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 A B S T R A C T

For the precise determination of the temperature distribution in technical systems using thermal modeling, the 
selected boundary conditions are crucial for the quality of the results. Especially at the contact surface between 
two components, thermal contact resistance plays a significant role in heat transfer within multicomponent 
systems. Although extensive experimental work has identified various factors influencing contact heat transfer, 
deriving universally applicable analytical models remains challenging due to the simplified assumptions made 
to represent complex surface geometries. In this work, a surface-resolved full-interface numerical model is 
presented to model the contact heat transfer coefficient between two contacting surfaces and their associated 
bodies. The numerical temperature profiles for three different sample pairings with varying surface structures 
are compared to experimental data from infrared thermography. A good agreement is observed for both 
the temperatures and the estimated contact heat transfer coefficients. The advantage of this surface-resolved 
approach is that it captures microscopic resistance due to roughness and macroscopic resistance due to long-
wavelength form within a single integrated simulation, avoiding separate multiscale treatments and keeping 
computational effort acceptable.
1. Introduction

Proper thermal management of systems during the design process 
is essential for the safe and efficient operation of technical systems 
while maintaining the specified maximum temperatures of individual 
components, such as electric motors or lithium-ion batteries [1,2]. 
Thermal modeling is an effective tool for determining the occurring 
heat flows and the resulting temperature fields within the system. 
However, the choice of boundary conditions is essential to model 
reality as accurately as possible. In technical multi-component systems, 
the interfaces between the components are of particular importance. At 
these contact surfaces between the bodies, the microscopic roughness 
caused by the production process results in a restriction of the heat 
flow and an associated temperature drop. This can be described using 
the contact heat transfer coefficient ℎc, which is defined as the ratio 
between heat flux 𝑄̇ flowing over the nominal contact area 𝐴nom and 
the resulting temperature drop 𝛥𝑇c. 

ℎc =
𝑄̇

𝐴nom𝛥𝑇c
(1)

In various experimental studies, the influence of different variables, 
such as the surface topology [3], the contact pressure [4], certain 
material parameters like surface hardness [5] and thermal conductivity 
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of the contact partners [6], the temperature level [7] and the interstitial 
medium [8] in the cavities was investigated. In order to describe the 
contact heat transfer coefficient analytically, the various influencing 
variables of the problem are divided into three sub-problems: geometry, 
mechanics and heat transfer [9]. An initial analytical correlation to 
describe the contact heat transfer coefficient was developed by Cooper 
et al. [10] and later enhanced by Mikić [11]. This can be determined 
as a function of the geometric parameters regarding standard deviation 
of profile height 𝜎 and mean of absolute slope 𝑚 of the surfaces, 
the mechanical parameters regarding surface hardness 𝐻 and contact 
pressure 𝑝 and the thermal parameter regarding thermal conductivity 𝜆. 

ℎc = 1.13 ⋅ 𝜆 ⋅
𝑚
𝜎

⋅
(

𝑝
𝑝 +𝐻

)0.94
(2)

To simplify the calculation, an isotropic surface with a Gaussian 
height distribution is assumed and real surfaces are mapped using 
simplified description parameters. However, technical surfaces do not 
always fulfill these assumptions, which often results in the analytical 
correlation overestimating the resulting contact ratio 𝐴real∕𝐴nom due 
to a homogeneous distribution of the contact points and thus also 
overestimating the contact heat transfer coefficient. These simplified 
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analytical approaches are therefore well suited for an initial estima-
tion of the contact heat transfer coefficient. However, for an exact 
estimation of the contact heat transfer without making simplifying 
assumptions, the contact area and the heat transfer phenomena that 
occur must be resolved in more detail using numerical simulations. 
Murashov and Panin [12] have developed a numerical approach based 
on the finite element method to investigate the influence of strain 
hardening during elastic–plastic deformation on the contact heat trans-
fer, using generated fractal surfaces with dimensions 90 × 90 μm. The 
surface roughness could be resolved very accurately as only a very 
small representative section of a conformal contact was simulated. 
An et al. [13] investigated the influence of the surface topology for 
conformal contact on the microscopic contact heat transfer using an 
FEM model based on generated fractal surfaces with dimensions of 125×
125 μm. However, Bahrami [14] emphasizes that it is necessary to 
consider not only the microscopic unevenness due to roughness but also 
the macroscopic unevenness due to shape changes on the contact heat 
transfer. However, the length scales of the macroscopic unevenness 
cannot be mapped if only a small representative part of the entire 
surface is simulated. To address this, Thompsen [15] developed an 
iterative multiscale model based on the finite element method, in which 
he simulated the contact surfaces at macro level and then resolved a 
measured representative contact surface at micro level together with its 
roughness. The contact heat transfer coefficient determined in this way 
was then provided to the macro simulation as a boundary condition. In 
order to determine the contact heat transfer of real, optically measured 
fractal surfaces, Frekers et al. [16] developed a numerical methodology 
consisting of a mechanical contact simulation that simulates a surface 
segment of 2 × 2mm and a subsequent thermal simulation to map the 
near-surface temperature field in a section of 2 × 2mm × 400 μm. This 
method accurately captures the microscopic contact resistance but, due 
to the small simulation domain, cannot account for the macroscopic 
resistance arising from the overall surface form. To accurately predict 
heat transfer in real, non-conforming contacts, both resistances must 
be considered together. The primary novelty of this work, therefore, 
lies in extending this modeling methodology to resolve the entire 
surface, including its macroscopic form deviations, within a single, 
computationally efficient simulation. Unlike traditional multi-scale ap-
proaches that treat micro- and macro-scale resistances separately, the 
model described in this paper directly simulates the combined thermal 
resistance. This allows for a detailed, high-resolution validation against 
experimental temperature fields obtained via infrared thermography, 
demonstrating the model’s robustness for predicting heat transfer across 
real, complex contact interfaces.

