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Abstract 
The radial temperature variation, heat flow, heat-transfer rate, and convective cooling pattern within an engine cylinder wall were 
all examined using experimental and finite-element methods. At particular points along the cylinder wall, radial temperature 
measurements were taken from the inner combustion surface. The simulated temperatures resulting from steady-state finite-element 
thermal analysis were compared with experimental data. Experimented temperature data displayed a steady temperature drop from 
450 °C at the inner wall to 158 °C at the exterior wall. Errors margins of 0.50 °C, 11.48 °C, and 3.13 °C were observed 
as simulated temperatures nearly approximate to interpolated experimental data. A maximum total heat flow of 5.415 × 10² 
W/m² became apparent via Temperature Contour analysis, resulting to a simulated heat-transfer rate of 146 kW.This is 
consistent with the experimental figure of 147 kW (0.68% deviation). The experimental result of 1100 W/m²•K differs 1.8% 
from the estimated convective heat-transfer coefficient of 1080 W/m²•K. The remarkable correlation between the observed and 
simulated temperatures, heat flux, heat-transfer rate, and convective coefficient indicates that the well-established finite-element 
framework provides a reliable and experimentally validated technique for quantifying heat transfer in engine cylinders. This provides 
a strong basis for the development of improved coatings, high-temperature-resistant materials, and cooling techniques in the future 
as well as a verifiable technique for establishing engine cylinder performance, durability, and thermal variables. 
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1.0 Introduction 
      Internal combustion engines (ICEs) are required to undergo thermal assessment to improve performance, 
longevity, and pollution standard adherence. [1]. Complex thermal loads from high-temperature gases and 
frictional heating affect engine components [2,3,4]. The assessment of temperature distributions is simplified by a 
steady-state thermal analysis [5].  Heat dissipation can be maximized while following the equation for steady-state 
heat conduction [6, 7]. Highly precise characterization of heat transport processes is feasible by the incorporation 
of cylindrical coordinate systems in thermal modeling, which is consistent with the rotating geometry of engine 
cylinder [8,9, 10].  
Engineers may quickly identify thermal bottlenecks and evaluate cooling strategies with this method. [11.12 ,13]. 
The unique form of engine cylinders adds complexity to thermal modeling because Cartesian coordinates typically 
conflict with their radial and circumferential symmetry. This misalignment might lead to numerical inaccuracies 
and complicate boundary conditions [14.15]. Errors in cylinder liner models have been attributed to neglecting 
temperature-dependent material properties [16, 17, and 18]. Moreover, asymmetric heat loads from uneven fuel 
injection or coolant flow necessitate more sophisticated models to account for temperature variations [19].  
       The thermal behavior of engine cylinders and associated parts under real combustion and transient running 
circumstances has been studied. However, complicated combustion processes, varying engine loads, transient 
boundary conditions, and advanced heat-flux measuring devices are frequently included in these investigations. 
Isolating the basic mechanisms controlling radial heat conduction through the cylinder wall becomes challenging 
under such circumstances [20] Therefore, an effective approach for investigating the underlying heat-transfer 
behavior is a controlled laboratory-scale experimental method that can replicate the crucial thermal boundary 
conditions of an engine cylinder In an effort to demonstrate how the temperature field varies across the liner 
under various engine loads and speeds. [21] Investigated the temperature distribution of a wet cylinder liner in a 
V-12 engine. The study reported FEM predictions that corresponded closely to the experimental outcomes by 
combining experimental data with finite-element modeling; the largest relative error was only 5.49%. Based on 
this significant correlation, the study concluded that the theoretical model was quite accurate in predicting the 
temperature distribution in cylinder liners under various engine thermal-load scenarios [22]. Heat transmission in 
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an aluminum alloy engine piston was investigated experimentally and numerically [23]. The aluminum component's 
temperature field under high-temperature, combustion-related thermal stress was measured using thermocouples. 
The study demonstrated that the interaction of high-temperature heat input, conduction through the material and 
cooling conditions leads to temperature dispersion in aluminum engine components. It also validates the 
usefulness of taking temperature readings at various points within an engine component and comparing the results 
to calculate thermal predictions. The study is innovative in that it directly validates the radial temperature 
distribution predicted by a thermal model while experimentally reproducing the primary thermal boundary 
conditions of an engine cylinder in a controlled and repeatable laboratory environment. Without the complications 
of full-scale engine running, this offers a straightforward and economical method for studying steady-state radial 
heat transfer through engine-cylinder walls. 
          [17, 24] identified a 10–15% discrepancy between FEA predictions and experimental piston temperatures, 
attributing this to oversimplified convective boundary conditions at the piston-cylinder interface.. For instance, 
radial conduction in a cylinder liner, governed by Fourier’s law in cylindrical coordinates in the Laplace equation 
for radial heat conduction is expressed as in equation 1 [25,26. 27]. The steady state condition in the cylinder will 
tend equation 1 to be zero. It means that at this state the temperature distribution doesn’t change with time. 
1.𝑑𝑑
𝑟𝑟.𝑑𝑑𝑑𝑑

