turbocharger test rig can help attain an
overview of the temperature distribution; however, it is not the actual engine operating
condition of the part in the engine test cell. Therefore, the motivation for the current
research is the implementation of an infrared camera to capture high-quality pictures that
describe the temperature distribution of the turbine, compressor, and bearing housings
in the engine test cell. The innovative aspect of the research is that it uses a new method
to specify the emissivity factor of each housing (turbine, compressor, and bearing) in the
working temperature. In this article, the radiation coefficient of the turbocharger is accu-
rately determined using a furnace. The equipment needed for the test includes the infrared
camera, the furnace, and the ambient temperature thermometer. To ensure the validity of
the test and operating conditions of the furnace, the test was carried out in two types of
furnaces, vertical and horizontal, with equivalent conditions. Due to the high accuracy of
the test results for a vertical type of furnace, these results were used. The emissivity of
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each housing is specified by the working temperature of the part. In addition, the effect of
temperature on the emissivity of the turbine housing is investigated. Furthermore, in the
experimental tests that were performed in the engine test cell, a set of thermocouples were
installed on the turbocharger housings to measure the temperature of the housing surfaces
in the real working condition of the turbocharger. The performance test of a gasoline engine
with a turbocharger was performed at various engine operating points.

2. Radiation Coefficient of Turbocharger Parts

Objects emit electromagnetic waves that cover the continuous spectrum. The wave-
length and amount of emitted power are dependent on the temperature of the object.
Thermal imaging systems use radiation emitted from objects to capture images. Many
photos with various radiation coefficients were captured and analyzed in this experiment.

2.1. Specifications of Furnaces (Vertical)

Table 1 shows the specifications of the vertical-type furnace that was used in the experiment.

Table 1. Specification of vertical furnace.

Characteristic Value
Internal diameter of furnace (cm) 35
Height (cm) 50
Maximum power (kW) 14
Accuracy of temperature (°C) +3
Maximum operating temperature (°C) 1200

2.2. Specifications of Thermal Camera

In this test, a thermal camera with Ti500 + THERMO HUNT model was used. Its
specifications are listed in Table 2.

Table 2. Specifications of thermal camera.

Parameter Volume
Temperature range —20 to 1450 °C
Accuracy +2°Cor £2%
Range 1 (—20 to 120 °C)
Filter ranges Range 2 (0 to 500 °C)
Range 3 (500 to 1500 °C)
Emissivity correction Flexible 0.01 to 0.99 by 0.01 increments

2.3. Emissivity of the Compressor Housing

The temperature of the furnace was set to 195 °C. Other parameter such as ambient
temperature and relative humidity were adjusted in the camera setting. The compressor
housing was inserted into the furnace for 20 min until the temperature of the housing
reached the furnace temperature. Photos were then taken, and three radiation coefficients
were checked (0.55, 0.65, and 0.75), as shown in Figure 2. According to Figure 2, which
shows the results of these images in the thermal software, because the temperature in
the areas C1 and C2 are equal to the furnace temperature, it can be concluded that the
emissivity of the compressor housing is 0.65.
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Emissivity=0.75 Emissivity=0.65

Emissivity = 0.55 Compressor housing
in the Furnace

Figure 2. Thermal images of compressor housing for several emissivities, and compressor housing of
the furnace (picture at lower right).

2.4. Emissivity of Bearing Housing

The bearing housing thermal image was taken with the thermal camera and is shown
in Figure 3. It is seen that, at a furnace temperature of 160 °C, the correct emissivity of the
bearing housing is 0.74. The emissivity of 0.74 for the bearing leads to an error of less than
1 °C in temperature measurements. The experiments were repeated three times to check
the repeatability of the test.