2. Experiment

In order to validate the surface-resolved full-interface numerical 
model, the numerical results must be compared with experimental 
results. For this purpose, an infrared camera is used to record the 
resulting surface temperature fields of two contacting samples that are 
pressed against each other with a defined pressure using a materials 
testing machine. The detailed description of the experiment is given in 
the following.

2.1. Samples

The tested surfaces measure a base area of 20 × 20 mm and are 
the upper surface of a cuboid with a height of 60mm. The samples are 
made of AISI 1045 steel, the material properties of which are shown 
in Table  2. The test surface of the samples is given its final surface 
structure by the manufacturing process selected in each case. For this 
purpose, there are three different sample pairings, which differ both in 
their microscopic roughness and in their macroscopic shape due to their 
manufacturing parameters. The aim was to produce sample pairings 
with different surface structures in order to investigate the validity of 
2 
Table 1
Surface parameters of the top and bottom test surfaces for the three sample 
pairings: mean absolute slope 𝑚 and standard deviation of profile height 𝜎.
 Parameter no. 1 no. 2 no. 3
 top bot top bot top bot

 𝑚 [–] 0.11 0.11 0.12 0.13 0.02 0.12  
 𝜎 [μm] 10.33 10.05 18.43 19.20 0.82 23.24 

the model for different surfaces. The surfaces of sample pairing no. 1 
were glass bead blasted while the surfaces of sample pairing no. 2 and 3 
were milled with different manufacturing parameters. The resulting 
surfaces of the three tested sample pairings are shown in Fig.  1. It can 
be seen that the two surfaces of sample pairing no. 1 are nominally 
parallel and have a randomly distributed, isotropic height distribution. 
The milled sample surfaces of sample pairings no. 2 and 3, on the 
other hand, have a structured surface and a macroscopic unevenness. 
In addition, the surface parameters of the surfaces are shown in Table 
1. Here it can be seen that, for example, the mean of absolute slope 
of the surfaces of pairing no. 1 and 2 is very similar, although the 
surfaces look different. This emphasizes further that it is very difficult 
to describe an entire surface geometrically using just a few parameters.

2.2. Experimental setup

Accurate mounting is essential so that the specimen contact faces 
are as flat and mutually aligned as in the simulation. Manufacturing 
tolerances are compensated using shims. Pressure-sensitive films that 
discolor under load are used to map the contact-pressure distribution. 
The resulting color maps are compared with the predicted pressure 
field, and the setup is adjusted until satisfactory agreement is achieved. 
This ensures that the geometric boundary conditions in the experiment 
and simulation are the same. As a plausibility check the resulting 
measured temperature field is compared to the simulation results.

The experimental setup used mainly corresponds to that of Burghold 
et al. [17,18]. A schematic representation is shown in Fig.  2. The test rig 
consists of a servo-hydraulic compression testing machine that applies 
the test load on the samples. The applied force is recorded by a strain 
gauge. The two samples are clamped in clamping devices that are 
attached to the machine table and the movable hydraulic cylinder. To 
ensure consistency with the simulation, the specimens are mounted so 
that their contact faces are flat and mutually aligned. Manufacturing-
induced misalignment is compensated using shims. Pressure-sensitive 
films that discolor under load are used to visualize the contact-pressure 
distribution at the contact interface. The observed color maps are 
compared with the mechanical simulation, and the setup is adjusted as 
needed until acceptable agreement is achieved. This alignment proce-
dure is performed at a reference contact pressure of 16MPa. Subsequent 
measurements at higher pressure levels are performed with the same 
alignment without readjustment, ensuring that the geometric boundary 
conditions remain consistent between experiment and simulation.

Cartridge heaters are installed in the upper fixture, which preheat 
the upper sample to a temperature of 125 ◦C before the test begins, 
while the lower sample is set to a temperature of 30 ◦C. At the beginning 
of the test, the two samples are pressed together with their respective 
test surfaces and the test load is applied. The pressure is kept constant 
during each test. In total, a pressure of 16 up to 48MPa is tested in 
the test series. The resulting surface temperature field of the samples 
is recorded 50 s after the initial contact of the two samples, allowing 
the temperature equalization process to reach a quasi-stationary state, 
characterized by linear temperature profiles in the solids at some 
distance from the contact point. The contact heat transfer coefficient 
is determined from the measurement data using an inverse analysis, 
following the methodology introduced by Burghold et al. [17,18]. This 
analysis utilizes a 10 s interval of the transient measurement, recorded 
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Fig. 1. Three-dimensional scans of the upper (left) and lower (right) test surface of the three sample pairings, where colors indicate the height of the structure.
from 50 to 60 s after the initial contact. While the overall process is dy-
namic, the system exhibits quasi-steady-state behavior in this window, 
which provides a robust basis for the inverse evaluation [19,20].