�𝑟𝑟 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
� = 0                                                                        (1)

   
The solution for equation 1 call for double integration to yield the temperature distribution in equation2                                                                                                                                              
𝑇𝑇(𝑟𝑟) = 𝐶𝐶1 ln 𝑟𝑟 + 𝐶𝐶2                      (2)            
         The constants in equation 2 above (C1, C2 ) are determined by the boundary conditions. The solution is a 
logarithmic function of r. The introduction of boundary conditions to the cylinder will alter the equation 2 above 
as it appears to be a heat conduction equation without heat generation [28.29]. Taking the inner walls of the 
cylinder to have a radius as 𝑟𝑟1 alongside temperature 𝑇𝑇1 . The corresponding external wall with have the outer 
radius and temperature as 𝑟𝑟0, 𝑇𝑇0 respectively. Inserting the boundary  conditions in equation 2 yields equations 3 
and 4. 
𝑇𝑇1 = 𝐶𝐶1 ln 𝑟𝑟1 + 𝐶𝐶2              (3) 
𝑇𝑇0 = 𝐶𝐶1 ln 𝑟𝑟0 + 𝐶𝐶2           (4) 
The solution lies in the determination of the constant 𝐶𝐶1 as seen in equation 5 
𝐶𝐶1=

𝑇𝑇1−𝑇𝑇0
ln𝑟𝑟1𝑟𝑟0

            (5) 

Substituting equation 5 into equation 4 yields the temperature distribution in equation 6 
𝑇𝑇(𝑟𝑟) = (𝑇𝑇1−𝑇𝑇0)

ln𝑟𝑟1𝑟𝑟0
 ln 𝑟𝑟 + 𝑇𝑇1 - (𝑇𝑇1−𝑇𝑇0)

ln𝑟𝑟1𝑟𝑟0
 ln 𝑟𝑟1             (6) 

Simplifying equation 6 gives equation 7 
𝑇𝑇(𝑟𝑟) =𝑇𝑇1 +     (𝑇𝑇1−𝑇𝑇0)

ln𝑟𝑟0𝑟𝑟1
 . ln 𝑟𝑟

𝑟𝑟1
           (7)  

       Also the heat flux q can be computed using the Fourier law. Knowing that the heat flows uniformly across 
the cylinder walls and the mode of transfer is conduction. The geometry of the cylinder must be considered [30].     
The rate of heat transfer across the cylinder is as expressed in terms of flux according to Fourier law   in equation 
8 
𝑞𝑞 = -𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =            (8)  
      Where 𝑞𝑞𝑛𝑛 the heat flux in w/m2 and k is the thermal conductivity.                                            
Heat transfer Q =𝑞𝑞A            (9)  
     Where A is the surface area, assigning A=2𝜋𝜋𝜋𝜋𝜋𝜋 and solving the mathematical relations yields equation 10. The 
heat distribution  across the cylinder wall at all point is constant         
  Q=2𝜋𝜋𝜋𝜋𝜋𝜋 𝑇𝑇1−𝑇𝑇0)

ln𝑟𝑟0 𝑟𝑟1�
           

 (10)  
 The heat transfer at the outer surface of the cylinder is a convective mode [31] Employing the Newton law of 
cooling will help determine the heat transfer coefficient h. 
h = 𝑄𝑄

𝐴𝐴𝐴𝐴𝐴𝐴
                       (11) 

     where dT is the change in temperature (𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤     -  𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) 
 