196.9°C

- 193.0
- 184.4
- 175.8
- 167.3
- 158.7
— 150.1
- 1415
- 132.9

- 124.3

115.7°C

Figure 3. Bearing housing at 160 °C and emissivity of 0.74.
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2.5. Emissivity of the Turbine Housing

The material of the turbine housing is D55, which is cast iron with 30% nickel. It can
resist a gas temperature up to 950 °C. The thermal image of the turbine housing that was
taken at a temperature of 420 °C and an emissivity of 0.92 is shown in Figure 4. When the
emissivity of the turbine in the camera is assigned a value of 0.92, the temperature of the
image is equal to the temperature of the furnace.

442.9°C

r 4314

L a19.6

L a07.3
<

 396.0

C 384.1

f L 3723
-
4

’ L 360.5

L 348.7

336.9°C

Figure 4. Turbine housing at 420 °C and an emissivity of 0.92.

The working temperature of the turbine housing is extremely broad, and it has a
maximum surface temperature of 750 °C. Therefore, the emissivity of the housing was
checked at three temperatures in the range of 420 to 750 °C. The results show that there is
no significant change. However, as the temperature increases to 750 °C, the emissivity rises
also slightly, from 0.92 to 0.94.

3. Experimental Test

In this experiment, thermocouples were placed at a depth of 1 mm from the tur-
bocharger surface at different points around the compressor, bearing, and turbine housing.
For instance, the location of one sensor on the turbine housing is shown in Figure 5. Sen-
sors were installed around the housings’ volute. It should be noted that one of the main
constraints on adding points is the packaging limitation of the turbocharger on the engine.
Figure 6 shows the location of some thermocouples on the turbocharger.

Figure 5. Location of a thermocouple on the turbocharger housing.
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Figure 6. Schematic of installed thermocouples on the turbine housing.

The K-type thermocouple was used in this test. It has an operating range of —200 °C to
+1200 °C and accuracy of 2 °C. The experimental tests were performed in an engine test
cell with a 1.7 L turbocharged engine. The specification of the engine and the turbocharger
are provided in Table 3.

Table 3. Specifications of engine and turbocharger.

Parameter Volume
No. of cylinders 4
Fuel type Gasoline
Displacement (cc) 1700
Maximum power (kW) 110 (at 5500 rpm)
Maximum torque (Nm) 215 (at 2200-4800 rpm)
Maximum speed of the turbocharger 220,000 rpm
Compressor wheel diameter (mm) 51
Turbine wheel diameter (mm) 43
Turbocharger wastegate actuator Pneumatic (pressurized)
Maximum temperature of turbine inlet gas (°C) 950
Material of turbine housing GGG-NiSiCr 3552
Material of bearing housing Cast iron (HT250)
Material of compressor housing Aluminum alloy (ZL101)

At each working condition, thermal images were captured after the turbocharger
temperature stabilized. The location of the camera inside the engine test cell is shown in
Figure 7. The camera shows the turbine housing and the catalyst, which are the hot parts of
the engine. The appropriate emissivity of the housing was applied. The temperature and
humidity of the test cell were determined by the test cell sensors. Each test was repeated
three times to ensure the repeatability of the measurements.
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Figure 7. Engine test cell overview.

4. Test Results
4.1. Bearing Housing Test Results

The engine working point is 2500 rpm and the brake mean effective pressure (BMEP)
is 5.2, which is a part-load condition. The bearing housing thermal images were captured
when the thermal camera settings were applied (the emissivity of the bearing housing is
adjusted to 0.74). Photos were analyzed using the software. The image of the thermal
camera is shown in Figure 8, which is shown in the thermal analysis software. The section
view of the bearing housing represents the water jacket path in the bearing housing.

Water jacket of bearing housing
ra

132.6°C
i L1306

r121.7

r1128

r103.9

r95.0

59.4°C

Figure 8. Turbocharger bearing system.

For the thermal analysis of different areas, there is a capability to draw lines on the
object, and then the average temperature of the line could be determined. Moreover, the
outputs of these lines are specified in the form of a temperature diagram. The software
recognizes the beginning of the line from the left to the right and, for the vertical line, the
software reads the line from the top to the bottom. The diagrams of lines L1 and L2, which
are shown in Figure 8, are plotted by the thermal software in Figure 9.
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Figure 9. Bearings housing’s heat transfer distribution diagram.