An Infratec ImageIR 5300 infrared camera is used to measure the 
temperature fields. It measures in a wavelength range of 3.7 to 4.8 μm
and offers an image resolution of 320 × 256 pixels with a pixel size 
of 210 μm. For the analysis, approximately 100 × 240 pixels of this 
resolution are utilized. The surface temperature of both samples can 
thus be observed up to 25mm away from the contact plane. This area 
is called ‘‘measuring surface’’ and is coated with a black paint with 
an emissivity of 𝜖 = 0.975 to minimize ambient reflections. For the 
evaluation of the experiment and the subsequent comparison with the 
simulation, the surface temperature fields of the respective measure-
ment are first averaged over the width in 𝑥-direction, which leads to a 
1D surface temperature distribution perpendicular to the contact plane. 
As a boundary condition in the simulation the temperature at a distance 
of 25mm from the contact plane is used.

The experimental setup is designed to ensure predominantly one-
dimensional heat transport in the axial direction. Although the samples 
are not fully insulated, the influence of radial heat losses is minimal. 
For the steel samples (thermal conductivity 𝜆 = 51.8W∕(mK)) with a 
3 
cross-section of 20 × 20mm2, a total heat loss coefficient from the sides 
is assumed to be 10W∕(m2 K). This value is estimated based on typical 
correlations for natural convection and radiation, considering an aver-
aged sample surface at 65 °C and ambient air at 20 °C. With this heat loss 
coefficient, the Biot number is calculated as Bi = ℎloss𝐿𝑐

𝜆 ≈ 0.000965, 
where 𝐿𝑐 is the characteristic length (Volume/Area). Since Bi ≪ 1, 
temperature gradients within the cross-section are negligible, validat-
ing the 1D assumption within the bulk material. Nevertheless, the 
numerical model explicitly accounts for these 3D heat transport phe-
nomena by implementing the side losses as boundary conditions.

2.3. Uncertainty analysis

As the contact heat transfer coefficient ℎc is obtained by inverse 
optimization, its uncertainty is evaluated by perturbing input data and 
model parameters and re-solving the inverse problem. The dominant 
input uncertainties are infrared temperature noise (NETD, per-pixel 
standard deviation 𝜎NETD = 0.5K) and the emissivity of the coated 
measurement surfaces of the specimens, with 𝜀 = 0.975 and 𝜎𝜀 = 0.01. 
In the inverse evaluation, thermophysical properties are used as model 
inputs. The thermal diffusivity 𝑎 combines thermal conductivity 𝜆, 
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Fig. 2. Schematic of the experimental setup, showing the upper and lower 
samples, clamping devices, and the field of view of the infrared camera.
Source: Adapted from Burghold et al. [17].

Table 2
Material properties of AISI 1045 steel.
 Property Symbol Value  
 Thermal conductivity 𝜆 51.8W∕(mK) 
 Thermal diffusivity 𝑎 13.92mm2∕s  
 Young’s modulus 𝐸 210GPa  
 Poisson’s ratio 𝜈 0.3  
 Hardness 𝐻 2200MPa  

density 𝜌, and specific heat 𝑐𝑝 (𝑎 = 𝜆∕(𝜌𝑐𝑝)) and thus serves as the 
material input for the estimation of ℎc. A relative standard uncertainty 
of 2% is assumed for 𝑎 (𝜎𝑎∕𝑎 = 0.02), which corresponds to 𝑎 =
13.92 ± 0.28mm2∕s in this study.

The influence of these uncertainties on the estimated contact heat 
transfer coefficient ℎc is evaluated using an inverse Monte Carlo anal-
ysis [21]. In each Monte Carlo replicate, the emissivity used in the 
radiometric conversion is treated as a truncated normal (Gaussian) 
variable with mean 0.975 and standard deviation 0.01 and is bounded 
to [0.85, 0.999]. Per-pixel NETD noise is modeled as zero-mean Gaussian 
with a standard deviation of 0.5K and is added to the infrared tem-
perature field. The thermal diffusivity 𝑎 is modeled as Gaussian with 
mean 13.92mm2∕s and standard deviation 0.28mm2∕s. Unless stated 
otherwise, perturbations are sampled independently. For each pressure 
level and for both pairings, 𝑁 = 50 independent replicates are com-
puted. Expanded uncertainties are reported as 𝑈 = 2𝑠 with coverage 
factor 𝑘 = 2, which corresponds to approximately 95% coverage.

3. Numerical model

3.1. Geometry

The first step in modeling is the geometric description of the contact. 
It is therefore essential to be able to describe the two touching surfaces 
as accurately as possible. For this purpose, real surfaces of manufac-
tured samples are scanned using a white light interferometer. The entire 
nominal contact area of 20 × 20mm is captured and used directly in 
the model. The three-dimensional surface scans are represented in a 
two-dimensional matrix as a function of the 𝑥 and 𝑦 coordinates, where 
each entry corresponds to the respective surface height 𝑧(𝑥, 𝑦), forming 
half-space geometries. By accurately mapping the entire surface, it is 
possible to map both microscopic and macroscopic irregularities on 
the surface. For the subsequent modeling of contact heat transfer, 
4 
Fig. 3. Comparison of RMSE of measured and calculated temperature pro-
files as a function of number of grid elements 𝑁𝑥 for two sample pairings 
(𝑝=16MPa, 𝑦=0mm).

the required resolution of the surfaces is first assessed to minimize 
the computational effort while keeping computing time and memory 
requirements within acceptable limits. For this purpose, the Root Mean 
Square Error (RMSE) of the resulting temperature profile on the mea-
suring surface is presented in a grid study for sample pairing no. 1 and 
no. 2 at a contact pressure of 16MPa as a function of the respective 
grid points in the 𝑥–𝑦 direction N𝑥 in comparison to the measurement 
shown in Fig.  3.