2.0 Methodology 
      The experiment used an aluminum cylinder (6061-T6 alloy) from a 2006 model Toyota Camry’s 2AZ-FE 2.4L 
engine, sourced from an automobile workshop in Agbor shown in figure 1. The cylinder outer diameter was 
107.58mm, and its length was 98 mm. First, the inner and outer surfaces were cleaned with sandpaper to remove 
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oxidation and debris. Digital vernier calipers were used to confirm the cylinder’s dimensions. Small 1 mm holes 
were drilled radially (inner wall, mid-wall, and outer wall) using a drill press as shown in Figure 2. The preparations 
were done at the faculty of Engineering workshop, University of Delta, Agbor.  
    The prepared cylinder was moved to the thermodynamics laboratory at the Department of Mechanical 
Engineering, University of Delta, Agbor. The K-type thermocouples with a Class 1 accuracy of ±1.5°C or ±0.4% 
were inserted into these holes and secured with high-temperature epoxy. A cylindrical 1.5kW electric resistance 
heater which matches the cylinder bore was placed inside the cylinder inner bore to simulate combustion heat. 
The heater was set to 450°C and controlled by a temperature regulator to maintain steady-state conditions. To 
prevent heat from escaping axially (top/bottom), ceramic insulation was wrapped around the cylinder’s ends, 
forcing heat to flow radially outward.  
    A water jacket system was fitted around the cylinder outer surface, with water maintained at 90°C (preheated 
and circulated via a pump) to replicate engine coolant conditions. The experimental technique used in this 
investigation is in line with common practice and strictly adheres to the strategy reported by [32]. The heater was 
turned on until the temperature in the inner wall reached 450°C. The water jacket pump was triggered to keep the 
coolant flow at 90°C. Thermocouple measurements were observed to have varied by less than ±1°C for ten 
minutes after the system had been allowed to settle for thirty minutes. 
   Figure 3 depicts a six-channel digital data recorder that can monitor temperature with a precision of 0.1°C and 
an accuracy of ±1.5°C using Type-K thermocouples. Every five seconds, temperatures from all thermocouples 
were recorded within the range of 200 to 1,372°C. Thermocouple measurements validation was achieved using 
the infrared camera scanning the outside for temperature distribution.. Data was exported after stabilization and 
compared to ANSYS simulation results to ensure alignment 
 
 
 
 
 

 
 
 
 
Figure 1. Aluminum cylinder      Figure 2: Cylinder preparation   Fig.3: Experimental setup 
 
2.1 Modeling and Simulation of Engine Cylinder 
    A 3D aluminum alloy cylinder was developed using state thermal finite element Analysis. The geometrical values 
of 43.79 mm inner radius, 53.79 mm outer radius, and 98 mm axial length were used to model the cylinder 
geometry. The model was given the thermal characteristics of Aluminum Alloy 6061-T6, which include a density 
of 2700 kg/m³, a specific heat capacity of 896 J/kgK, and a thermal conductivity of 167 W/mK.as shown in Table 
1. 
     A three-dimensional finite-element mesh was used to discretize the cylindrical domain. To effectively capture 
the radial temperature differential, mesh refinement was applied across the cylinder wall. The experimentally 
established thermal boundary conditions were then applied to a steady-state thermal analysis. The outside surface 
was exposed to the cooling condition, which corresponds to a coolant temperature of 90°C and a heat-transfer 
coefficient of 1100 W/m²K, while the inner cylindrical surface was kept at 450°C, reflecting the high-temperature 
combustion-side condition. The corresponding reference condition for model validation was the outer-wall 
temperature of 158°C as determined by experiment. The program-controlled thermal finite element solver was 
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used to derive the thermal solution. The solver was left running until the temperature field reached numerical 
stability. After convergence, radial positions corresponding to the experimental data points were used to extract 
the temperature distribution throughout the cylinder wall. 
 

Table 1: Manufacturer data and Model Parameters  
Parameters Values Parameters Values 
Outer radius 53.79 mm, Thermal conductivity: 167 W/m·K. 

