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This paper proposes an unprecedented systematic approach for real-time monitoring the temperature and flow of 

diesel engine by using embedded fiber Bragg grating (FBG). By virtue of FBG’s temperature effect, we design a 

novel sensitive FBG temperature sensing probe to measure the temperature of cylinder head and inlet flow of diesel 

engine. We also establish the corresponding software platform for intuitive data analysis. The experimental and 

complementary simulation results simultaneously demonstrate that the FBG-based optical fiber technique possesses 

extraordinary reproducibility and sensitivity, which makes it feasible to monitor the temperature and inlet flow of 

diesel engine. Our work can provide an effective way to evaluate the thermal load of cylinder head in diesel engine. 
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The cylinder head is one of the most fragile parts among 

all the components of the diesel engine. During the 

working process, the temperature gradient produced on 

the cylinder head perhaps leads to large thermal stress 

which can break the cylinder head and shut down the 

engine. Therefore, a real-time thermal monitor is critical 

to analyse the stress caused by thermal imbalance on the 

cylinder head. Until now, traditional electrical sensors, 

such as thermocouple and thermal resistance, were ap-

plied in the temperature test on the cylinder head[1-3], 

which are insufficient to the engineering requirements, 

such as slow thermocouple response, vulnerability to 

electromagnetic interference (EMI) and poor dynamic 

performance. In addition, the installation of traditional 

electrical sensors is inconvenient and unprecise when 

performing the test on the cylinder head, which further 

increases its measurement errors. 

Optical fiber sensor possesses prominent advantages 

than the traditional electrical sensors. Except for the tol-

erance to severe environment like high temperature and 

significant anti-EMI properties, optical fiber sensor with 

simple structure can be easily installed on the target. The 

fiber Bragg grating (FBG) temperature sensor has been 

paid more attentions in the field of high temperature 

measurement of engine. Joseba et al[4] investigated a new 

approach for monitoring tip clearance and tip timing in 

aircraft engines at low cost and high resolution based on 

a reflective, intensity-modulated optical fiber sensor. 

Yang et al[5] launched a research for measuring strain of 

interfacial bonding layer in solid rocket engine under 

after-cure cooling by designing a optical fiber sensor 

based on flush type. Fan et al[6] designed an optical fiber 

probe based on distributed fiber-optic sensor for engine 

temperature monitoring. A new optical fiber tip-timing 

sensor which can resist 650 °C high temperature was 

designed[7] to meet the high temperature requirements for 

the vibration monitoring of aero-engine compressor 

blades. Meanwhile, a novel method for online monitoring 

engine oil quality based on tapered optical fiber sensor 

was proposed[8] with a highly sensitive and rapidly re-

spond. However, the development of optical fiber sensor 

on diesel engine has not been reported before. 

By taking advantages of FBG sensor, we obtain the 

temperature distribution on the cylinder head and inlet 

flow measurement of diesel engine. The optimal sensor 

structure is proposed and produced to accommodate the 

test environment. In addition, temperature field simulation 

is performed by the coupling simulation method. We also 

develop a real-time monitoring system based on J2EE 

architecture. Finally, the temperature test and an inlet 

flow simulation on the cylinder head are designed and 

implemented to verify the theoretical analysis. The 

performance parameters, such as linearity, sensitivity and 

repeatability, are obtained from our experiments. 

According to the fiber coupled mode theory[6,9-11], pe-

riodic distribution of refractive index of optical fiber is 

characterized as an equivalent filter. When the light in-

cluding a plurality of wavelength signals passing through 

the grating, broadband light can generate mode coupling, 

and the light that satisfies the Bragg condition is re-
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flected. The Bragg condition is expressed as 

λB=2neffΛ,                                 (1) 

where λB is the center wavelength of FBG, neff is the ef-

fective refractive index of fiber core, and Λ is the period 

of grating.  

Temperature and strain changes directly lead to the 

offset of center wavelength. When the temperature 

changes, the fiber grating generates thermo-optic effect, 

thermal expansion effect and elastic-optic effect. These 

reactions can impact on the grating period and the refrac-

tive index, and then resulting in the change of the center 

wavelength of the reflected wave. After eliminating the 

waveguide effect, the FBG temperature response has the 

following characteristics: 
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which demonstrates that the wavelength shift of FBG is 

proportional with temperature. So the temperature change 

can be obtained directly by measuring the wavelength shift of 

FBG. 