It can be observed that the temperature RMSE curves for the two 
pairings show initially quite different levels, with the RMSE for pairing 
no. 1 (isotropic) being less affected by improved grid resolution. How-
ever, for pairing no. 2 (structured) a clear reduction of the RMSE is 
found for an increased grid resolution. At a resolution of N𝑥 = 768, the 
RMSE between simulation and measurement is approximately 0.4K for 
pairing no. 1 and 0.29K for pairing no. 2, respectively. These values 
are relatively small compared to the occurring temperature levels in 
the experiment. Therefore, a surface resolution of 768 × 768 cells is 
considered appropriate for the scope of this work, which corresponds 
to 𝛥𝑥 = 𝛥𝑦 = 26 μm. Although this does not allow for resolving the finest 
surface structures, it seems to be sufficiently precise for accurately 
mapping the temperature profile.

3.2. Mechanical modeling

A surface-resolved full-interface half-space contact model with
elastic–plastic deformation is used for the mechanics. In this me-
chanical modeling, only the elastic and plastic deformation of the 
surfaces is considered and not the entire body as in a three-dimensional 
FEM. The advantage of this method lies in its emphasis on surface 
behavior, which is crucial for understanding the contact mechanics. As 
a result, the surface can be resolved with greater detail, allowing for 
more efficient use of computational resources by avoiding unnecessary 
complexity in the solid body. However, it is important to note that this 
model is limited to capturing normal forces and linear deformations 
along the 𝑧-axis, excluding tangential forces or moments from consid-
eration. The framework of the mechanical modeling is primarily based 
on the work of Goerke and Willner [22] and Beyer [23].

Using the mechanical model, the corresponding contact pressure is 
calculated from the deformation of the touching surface points of the 
two surfaces. To determine the contact points, the distance between 
the center planes of the top  𝑧top(𝑥, 𝑦) and bottom surface 𝑧bot (𝑥, 𝑦)
is described by the mean separation length 𝛿. Reducing this distance 
causes an increasing number of surface points to overlap and come into 
contact. In this modeling approach, the two surfaces are combined into 
one surface profile and later broken down into the individual surfaces 
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again. To determine the overlap of the surfaces 𝑢𝑧(𝑥, 𝑦), the combined 
surface is pressed against another flat, rigid surface by the specified 
distance 𝛿. 
𝑢𝑧(𝑥, 𝑦) =

(

𝑧top(𝑥, 𝑦) + 𝑧bot (𝑥, 𝑦)
)

− 𝛿 (3)

All positive entries of 𝑢𝑧(𝑥, 𝑦) represent contact points between the 
two surfaces, while there is no contact at the negative entries and they 
are set to 0.

For purely elastic deformation 𝑢𝑧,el(𝑥, 𝑦), the resulting contact pres-
sure field 𝑝 can be determined with the rigidity matrix 𝐶: 

𝑢𝑧,el(𝑥𝑘, 𝑦𝑘) =
N2
𝑥

∑

𝑙=1
𝐶𝑘𝑙 ⋅ 𝑝(𝑥𝑙 , 𝑦𝑙) (4)

This rigidity matrix 𝐶 describes the elastic displacement of each 
surface element (𝑥𝑙 , 𝑦𝑙) with the dimensions of 2𝛼 × 2𝛽, which results 
from the pressure on another single surface point 𝑝(𝑥𝑘, 𝑦𝑘) as a function 
of the equivalent modulus of elasticity 𝐸∗. 

𝐶𝑘𝑙 =
1

𝜋𝐸∗ ⋅ ∫

𝛼

−𝛼 ∫

𝛽

−𝛽

1
√

(𝑥𝑘 − 𝑥𝑙 − 𝜉)2 + (𝑦𝑘 − 𝑦𝑙 − 𝜂)2
d𝜂d𝜉 (5)

This can be determined from the modulus of elasticity 𝐸 and the 
Poisson ratio 𝜈 of the two surfaces: 

𝐸∗ =

(

1 − 𝜈2top
𝐸top

+
1 − 𝜈2bot
𝐸bot

)−1

(6)

However, since only the total surface overlap 𝑢𝑧(𝑥, 𝑦) can be deter-
mined iteratively using Eq.  (3), the elastic deformation 𝑢𝑧,el is replaced 
by 𝑢𝑧 and thus the pressure profile is determined. The resulting system 
of linear equations is solved using the Gauss–Seidel method with a 
solver tolerance of 1e-10. 
𝑝(𝑥, 𝑦) = 𝐶−1 ⋅ 𝑢𝑧(𝑥, 𝑦) (7)

In order to improve the computational performance so that larger 
surfaces can also be calculated with a high resolution, the active set 
strategy is implemented [24]. This allows the linear system of equations 
to be reduced by only calculating the pressure field 𝑝(𝑥, 𝑦) at the points 
where contact actually occurs and no longer the entire surface, which 
significantly reduces the required matrix size. The elastic deformation 
of the surface is restricted to a local pressure ranging from 𝑝(𝑥, 𝑦)=0 
(compressive forces only) to  𝑝(𝑥, 𝑦) = 𝐻 , with 𝐻 representing the 
microhardness of the material. As soon as the local pressure exceeds 
the microhardness 𝐻 , plastic deformation occurs, which no longer 
prevents further deformation. The microhardness 𝐻 at the surface of 
the materials can be calculated according to Hencky [25] using the 
yield strength 𝜎𝑦 of the material. 