Length 98 mm Specific heat: 896 J/kg·K. 
Inner Bore 43.79mm Density 2700 kg/m³. 
inner wall 1mm Temperature Boundary 

Condition T1 
450°C 

mid-wall 5mm Heat Transfer Coefficient h 1100 W/m²·K 
outer wall   from the 

inner radius 
7.5mm Coolant temperature 90°C 

Cylinder material AA 6061-T6 Outer wall Temperature T2 158°C 
Compression Ratio 9.6:1 Engine Specifications 2AZ-FE Toyota Camry 2006 

 
3.0 Results and Discussion  
3.1 Temperature Gradient across the Cylinder Wall 
       The temperature readings from thermocouples in Table 2 show radial heat transfer through the cylinder wall 
from the inner high-temperature combustion zone to the outer cooling water jacket. The significant temperature 
drop from 418.4°C at the inner thermocouple to 158°C at the outer surface is attributed to conduction and 
convection. Thermocouple measurements have been used in similar experimental studies of engine-cylinder 
thermal behavior to assess heat transfer and thermal loading in water-cooled engines as well as cylinder-wall 
temperature distributions. The logarithmic temperature distribution predicted for radial heat conduction in 
cylindrical structures, which is derived from Fourier's law in cylindrical coordinates, is in accordance with the 
observed non-linear temperature gradient. The radial cylindrical shape, heat flow, the cylinder material's thermal 
conductivity, and the applied thermal boundary conditions combine synergistically to control the temperature 
fluctuation throughout the cylinder wall. In this sense, the thermal behavior is in line with aluminum 6061-T6's 
relatively high thermal conductivity, which is often claimed to be between 150 and 170 W/m·K [34,35]  
       Thermocouple 1T1, positioned 1 mm from the inner wall near the combustion zone, recorded a temperature 
of 418.4°C, which is slightly lower than the inner wall's combustion temperature of 450°C. This has been reported 
as heat losses due to conduction. [36]. 
 Inserted thermocouple IT2 (5 mm from inner wall) located midway between inner and outer walls showed a 
temperature reading of 297.3°C. Temperature drops by 121.1°C over 4 mm, indicating rapid heat dissipation near 
the inner region.  This sharp gradient is due to the smaller radius at this location, where the conductive area is 
smaller thereby concentrating heat flux.    IT3 (7.5 mm from inner wall) placed close to the outer surface recorded 
226.2°C having a temperature drops by 71.1°C at a distance of 2.5 mm.  At the outer surface, temperature drops 
by 68.2°C over the final 2.5 mm due to convective cooling by the water jacket. The difference between T2 (158°C) 
and the coolant temperature (90°C) reflects the convective thermal resistance in equation 11.  Cooling System 
temperature (90°C) actively maintained by the water jacket to prevent overheating. The large drop from T2 (158°C) 
to coolant (90°C) suggests moderate convective efficiency. The slight temperature differential between the high-
temperature inner zone and the inner cylinder-wall measurement demonstrates a low thermal resistance at the 
inner surface.  
        This development is in agreement with the findings of [37.38] who reported that temperature distributions 
across engine cylinder walls may be employed to determine heat flux, thermal resistance, and heat-transfer 
behavior. In the current research, the temperature difference between the observed inner-wall temperature and 
the corresponding high-temperature area indicates the level of thermal resistance associated with heat transmission 
at the inner surface. Furthermore, the temperature fluctuation across the cylinder wall represents both conduction 
through the cylindrical material and convective heat transfer to the cooling medium. As a result, the observed 
temperature distribution is consistent with conventional approaches that employ temperature differences across 
engine-cylinder walls to evaluate thermal resistance and heat transmission. The steady state heat transfer rate Q 
through the cylinder was calculated be 147KW using Equation 10 and the convective heat transfer h was equally 
calculated using equation 11 to be 1100W/m2K. 
 

Table 2: Experimental Measured Temperature at various Radial Positions 
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Radial Position r 
(mm) 

Radial distance from inner cylinder wall Measured Temperature (0C) 

43.79 0.000 450 
 1mm (Inserted Thermocouple (1T1) 418.4 

45.79 2.0mm 385.7 
47.79 4.0 mm 327.4 

 5mm (Inserted Thermocouple(1T2) 297.3 
49.79 6.0mm 267.93 

 7.5mm (Inserted Thermocouple(1T3) 226.2 
51.79 8.0mm 211.70 
53.79 10.00mm (Outer Cylinder, T2) 158 