In order to cope with the high temperature environment, 

FBG should be coated by the polyimide, which makes it 

resistant to high temperature up to 350 °C[12]. To obtain the 

FBG wavelength-temperature curve, the calibration of the 

FBG sensors in the standard ambient temperature is re-

quired before packaging. By taking into account the meas-

urement accuracy, the calibration is divided into two sec-

tions, in the water tank for the low temperature calibration 

and in the oven for the high temperature calibration. 

The calibration of the FBG sensors was first conducted in 

a water thermostat system with the error less than ±0.01 °C. 

We tracked the temperature of water thermostat and grating 

wavelengths every 10 °C when the temperature changed 

from 20 °C to 90 °C in the water tank. The calibration of the 

FBG sensors in high temperature was performed from 

30 °C to 380 °C in the oven. The temperature of oven and 

the grating wavelength values were recorded every 30 °C. 

Finally, the full FBG temperature wavelength curves can be 

achieved as shown in Fig.1[13,14]. Based on the calibration 

results, the temperature linearity for individual FBG is ob-

tained as 0.999 4 accompanying with the temperature sensi-

tivity of 0.012 6 nm /°C. 

It’s necessary to fully package the FBG sensor before 

install it on the cylinder head as it’s fragile and sensi-

tive to the external strain. The conventional packaging 

schemes are surface mount type or tube type[15]. How-

ever the linear expansion of grating is not uniformly dis-

tributed in surface mount type, and there are sensitivity 

hysteresis and linearity decrease in tube type[16]. Here, 

we propose a novel type of sensor based on the metal 

tube package with the schematic structure shown in Fig.2. 

FBG was unfixed at the end of the metal tube. The 

transmission fiber was protected by yellow casing ex-

cluding the part where the transmission fiber was encir-

cled by metal tube. The external diameter for the metal 

tube is 1 mm with wall thickness of 0.1 mm. The other 

end of metal tube was joined with yellow casing by using 

high-temperature resisting glue.  

 

 

Fig.1 Wavelength versus temperature of FBG 

 

 

Fig.2 Schematic diagram of structure and material 

components of probe 
 

Before the experiment, the temperature field simulation 

was conducted by using coupled simulation method and 

a fluid-structure interaction module in ANSYS[14]. The 

temperature field distribution on the cylinder head is 

shown in Fig.3. The heat energy expands from the fire 

deck to the outer surface. The highest temperature area in 

the engine wall locates in the exhaust side near the in-

jector fitting hole and bridge zone. And the maximum 

temperature area of combustion surface appears in the 

bridge zone close to exhaust side due to the heating from 

the combustion of high temperature gas mixture. The highest 

temperature is over 600 °C. The wall temperatures near the 

water inlet port and the gas inlet port of approximately 

140—280 °C are smaller compared with that of the 

combustion surface owing to the fluid cooling near this 

area. The exhaust side is affected by the action of high 

temperature heat transferring from combustion surface, 

and the temperature in this area ranges approximately 

from 190 °C to 340 °C. 
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Fig.3 The temperature field distribution of the cylinder 

head 

 

The experiments were conducted on Dongfeng Motor 

Corporation X7 diesel engine. Four cylinder heads were 

chosen and labelled as No.1—No.4, respectively. Here 

we mainly focused on Nos.2 and 3 cylinder heads, where 

the thirty measuring points were selected as shown in 

Fig.4. Each location had a hole with a diameter of 

20.1 mm and distinctive depth. These points were 

divided into 15 groups, and each group was consisted of 

two points in the same depth but keeping the distance 

(3 mm) away from one another in the vertical direction. 7 

groups were categorized into inlet side, while 7 groups 

were categorized into in exhaust side, and the remaining 

group was in the row of the cylinder. The FBG probe 

should be customized to prevent the damage of FBG 

resulting from the different depths of holes. Different 

installation strategies should be taken to avoid breaching 

the FBG sensor in the inlet valve and the exhaust valve 

of the cylinder head. 