0 ≤ 𝑝(𝑥𝑙 , 𝑦𝑙) ≤ 𝐻 = 2.8 ⋅ 𝜎𝑦 (8)

The pressure field 𝑝(𝑥, 𝑦) determined with the help of the total 
deformation 𝑢𝑧 can be used in the next step to calculate the elastic 
deformation 𝑢𝑧,el using Eq.  (4). Finally, the resulting plastic deforma-
tion 𝑢𝑧,pl of the surface can then be determined using the difference 
between the known total overlap 𝑢𝑧 and the elastic deformation 𝑢𝑧,el. 
𝑢𝑧,pl(𝑥, 𝑦) = 𝑢𝑧(𝑥, 𝑦) − 𝑢𝑧,el(𝑥, 𝑦) (9)

After determining the total deformation of the combined surface 
for the specified contact pressure of the combined surface, it has to be 
partitioned between the two individual surfaces. By using the definition 
of the elastic strain of the surface, the elastic displacement 𝑢𝑧,el of 
the two surfaces can be determined as a function of the material 
properties [26]. 
𝑢𝑧top ,el ⋅ 𝐸top

1 − 𝜈2top
=

𝑢𝑧bot ,el ⋅ 𝐸bot

1 − 𝜈2bot
(10)

The second equation required for the partition is that the total 
elastic deformation must be equal to the sum of the elastic deformations 
of the individual surfaces. 
𝑢 = 𝑢 + 𝑢 (11)
𝑧,el 𝑧top ,el 𝑧bot ,el
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3.3. Thermal modeling

Following the mechanical modeling of the contact to determine 
the contact geometry, a thermal simulation is set up to determine the 
resulting temperature field of the samples in contact. For this purpose, 
the deformed surfaces are modeled with the corresponding base bodies 
in a three-dimensional model, requiring the solution of the stationary 
three-dimensional heat conduction equation: 

0 = 𝜆𝜕
2𝑇
𝜕𝑥2

+ 𝜆𝜕
2𝑇
𝜕𝑦2

+ 𝜆𝜕
2𝑇
𝜕𝑧2

(12)

For the numerical solution, the equation is discretized using the 
finite volume method. To do this, the computational domain of the 
sample bodies is structured into a block-structured computational grid. 
The grid of the thermal simulation is discretized in the 𝑥–𝑦 expansion 
with the same cell size as the mechanical simulation. To select the 
required 𝑥–𝑦 resolution, a grid study is carried out using sample pairing 
no. 1. The resulting calculated temperature field at the front of the 
sample is then compared with the measured one and the root mean 
squared error (RMSE) is calculated. For this purpose, a mechanical 
simulation with a subsequent thermal simulation is carried out for the 
respective 𝑥–𝑦 resolution. The results are shown in Fig.  3. It can be 
seen that the RMSE at a resolution of 768 × 768 cells is approx. 0.4K
and that the change in the RMSE also decreases significantly with 
the number of grid points. Based on this comparison of the surface 
temperature profile, the chosen resolution of 768 × 768 cells is con-
sidered appropriate for the scope of this work and for accurately 
mapping the temperature profile both at the surface and throughout 
the bulk material, which corresponds to 𝛥𝑥 = 𝛥𝑦 = 26 μm. Although 
this does not allow for resolving the finest surface structures, it is 
sufficiently precise for accurately mapping the temperature profile on 
the measuring surface.

In a second grid study, the sensitivity of the cell size in the 𝑧-
direction at the boundary near the contact plane is investigated. The 
results indicate that 𝛥𝑧 = 3μm is a suitable value for the smallest cells in 
the contact plane between the samples. As shown in Fig.  4(b), this cell 
size is consistently applied in the regions of the rough surfaces. Moving 
away from the contact plane, the cell size in 𝑧-direction increases by a 
factor of 2, meaning that each cell in the 𝑧-direction is always twice 
as large as its predecessor. This allows the total number of cells to be 
significantly reduced and the calculation time to be shortened without 
affecting the quality of the numerical result. The resulting calculation 
grid for the thermal simulation is shown in Fig.  4(a) for the front outer 
surface of the sample bodies.