 Coolant Temperature 90 
 Ambient Temperature 25 

 
3.2 Mesh Convergence of the Models  
      The mesh convergence investigation was carried out by gradually refining the finite element mesh shown in 
figure 4 while observing the predicted temperature at a radial distance of 44.79 mm from the cylinder center. As 
demonstrated in Figure 5 the predicted temperature changes dramatically with coarser meshes but becomes more 
stable as the number of elements grows. The coarsest mesh, made up of 5,850 elements with a size of 4.0 mm 
(Figure 4D), predicted a temperature of 389.54 °C. Increasing the mesh density to 7,560 elements with a size of 
3.5 mm (Figure 4C),) resulted in a significant rise in predicted temperature to 395.04°C. Further refining to 14,091 
and 20,360 elements, with element diameters of 3.0 mm and 2.5 mm, (Figure 4A and B) respectively, resulted in 
temperatures of 418.35 °C and 418.48 °C. This indicates that the two finest meshes differ in temperature by just 
0.13 °C, or around 0.03%. This little variation shows that the solution is now practically independent on further 
mesh refinement. 
     

 
Figure 4: Cylinder meshing 

 
However, difference exists across the various meshes for the temperature readings at 48.79 mm and 51.29 mm, 
especially for the coarser discretization. The predicted temperature varies from 281.33 °C to 309.15 °C at 48.79 
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mm and from 191.87 °C to 228.89 °C at 51.29 mm. This suggests that the temperature field across the cylinder 
wall is not sufficiently addressed by the coarser meshes. However, the findings obtained with the two finest meshes 
demonstrate better agreement, especially at the convergence assessment's monitored position. The convergence 
trend in Figure 5 also reveals that as the number of mesh elements rises, the solution gets closer to a stable 
temperature of around 418 °C. The 14,091-element and 20,360-element meshes relatively small rise in temperature 
from 418.35 °C to 418.48 °C demonstrates that a further mesh refinement barely alters the numerical solution 
shown also n Table 3. Consequently, the 20,360-element mesh with 97,973 nodes appeared to be completely 
refined for the thermal investigation. As a result, the mesh was chosen as the best computational mesh since it 
offers a converged solution without incurring needless computational expenses related to excessive mesh refining. 
 

Table 3: Mesh convergence for the model 
Element 

size (mm) 
No. of 

elements 
No. of 
nodes 

Temperature (0C) readings at radial distance 
44.79 mm 48.79 mm 51.29 mm 

2.5 20360 97973 418.48 309.15 228.89 
3.0 14091 67644 418.35 297.12 226.95 
3.5 7560 38446 395.04 281.33 209.67 
4.0 5850 30108 389.54 288.40 191.87 

 
 