Engine coolant enters the bearing housing through the cooling path of the engine. As
the water-cooling jacket is on the upper side of the bearing housing, the temperature of
line L1 is lower than the temperature of line L2. Line L1 is selected on the surface-cooling
path of the bearing housing. However, line L2 is far from the water-cooling path. The
results show that the effect of cooling water is considerable in the bearing housing. Three
temperature sensors were mounted at the bottom side of the bearing housing, which is
shown in Figure 6. The measurement result shows that at a working point of 5500 rpm and
full load condition of the engine, the maximum temperature of the housing is 155 °C. The
maximum temperature is near the turbine side. The temperature of the bearing housing
decreases as the distance from the turbine increases. The temperature difference along 3 cm
of the bearing housing length is 33 °C. The measurement results show that, at this working
point, the temperature of the compressor housing is 135.6 °C, which is higher than the
bearing housing temperature at the compressor side. Therefore, it is concluded that, at the
full load condition, heat is transferred from the compressor to the bearing housing. The
bearing housing temperature at full load condition is provided in Table 4.

Table 4. Bearing housing temperature at full load condition.

Bearing Housing Bearing Housing

Bearing Housing

Engine Speed (rpm) Temp. (Near o Temp. (Near a
Compressor, T5) (°C) Temp. (T4) CO) Turbine, T3) (°C)
5500 122 124 155

4.2. Test Results for Turbine Housing

The engine working point is 2500 rpm with a BMEP of 4.9 bar, which represents the
part-load condition. The thermal image of the turbine housing is shown in Figure 10.
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Figure 10. IR-image of the turbine housing.

A diagram of the heat transfer distribution through lines L1 and L2 on the surface
of the turbine housing is shown in Figure 11. The temperature curves of lines L1 and L2
exhibit the same trend. It is shown that, as we get close to the turbine outlet flange, the
temperature decreases. The temperatures of lines L1 and L2 increase from the left side
to the right. For instance, the temperature difference between the two ends of line L2 is
about 45 °C.
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Figure 11. Turbine hosing’s heat transfer distribution diagram.

In order to compare the temperatures from the thermocouples with the thermal camera
results, images were captured from the locations at which the thermocouple is inserted.
The dark area in the image (Figure 12) near line L1 is the glue that is used to fix the sensor
on the surface of the turbine housing.
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Figure 12. Position of thermocouple on the turbine housing.
The temperature distribution through line L1 is shown in Figure 13. It is seen that the

temperature of the thermocouple installed on the turbine housing is 340 °C, while for the

thermal camera images in Figure 14, the average temperature of line L1 near the sensor
is 336.4 °C.
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Figure 13. Spatial variation in turbine hosing heat transfer.

A comparison of the results of the thermal camera and the thermocouple indicates
that the thermal camera error is less than 1 percent, which is acceptable.

The area on the turbine housing, which is machined, has a different emissivity factor
than the bearing housing (Figure 14). Therefore, the temperature prediction of the machined
surface is not accurate. However, this item does not affect the temperature measurement of
the housing.
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Figure 14. The area on the turbine housing that is machined.

4.3. Test Results for Compressor Housing

The compressor housing temperature at an engine speed of 5000 rpm and full load
condition is investigated in Table 5. The temperatures of the compressor housing at three
different points on the volute were measured, and it was observed that the temperature
difference between point T8 and point T6 is 11.4 °C. The temperature of the housing
increases as air passes through the volute and the maximum temperature occurs near
the compressor outlet side. Heat is transferred from the compressed air, which is at a
temperature of 143.9 °C, to the compressor housing.

Table 5. Compressor housing temperature.