No additional thermal resistance is taken into account at the solid 
contact point between a cell of the upper and lower sample, but 
rather pure thermal conduction in the solids. This simplification is 
consistent with foundational analytical approaches in contact heat 
transfer, such as those by Cooper et al. [10] and Mikić [11]. Since 
the cavities between the two surfaces in the experiment are filled with 
air, pure thermal conduction through the air is also assumed there. A 
conservative estimation for the experimental conditions representing 
the maximum observed temperature difference (interface temperatures 
of approximately 75 ◦C for the upper and 55 ◦C for the lower sample) 
shows that the contribution of radiation to the total heat flux is below 
0.1%. This confirms that neglecting radiation does not introduce a 
significant source of error for the temperature range considered in this 
study. For the solution of the heat conduction equation, the boundary 
conditions at the top and bottom of the sample bodies are selected as 
constant temperatures, which are read from the experiment. For the 
outer surfaces of the bodies, a heat loss to the environment ℎloss =
10W∕(m2 K) due to natural convection and radiation is modeled, where 
the ambient air has a constant temperature of 𝑇amb = 20 ◦C. Finally, a 
solver based on the conjugate gradients with a solver tolerance of 1e-10 
is selected to solve the system of equations.
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Fig. 4. Thermal simulation grid for pairing no. 1 at 𝑦 = 10mm and 𝑝 = 16MPa, 
where yellow represents the upper sample, dark blue the lower sample and 
white the ambient air.

4. Validation

In order to validate the surface-resolved full-interface numerical 
model, the temperature profiles of the experiment and simulation of the 
different sample pairings on the front observation plane of the infrared 
camera are first compared with each other. Fig.  5 shows the results for 
sample pairing no. 1, which has isotropic, glass-bead-blasted surfaces, 
for a contact pressure of 16MPa.

First, in Fig.  5(a), the simulated pressure distribution in the contact 
plane is shown as a result of the mechanical simulation. It is evident 
that the two bodies are only in contact at discrete spots, which is due 
to surface roughness. The contact spots are evenly distributed over the 
surface, which is due to the isotropic height distribution of the surfaces. 
Fig.  5(b) shows the calculated resulting geometry of the contact of 
the bottom and top side, taking into account the elastic and plastic 
deformation due to the occurring pressure field. As in the pressure 
field, the macroscopically flat shape of the two surfaces shows the 
uniform distribution of the contacts and a similar size of the cavities. 
Fig.  5(c) shows the resulting measured and calculated temperature field 
on the front side of the samples (𝑦 = 0mm) near the contact plane. The 
simulated isotherms are nearly horizontal, consistent with the uniform 
contact distribution predicted by the mechanics. When comparing the 
two temperature fields, it is noticeable that the measured and simulated 
temperature fields match except for a few small deviations, which 
can be explained by noise due to measurement inaccuracies. For a 
better comparison of the measured and simulated temperatures, the 
two temperature fields are each averaged in the 𝑥-axis direction and 
6 
are then shown as a line plot in Fig.  5(d). In both cases, almost 
linear temperature curves are observed in the two sample solids, which 
confirms the quasi-steady state. The gradient in measurement and 
simulation is also the same, which suggests that the heat flow in the 
samples is the same. A temperature jump is observed in the contact 
plane, which is caused by the microscopic contact resistance due to the 
surface roughness and the resulting smaller contact area. This is also the 
same in the measurement and in the simulation. From an examination 
of the contact geometry in Fig.  5(b), it is clearly visible that the contact 
points are evenly distributed over the contact surface. However, there 
are not so many contact points directly at the edge and therefore no 
good heat paths, which explains why the temperature profiles flatten 
out near the contact zone (𝑧 = 0mm). These comparisons validate the 
model for nominally flat, isotropic surfaces.

Next, the results for sample pairing no. 2 at a contact pressure 
of 𝑝 = 16MPa are shown in Fig.  6. In this pairing, the two surfaces have 
a macroscopic surface profile in addition to the microscopic surface 
roughness due to the milling process selected for manufacturing, so that 
the two samples are more elevated in the 𝑦-axis direction in the center 
than at the edge. The influence of this macroscopic unevenness on the 
mechanics and geometry of the contact is evident in the calculated pres-
sure field in Fig.  6(a). There it is observed that the contact spots mainly 
form line contacts in the center of the sample (𝑦 = 8 − 11mm) and are 
therefore not so well distributed over the entire surface. The same is 
confirmed by a look at the resulting contact geometry in Fig.  6(b). In 
the measured temperature field on the front of the sample Fig.  6(c) it is 
also noticeable that the isotherms are almost horizontal in this case too. 
This is due to the fact that even if the contacts are not homogeneously 
distributed over the surface, they are still evenly distributed across 
the width. The simulation also shows the same behavior. The exact 
temperature profile is better visualized in the line plot in Fig.  6(d). 
Almost linear temperature profiles are observed in the solid material 
of both samples. The temperature gradient near the contact plane (𝑧 =
0mm) decreases, which is due to the macroscopic unevenness of the 
sample surfaces. As evident in the pressure profile in Fig.  6(a), there is 
no contact directly at the measuring surface (𝑦 = 0mm). This explains 
the decreasing gradient on the front side, as less heat can be transferred 
there than in the areas in the middle of the samples where there is 
contact. For this sample pairing, both a microscopic contact resistance 
due to the surface roughness and a macroscopic contact resistance 
due to the surface shape are present [14]. The temperature profile 
of the simulation shows good agreement with the measurement. This 
demonstrates that the model also captures contact heat transfer for 
surfaces with superimposed macroscopic form.