 
Figure 5: Mesh convergence and independent study for the model 

 
3.3 Thermal Boundary conditions and Temperature readings at radial distances 
     The engine-cylinder model thermal boundary conditions were developed to approximate the cooling impact 
on the real-time cylinder wall and the high-temperature interior environment. Figure 6 illustrates the high-
temperature combustion-side boundary, a temperature threshold of 450 °C was applied to the inner cylindrical 
surface. The cooling medium absorbed heat from the cylinder wall using a convective heat-transfer coefficient of 
1100 W/m²•°C, and the cooled boundary condition was determined by an outer-wall temperature of 158 °C. A 
gradual radial temperature decrease from the inner wall toward the outside wall was influenced by the established 
thermal conditions, which produced a temperature differential of 292 °C between the inner and outer surfaces. 
An elevated radial thermal gradient is confirmed by the predicted temperatures of 418.48, 309.15, and 228.89 °C 
for radial distances of 44.79, 48.79, and 51.29 mm, respectively as seen in figure 6. The ANSYS steady-state thermal 
formulation, which supports specified temperature and convection loads for analyzing temperature fields, thermal 
gradients, and heat-flow behavior in components subjected to steady thermal loading, is consistent with the 
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corresponding applicable boundary-condition technique. As a result, the basic thermal behavior of a cylinder 
subjected to both external cooling and a high-temperature interior environment is well represented by the ANSYS 
model. The temperature contour is in line with how an engine cylinder is designed to function, where heat is 
transmitted from the combustion wall to the cooling system across the cylinder. 
     The steady-state thermal study showed that the temperature gradually dropped across the engine cylinder wall's 
radial thickness. The cooled exterior surface attained the lowest temperature of 158 °C, while the inner wall 
reached the highest temperature of 450 °C, which satisfied the imposed combustion-side thermal boundary 
requirement. The predicted temperatures were 418.48, 309.15, and 228.89 °C at radial locations of 44.79, 48.79, 
and 51.29 mm, respectively. The steady reduction in temperature with increasing radial distance shows the 
presence of a large radial thermal gradient and suggests that heat is transferred from the inner hot surface to the 
outside cooled surface. This behavior is consistent with the established thermal behavior of engine cylinder liners 
reported by [21] who established that heat transfer from the combustion walls through the liner is controlled by 
heat removal by the cooling medium. The verified numerical engine-wall heat-transfer model developed by [39] 
likewise shows similar agreement with the current temperature field. As a result, the resulting steady-state thermal 
model is supported by the ANSYS temperature distribution, which is regarded as physically accurate. 
      Based on the ANSYS thermal simulation in Figure 6, the engine cylinder steady-state temperature distribution 
reveals a radial temperature gradient across the cylinder wall, characteristic of internally heated cylindrical 
components facing external cooling [40]. The highest temperature, approximately 450 °C, occurs at the inner 
surface where combustion gases directly contact the material. According to [41], the consistent red contour at the 
bore demonstrates satisfactory application of the internal wall temperature boundary condition. According to the 
Fourier equation of heat conduction for cylindrical coordinates, the temperature drops radially from the inner 
bore to the outside wall [42, 43]. The exterior surface   temperature of 158 °C is driven by convective 
heat coefficient of 1100 W/m²•K and a coolant temperature of 90 °C. This is in tandem with the research outcome 
of [444] on conventional liquid-cooled internal combustion engine systems, which focus on the role of the cooling 
mechanism in ensuring stable temperature and heat transmission. The lack of sudden temperature variations over 
the wall thickness indicates that thermal contact resistance is minimal and that the mesh resolution is sufficient to 
correctly represent the temperature gradient, as recommended in finite element thermal simulations [45].In 
general, the temperature field reveals a steady-state equilibrium between external convective heat removal, radial 
conduction through the cylinder wall, and internal heat input from the combustion process. These findings reflect 
the report by [46] on engine cylinder thermal design by demonstrating that, despite significant thermal loads on 
the inner wall, the temperature of the exterior wall remained within acceptable limits, thus minimizing the 
possibility of material deterioration and thermally induced failure while the engine is operating. 
 

 
Figure 6: Thermal boundary conditions and simulated Temperature readings at radial distances. 
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3.4 Comparison of Simulated and Experimental Radial Temperature Distribution 
      Steady-state conductive heat transmission through the cylindrical thickness is confirmed by the experimentally 
observed temperatures across the cylinder wall showing a monotonic radial drop from 450 °C at 43.79 mm (inner 
wall) to 158 °C at 53.79 mm (outer wall). The same basic conductive behavior predicted in hollow cylinders 
controlled by Fourier's law of heat conduction is also shown by the ANSYS steady-state simulation, which predicts 
continuous radial temperature decrease. It is essential to note that the experimental and simulated temperatures 
were not extracted at precisely the same radial positions throughout the cylinder thickness 
      The experimental data were linearly interpolated at the precise simulated radial distances of 44.79 mm, 48.79 
mm, and 51.29 mm in order to guarantee an accurate comparison between the ANSYS-simulated and empirically 
recorded temperatures, as shown in table 4. The use of this technique allows a straightforward validation of the 
numerical model. There is only a 0.50 °C difference between the interpolated experimental temperature of 417.85 
°C and the simulated temperature of 418.35 °C at 44.79 mm.  
     The simulation precisely captures substantial thermal loading and radial heat-conduction phenomena as 
evident by a small deviation. The interpolated actual value (297.665 °C) differs by 11.48 °C from the predicted 
temperature (309.15 °C) at the 48.79 mm radial point. This shows that the cylinder at mid wall retained more heat 
Similarly, the computed temperature of 228.89 °C and the interpolated experimental temperature of 225.76 °C at 
51.29 mm at the cylinder outer wall differ by just 3.13 °C. This little difference implies that the numerical models 
properly predicts the rate of conductive heat loss over the cylinder’s thickness [47] and precisely reproduce the 
radial temperature gradient seen in the experiments. 
 