 

 

Fig.4 Distribution of measuring points on Nos.2 and 3 

cylinder heads 

 

Fig.5 shows photos with the probes installed in the 

inlet side and the exhaust side of the cylinder head. It 

should be addressed that in order to simplify procedures, 

the sensor in inlet side has to be installed before 

configuring cylinder head. We firstly removed the 

fan-shaped area around the mounting hole and exposed 

the mounting hole to the air. Secondly, we carefully 

inserted the FBG sensor into the hole before reaching the 

bottom and fixed it on the lower wall with glue. After 4 h, 

the former sector area was affixed onto the inlet pipe by 

sealant. Finally, we placed cylinder head armed with 

sensor probe back to the diesel engine. 

It’s also necessary to insulate the probe as the 

temperature of the exhaust pipe is more than 600 °C 

when the diesel engine works, which exceeds to the limit 

to the casing of optical fiber (200 °C). At first, we 

installed a metal baffle between the exhaust port and the 

mounting hole. Meanwhile, the fire blanket with bilayer 

fiberglass twills was set up between the baffle and the air 

vent. Then, we sheathed optical fiber ferrule with 

fireproof casing woven by non-alkali fiberglass, and kept 

two close probes into the same fiber casing. Fireproof 

casing only protected yellow tube and the probe part with 

metal case kept being exposed. The procedure of 

installation of the probe was similar to that on the inlet 

side. The different point was that a fire blanket made of 

heat-resisting fiberglass was used to enwrap the fireproof 

casing, and a piece of metal wire was employed to attach 

the optical fiber sensors to the engine bench. 

 

 

Fig.5 The installation of probe in the inlet side and the 

exhaust side of the cylinder head 
 
We develop a software to monitor multiple channel of 

temperature signal with fiber optic sensor. As shown in 

Fig.6, the current software system adopts the J2EE 

architecture based on the combination of Flex, LCDS, 

EJB3.0 and Servlet functions, which can be divided into 

two sections of Flex server and Java client.  

In our experiment, the real-time temperature signals in 

16 channels can be collected directly with our software. 

We use the platform to record the temperatures of inlet 

and exhaust of diesel engine during the whole working 

process with the following procedure. ①The engine 

works 3—5 min in idle condition. ②Speed the engine up 

to 1 200 r/min and torque of 300 N·m, and hold them for 

5 min. ③Speed the engine up to 1 500 r/min and torque 

of 500 N·m, and keep them for 5 min. ④Speed the 

engine up to 1 900 r/min and torque of 800 N·m, and 

keep them for 5 min equally. ⑤Speed the engine up to 

the rated power of 2 300 r/min and 1 050 N·m. ⑥Switch 

the engine to idle speed dramatically and stop the engine 

after 3—5 min. 

As the diesel engine parameters keep constant in rated 

condition, the measured temperature in rated power 

remains stable with a margin of error of 3 °C. As shown 

in Fig.7, the measured values in inlet side are 

approximately 190—340 °C, and the range of measured 

values in exhaust side varies from 200 °C to 320 °C. The 

temperature on cylinder row (FBG-30) is higher than 
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those at other locations and reaches up to 370 °C. The 

temperatures of lower measuring points which are close 

to the combustion chamber are higher (70—150 °C) than 

those of the measuring points in the same group. The 

results from our experiments agree pretty well with the 

previous thermal field simulation. 

 

 

Fig.6 Schematic interface of the real-time temperature 

monitoring software 

 

 

Fig.7 Temperature analysis of different measuring 

points on Nos.2 and 3 cylinder heads 

 

To ensure the accuracy of the measurements, 

repetitive tests were performed in five measurement 

points of 11, 12, 13, 29 and 30 (as shown in Fig.4) on the 

No.3 cylinder head, respectively. We speeded the engine 

up to 2 300 r/min at rated condition, and then gradually 

reduced the speed to 800 r/min by decreasing 100 r/min 

or 200 r/min once. Finally, 11 sets of temperature signals 

were collected and analyzed. Fig.8 shows the evolution 

of temperature in five different measuring points under 

different working conditions. The temperature curves 

have the similar decreasing trend for all kinds of working 

conditions, which reveals that the experiment is 

repeatable and scalable with the optical sensor. 