Finally, Fig.  7 shows the results for sample pairing no. 3 at a contact 
pressure of 16MPa. Due to the macroscopic U-shaped unevenness of 
the lower sample, the pressure profile in Fig.  7(a) shows that only line 
contacts occur at the edges (𝑥 = 0 − 1mm and 𝑥 = 19 − 20mm) and 
there is no contact at all in the middle. This is confirmed by the diagram 
shown in Fig.  7(b), according to which the samples lie on top of each 
other at the edge while a distance of approx. 𝛥𝑧 = 60 μm remains in the 
middle. However, after the experiment, contact marks were detected in 
the center of the upper sample. The only possible explanation for this 
is a lateral displacement of the macroscopic protrusions at the edges 
of the lower sample. In the resulting simulated temperature field at 
the front side in Fig.  7(c), the curved isotherms at the edges indicate 
that these are also the spots in the thermal model where most of the 
heat is transported. Comparing this with the infrared images, it is 
observed that the isotherms there run horizontally, suggesting a more 
uniform heat flow over the entire surface. While a temperature jump 
of approx. 𝛥𝑇c = 20K occurs in the simulation in the contact plane, 
this is significantly smaller in the measurement at approx. 𝛥𝑇c = 8K. 
It is also noticeable that the temperature gradient in the upper and 
lower sample is significantly smaller in the simulation than in the 
measurement, which means that significantly more heat flows in the 
bodies in reality than the simulation states. This indicates that the 
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Fig. 5. Simulated and measured results compared for sample pairing no. 1 for a contact pressure of 16MPa. Subfigures (a) and (b) present the mechanical 
simulation results, and (c) and (d) present the thermal simulation results.

Fig. 6. Simulated and measured results compared for sample pairing no. 2 for a contact pressure of 16MPa. Subfigures (a) and (b) present the mechanical 
simulation results, and (c) and (d) present the thermal simulation results.
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Fig. 7. Simulated and measured results compared for sample pairing no. 3 for a contact pressure of 16MPa. Subfigures (a) and (b) present the mechanical 
simulation results, and (c) and (d) present the thermal simulation results.
thermal simulation was not set up with the correct geometric boundary 
conditions for this case. Consequently, the underlying mechanical half-
space model does not capture the actual contact for this pairing. This 
is very likely due to the fact that only normal forces from linear 
displacements in the 𝑧-axis direction can be mapped in this half-space 
model and not tangential forces or displacements in the 𝑥 or 𝑦-axis 
direction or torques. Due to the macroscopic shape of the surface of 
the lower specimen, however, displacements in the 𝑥-axis direction are 
to be expected there in particular. This highlights a limitation of the 
present mechanics and indicates that reliable prediction is expected 
for surface geometries where normal forces and normal displacements 
along the 𝑧-axis dominate [27].

5. Results

In the following, the contact heat transfer coefficient ℎc for the two 
previously validated pairings no. 1 and no. 2 is determined as a func-
tion of the contact pressure 𝑝 using the surface-resolved full-interface 
numerical model. To simplify the basis for calculating the contact heat 
transfer coefficient, heat loss at the outer surfaces of the samples to the 
ambient is neglected. In this way, the heat flow in 𝑧-direction remains 
constant in both samples and the contact heat transfer coefficient ℎc can 
be determined simply via the series connection of thermal resistances 
assuming one-dimensional heat conduction, as shown in Eq.  (13). 

𝑄̇ =

(

1
𝛥𝑧sample,top

𝜆 + 1
ℎc

+
𝛥𝑧sample,bot

𝜆

)

⋅ 𝐴nom ⋅ 𝛥𝑇

ℎc =

(

𝐴nom ⋅ 𝛥𝑇
𝑄̇

−
𝛥𝑧sample,top + 𝛥𝑧sample,bot

𝜆

)−1
(13)

It should be noted that the contact heat transfer coefficient ℎ𝑐 is 
quite sensitive to changes in the heat flow rate 𝑄̇, which is determined 
from the calculated 3D temperature field. When refining the grid, there 
8 
is an interplay in the contact zone between cell sizes and contact 
geometry, which cannot be avoided. As a result, slight differences in the 
calculated temperature field might occur. These lead to slight changes 
in heat flow rate 𝑄̇, which in turn affects the contact heat transfer 
coefficient ℎ𝑐 . Thus, although the temperature RMSE is taken as the 
criterion for the determination of a sufficient grid resolution, as the 
temperature field is the result of the calculation, a remaining influence 
on the heat transfer coefficient cannot be avoided.

Fig.  8 shows the pressure-dependent contact heat transfer coef-
ficients ℎc(𝑝) determined using the new numerical method for the 
sample pairings no. 1 and no. 2 at a grid resolution of 768 × 768. As 
comparative values, the results of the old model by Frekers et al. [16] 
are shown for comparison. In this model, only a section of the surfaces 
of 2 × 2mm in the middle of the sample surfaces is simulated with a 
grid resolution of 400 × 400. In addition, experimentally determined 
contact heat transfer coefficients are presented, which are obtained 
using an inverse evaluation method based on the temperature fields 
measured with the infrared camera introduced by Burghold et al. [17,
18]. For the experimental measurements, uncertainty is quantified via 
an inverse Monte Carlo analysis. The expanded uncertainties (𝑈 = 2𝑠, 
𝑘 = 2) are listed in Table  3 and remain small across all pressures 
(no. 1: 2.63 - 3.13%, no. 2: 0.87 - 1.76%). This indicates robustness of the 
inverse estimation within the tested perturbation ranges. As a further 
comparison, the heat transfer coefficient determined empirically using 
the Mikić correlation is shown [11].