Table 4: Simulated and Experimental Temperatures 
Radial 

distance(mm) 
Simulated 

Temperature(°C) 
Interpolated Experimental 

Temperatures(°C) 
Point Errors in 

Temperature(°C) 
44.79 418.35 417.85 0.50 
48.79 309.15 297.665 11.48 
51.29 228.89 225.7575 3.13 

 
3.5 Statistical Validation of Simulated and Experimental Temperatures at Identical Radial Positions 
     The numerical model was validated by comparing computed temperatures to interpolated experimental 
findings at radial distances of 44.79, 48.79, and 51.29 mm. The results show a coefficient of determination (R2) of 
0.9925, RMSE of 6.8791 °C, and MAE of 5.0392 °C, indicating a substantial relation between the simulated and 
experimental temperature distributions. The relatively high R2 value, together with the low MAE and RMSE, 
indicates that numerical projections closely fitted to the radial temperature distribution. A significant difference of 
11.485 °C at 48.79 mm shows the highest error, detected, which remains within the allowed range of 15% as stated 
in prior investigations [17, 24]. The statistical validation ensures its dependability in estimating steady-state 
temperature distributions in engine cylinders [48, 49]. As a consequence, the model may be utilized confidently 
for thermal analysis [50]. 
 
3.6 Comparison of Simulated and Experimental Heat-Transfer Parameters 
     Figure 7 shows the engine cylinder wall's radial heat-transfer arrangement. The inner bore surface has the 
largest thermal gradient (5.42 × 10² W/m²) caused by the presence of high-temperature gases. This is consistent 
with conventional conduction theory [51], which predicts low material resistance and rapid temperature gradients. 
The smooth contour bands indicate successful steady-state conduction with established boundary conditions and 
sufficient numerical mesh resolution. The change from red and yellow to green and blue signifies a reduction in 
heat transfer towards the outer wall. [52] 
     The combustion surface heat flux is 5.42 × 10² W/m², resulting in a calculated heat-transfer rate of 146 kW 
based on an effective area of 0.02695 m² from the cylinder dimensions using Equation 9. The substantial thermal 
loading and considerable radial temperature gradients in internal combustion engine cylinders that improve 
conductive heat transfer are highlighted by the quantity of thermal energy that is transported through the cylinder 
wall during steady-state operation. 
       The simulated heat-transfer rate of 146 kW differs from the experimental value of 147 kW by just 0.68%, 
indicating a significant relationship between the computed and experimental heat-transfer characteristics as shown 
in Table 5. Additionally, the convective heat-transfer coefficient calculation shows that the estimated value of 1080 
W/m²•K and the experimental result of 1100 W/m²•K differ by a negligible 1.8%. These minor differences 
demonstrate a high degree of conformity between numerical predictions and theoretical calculation using the 
experimental data. Thus, establishing the accuracy of finite-element thermal models in depicting heat-transfer 
processes. 
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Figure 7: Total heat flux distribution in the model 

 
Table 5:  Simulated and Experimental Heat-transfer Parameters 

Simulated Parameters Simulated Values Experimental Values % Difference 
Heat Transfer rate, Q 146KW 147KW 0.68 

Convective Heat-transfer Coefficient, h 1080W/m2 1100 W/m2 1.8 
 
4.0 Conclusion 
      The work presents a full computational and experimental characterization of steady-state heat transfer in 
internal combustion engine cylinders.This was achieved  by integrating radial temperature measurements and heat 
flux prediction. The temperature progressively dropped from 450 °C at the combustion surface to 158 °C at a 
radial distance of 10 mm, according to the experimental results, demonstrating a strong radial thermal gradient 
that control conductive heat transport mechanism through the cylinder wall. 
      Radial distances of 44.79 mm, 48.79 mm, and 51.29 mm were recorded, with temperature fluctuations of 0.50 
°C, 11.48 °C, and 3.13 °C, indicating a significant convergence between modeling and experimental. The 
temperature field corresponded to a maximum heat flux of 5.42 × 10² W/m². The experimental heat flux of 147 
kW and the predicted value of 146 kW were also nearly matching. The calculated and experimental convective 
heat-transfer coefficients (1080 W/m²•K and 1100 W/m²•K, respectively) matched well. The validation reveals a 
small variance of 1.8% for the convective coefficient and 0.68% for heat transfer rates, all of which are below 
acceptable uncertainty bounds. This research promotes improvements in cooling system design, heat transfer 
prediction, engine longevity, and efficiency.  
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