Fig.9 depicts a comparison of test data of the repetitive 

experiment and the first experiment on No.3 cylinder under 

the working conditions. 11 and 12 or 29 and 30 are the 

adjacent points in the same measurement group. As shown 

in Fig.9, large temperature differences are observed in the 

adjacent points. For the first experiment and the repetitive 

experiment, the temperature differences between 29 and 30 

are 142.22 °C and 145.73 °C, while those between 11 and 

12 are 107.08 °C and 55.92 °C, respectively. The temper- 

atures in measurement points of 13, 29 and 30 in repetitive 

experiments are lower than that from the first experiment as 

approximately 10 °C, while the temperature differences are 

much larger in 11 and 12. The discrepancies can be 

attributed to that the hydraulic pressure during the repetitive 

experiments is lower than the normal value, which probably 

leads to abnormality in the temperature test. 

 

 

Fig.8 Temperature evolution in five different measuring 

points on No.3 cylinder head 

 

 

Fig.9 Temperature test data comparison between re-

peated experiment and the first experiment 

 

According to the theory proposed by Thomas that the 

heat release or absorption of gas is proportional to the 

mass flow[17], gas flow can be measured indirectly by 

obtaining temperature change from the FBG sensor. 

Therefore, the inlet flow changes can accurately reflect 

the temperature field distribution on the cylinder.  

We took cardboard cylinder as the inlet of diesel 

engine and used adjustable air blower and aerovane as 

gas source. The thermoelectric bridge balance was 

utilized to maintain the FBG sensor at 127 °C in order to 

eliminate the measurement temperature difference 

caused by the outside air temperature[18]. The FBG probe 

was fastened on the inlet port wall. Firstly, we varied the 

wind velocity forward from 1.5 m/s to 5.0 m/s gradually, 

and recorded the fiber grating center wavelength under 

different wind speeds. Secondly, we decreased the wind 

velocity backward from 5.0 m/s to 1.5 m/s, and recorded 

the center wavelength simultaneously. The center 

wavelength is 1 550.072 nm at room temperature of 

27 °C. 
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Fig.10 depicts the fiber grating center wavelength shift 

curves caused by change of velocity based on the 

forward and backward experiments. It’s evidenced that 

the center wavelength of FBG shifts with the change of 

velocity, and the shift center wavelength is linearly 

proportional to the wind velocity. 
 

 

Fig.10 The center wavelength shift versus the change 

of the wind velocity 
 
In our experiment, the gas is considered as ideal gas. 

According to Charlie’s law, the volume flow under the 

standard condition can be obtained approximately. 

Through the cross-sectional area S of cardboard cylinder 

and wind velocity v obtained by aerovane, the volume 

flow can be given by 

0

t

V Sv= ∫ ,                                 (4) 

where t is the ventilation time. Because the conversion 

relation between volume flow V and mass flow W is 

W=ρV, where ρ is the density of gas, the mass flow can 

be further procured by  

0

t

W Svρ= ∫ .                               (5) 

Through the above relationship, we can not only 

obtain the average temperature of measurement point on 

cylinder head, but also acquire the intrinsic relationship 

between the center wavelength of FBG and gas flow. 

The gas flow test provides a new method for discussing 

the thermal load of cylinder head in diesel engine. 

In this paper, a novel optical fiber based technique for 

monitoring the temperature of cylinder head and the gas 

flow of diesel engine is proposed. The FBG temperature 

probe within capillary tube is investigated and produced. 

The distribution of temperature field on cylinder head is 

simulated, and the simulation results agree well with the 

experimental results. The research results demonstrate 

that FBG temperature probe has good repeatability and 

sensitivity compared with traditional probe. Gas flow  

simulation implies that the FBG center wavelength shift 

has a linear relationship with air flow velocity. Our 

results provide a useful guideline in the investigation of 

thermal loading of engine cylinder head and open a new 

avenue for the research of the thermal loading of diesel 

engine. 
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