For sample pairing no. 1, a logarithmic profile for the contact heat 
transfer coefficient over pressure can be seen in all four curves. It is 
noticeable that the contact heat transfer coefficients determined with 
the new model are in strong agreement with the experimental results. 
The result from the Mikić correlation also shows a high degree of agree-
ment with these two results. This is probably due to the fact that this 
correlation was developed precisely for a case with isotropic surface 
profiles. What is striking is that the slope of the empirical correlation 
is slightly larger than that of the numerical and experimental results. 
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Fig. 8. Comparison of calculated and measured contact heat transfer coefficients as a function of contact pressure.
Table 3
Inverse Monte–Carlo expanded uncertainties (𝑈 = 2𝑠, 𝑘 = 2) for the experimen-
tal ℎ𝑐 obtained by inverse evaluation at the tested contact pressures (pairings 
no. 1 and no. 2). Reference values ℎ𝑐,ref  are the unperturbed experimental 
inverse results.
 Pairing 𝑝 in MPa ℎ𝑐,ref in W∕(m2 K) 𝑈 in W∕(m2 K) 𝑈∕ℎ𝑐,ref in %
 

No. 1

15.5 7164 204 2.84  
 22.3 9179 287 3.13  
 31.9 11789 331 2.81  
 41.0 15072 406 2.69  
 53.2 17813 468 2.63  
 

No. 2

15.8 2738 48 1.76  
 22.7 3481 50 1.43  
 31.4 3374 52 1.54  
 41.8 4297 40 0.92  
 53.9 5383 47 0.87  

This is due to the fact that the correlation assumes surfaces without 
macroscopic unevenness. However, the manufactured samples have a 
minimal macroscopic unevenness, which reduces the contact area. The 
values calculated by the old model of Frekers et al. [16] are higher 
than the other results. This is due to the fact that only the microscopic 
resistance due to roughness is considered in this model, as only a small 
segment of the surface is calculated. Since the sample pairing no. 1 has 
hardly any macroscopic surface shape, the deviation is quite small.

For sample pairing no. 2, the four curves again each have a loga-
rithmic profile. Here too, the results of the new model are close to the 
experiments and show good agreement. The slope of the curve from 
Mikić’s correlation is significantly higher than that of the other two. 
This makes it clear once again that this correlation can only be used 
to a limited extent for complex surface geometries, as this cannot be 
mapped with the two surface parameters of root mean square roughness 
and mean of absolute slope. This still works well for isotropic surfaces, 
but is much more difficult for structured surfaces. The results of the old 
model by Frekers et al. are significantly higher in this case, which is due 
to the more pronounced macroscopic unevenness of the samples. As a 
result, the effect of the macroscopic thermal resistance, which cannot 
be reproduced by this model, is much more pronounced here.

6. Conclusion

This paper presents a surface-resolved full-interface numerical
model for the determination of contact heat transfer coefficients be-
tween two measured surfaces. The approach not only models the 
temperature distribution near the surface but also the distribution 
within the solid samples. This allows for a comprehensive analysis that 
accounts for microscopic contact resistance due to surface roughness 
and macroscopic contact resistance arising from long-wave surface 
9 
shapes. Utilizing this model, it is possible to assess the contact area and 
geometry, as well as the resulting temperature field at the interface. The 
numerical model was validated against surface-temperature measure-
ments obtained by infrared thermography. The temperature profiles 
from both the experiment and simulation show good agreement. A 
limitation of the mechanical model is its capability to represent only 
normal surface deformation during contact.

Using this model, the pressure-dependent contact heat transfer coef-
ficient for each sample pairing can be derived based on the calculated 
temperature field. The results indicate that incorporating macroscopic 
resistance by modeling the entire sample surface improves the align-
ment of the determined heat transfer coefficients with experimental 
results compared to models that do not account for this factor. Future 
research will focus on advancing the mechanical model to better cap-
ture three-dimensional surface deformations, similar to finite element 
method (FEM) simulations, enabling validation across a broader range 
of surface geometries.

 Nomenclature
 Symbol Quantity Unit
 𝑎 Thermal diffusivity mm2∕s  
 𝐴 Area m2  
 𝐶 Rigidity matrix μm∕MPa  
 𝐸 Young’s modulus GPa  
 ℎc Contact heat transfer coefficient W∕(m2 K) 
 𝐻 Material hardness MPa  
 𝑚 Mean absolute slope –  
 𝑁 Number of surface elements –  
 𝑝 Contact pressure MPa  
 𝑄̇ Heat flow rate W  
 𝑇 Temperature K  
 𝑢𝑧 Overlap μm  
 𝑥, 𝑦, 𝑧 Coordinates μm  
 𝑧 Surface height (matrix) μm  
 𝛿 Mean separation length μm  
 𝜀 Emissivity –  
 𝜂, 𝜉 Local coordinates μm  
 𝜆 Thermal conductivity W∕(mK)  
 𝜈 Poisson’s ratio –  
 𝜎 Std. dev. of profile height μm  
 𝜎y Yield strength MPa  
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