Compressor Housing Temperatures (°C)
T6 T7 T8
5000 124.6 133.5 136

Engine Speed (rpm)

4.4. Cool-Down Test

In order to perform the turbine housing cool-down test, the thermal camera was
located in the best position to capture photos in the engine test cell. At first, the engine was
at an operating point of 5500 rpm and under full-load conditions. When the temperatures
became stable, the test started, and the engine was turned off. Thermal images of the
turbine housing were captured while the exact time of each image was recorded. The
variations in the turbine housing cool-down temperatures with time (based on thermal
camera images) are shown in Figure 15. The photos of the turbine housing during the
cool-down test are shown at several time steps in Figure 16. Due to software limitations, it
is not possible to have the same range of temperature for all four pictures in Figure 16. The
results indicate that the position of the maximum temperature of the housing is at the same
point after 210 s from the start of the test. The position is near the wastegate seating.

o
2 600 -

Temperature
o
&
3
!

o

<3
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1

450
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Figure 15. Variation in cool-down temperatures with time according to thermal camera images.
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Figure 16. Turbine housing temperature distribution in cool-down mode.

4.5. Warm-Up Test

To perform the turbine housing warm-up test, the thermal camera was located in the
best position to capture photos in the test room. Then, the engine was turned on and the
working point moved directly to the engine speed of 2000 rpm and 28 N.m. The exact time
of capturing images was recorded. The turbine temperature versus time variation for the
warm-up test is shown in Figure 17. Figure 18 shows the thermal images of the turbine
housing and temperature at two locations, four times.

500 T J T T T T ) T ¥ T T T T T
03300_,,,,,,,;,,,,,, .
o
2
&

2 2004 =
£
(5]
160 / ; i
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Time(s)

Figure 17. Variation in turbine housing warm-up temperature with time, based on data of the
thermal camera.
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Figure 18. Heat transfer distribution of the turbine housing during a warm-up test.

5. Conclusions

An accurate method was used to predict the emissivity under high-temperature
conditions. A performance test of a gasoline engine was performed at several engine
operating points. Thermocouples were installed on the surface of the turbine, compressor,
and bearing housing. During the engine tests, a series of steady-state tests were performed.
In addition, unsteady tests, including warm-up and cool-down of the turbine housings,
were investigated.

Based on the results at the first step of the cool-down test, the maximum temperature
of the turbine housing is 839 °C, which occurs at an engine speed of 5500 rpm and full load
conditions. The maximum temperature difference in the turbine housing surface is about
200 °C. The reason for such a high-temperature difference is radiation from the exhaust
manifold, the wastegate opening, and the ventilation fan effect. Moreover, as the turbine
housing becomes cooler during the cool-down test, the maximum temperature difference
on the housing surface becomes smaller and reaches 70 °C after 210 s.

The maximum temperature of the housing is close to the wastegate seating position.
Images of the cool-down test indicate that the location of the maximum temperature is
constant until 210 s after the start of the test. The high temperature is near the wastegate
area because some of the hot gases are bypassed directly through the wastegate without
passing through the turbine blades. These hot gases cause an increase in body temperature
near this area.

The maximum temperature of the compressor housing temperature at an engine
speed of 5000 rpm and full load conditions is 136 °C. The results show that the maximum
temperature of the compressor housing on the volute is near the outlet flange. Heat is
transferred from the compressed air to the housing. The temperature difference between
the compressed air and the housing is at least 13 °C.

The temperature of three sensors on the surface of the bearing housing was measured
at an engine speed of 5500 rpm and full load conditions. The maximum temperature of the
housing is near the turbine side which is 155 °C, and the minimum temperature is near
the compressor side, at 122 °C. As the distance from the turbine increases, the temperature
of the bearing housing decreases. The temperature of the compressor housing is 135.6 °C,
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which is higher than the bearing housing temperature near the compressor. Therefore, it is
concluded that, at the full load condition, heat is transferred from the compressor to the
bearing housing. The temperature of the bearing housing is adjusted by the temperature of
the water and oil passing through it. The high temperature of the turbine housing surface
affects the bearing housing. However, the effect of cooling water decreases the temperature
of the bearing housing near the turbine.
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