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ABSTRACT: The relation between turbulent flow features and their thermal footprint in a turbulent 
boundary layer downstream of wall‑ proximity ribs is investigated experimentally. The study focuses on the 
detection and analysis of the different turbulent structures responsible for the Nusselt number augmentation, 
aiming at obtaining a better understanding of the underlying physics of heat-transfer enhancement. Heat 
transfer and flow velocity measurements are performed at a Reynolds number (based on the free-stream 
velocity and rib height) equal to 4600. Square ribs are tested at two different gaps (0.25 and 0.5 ribs 
diameters) and in a wall-attached configuration. Infrared (IR) thermography measurements are performed 
capturing images of the wall temperature at a rate of 1.5 kHz. A low-thermal-inertia heat transfer sensor 
allows to study the unsteady variation of the convective heat-transfer coefficient on the wall downstream of 
the obstacles. Utilizing modal analysis based on Proper Orthogonal Decomposition the different heat 
transfer modes are identified and ranked by their contribution to the wall Nusselt number variance. Modal 
analysis on velocity-field measurements is also carried out to discuss flow-field features in view of the 
obtained convective heat-transfer modes. The present work shows a clear relation, proven through the strong 
correlation between flow field and convective heat-transfer mode energy content, between the convective 
heat transfer and the presence of coherent, near-wall turbulent structures. 

 

1 Introduction 
In several industrial fields, such as electronic packaging and turbomachinery, the cooling capabilities 
have become a technology driving factor (see, e.g. Refs. [1,2]) due to the need of removing high 
amounts of heat from compact spaces. The inclusion of obstacles and roughness elements to enhance 
transport in the boundary layers is common since it provides a twofold advantage, both due to the 
increased surface interested by the convection and to the capability of generating beneficial secondary 
flow structures. On the downside, the recirculation zone generated in the wake immediately 
downstream of wall-mounted obstacles results in a local reduction of the convective heat transfer 
coefficient, thus leading to the formation of hot spots [3-5]. Attempts to tackle this issue, both when 
dealing with 3D obstacles (e.g. as cubes [6]) and with two-dimensional ribs [5,7], have led to some 
modified designs able to improve heat-transfer performances. 
Recently, Mallor et al. [6] proposed the use of perforated obstacles to change the topology of the 
reattaching wake past the obstacle. The proposed approach is based on creating an impinging jet past 
the obstacle, which locally enhances the convective heat transfer. Another suitable option to enhance 
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the performances of spanwise ribs is represented by the use of detached wall-proximity ribs [8], which 
suppress the near-wall recirculation zone downstream of the rib. However, this also causes the tilt of 
the obstacle wake in the wall-normal direction [6], resulting in a performance penalty further 
downstream. In their recent work He et al. [5] report detailed flow field and heat transfer measurements 
by means of Particle Image Velocimetry (PIV) and Temperature Sensitive Paints showing that the 
presence of a gap between the rib and the wall promotes the formation of a wall jet, allowing to remove 
the hot spot immediately downstream of the rib. Proper Orthogonal Decomposition (POD) of PIV data 
is used to visualize the different flow structures in the wake showing that for a rib attached or very 
close to the wall the dominant feature is represented by a flapping motion of the wake of the rib while, 
increasing the gap beyond 0.5 rib heights the dominant feature is the vortex shedding from the rib 
which behaves like a cylinder in ground effect [9]. 
The description of the flow field modes with higher turbulent kinetic energy content allows to 
hypothesize the sources of wall convective heat transfer enhancement and deterioration; however, as 
shown by Antoranz et al. [10], although in the present problem the internal energy can be treated as a 
passive scalar, the effect of the boundary conditions should be taken into account at the moment of 
ascertaining the sources of heat transfer enhancement from the flow field topology. The recent 
development of experimental approaches which allow for the time-resolved estimation of wall 
turbulent heat fluxes [11,12] allows for the analysis of the unsteady variation of the wall Nusselt 
number maps, thus complementing the description and identification of the main driving factors in the 
heat transfer enhancement. 
This work presents a combined use of PIV and time-resolved Infrared (IR) thermography 
measurements, allowing to analyse both time average and instantaneous flow field and Nusselt number 
variation. The complexity of the setup required for the measurement synchronization [13] is overcome 
by analysing the dataset with a statistical approach. A Proper Orthogonal Decomposition of the flow 
fields and of the wall Nusselt number maps allows to discuss the relation between the turbulent features 
and their thermal footprint. 

2 Experimental approach and data analysis 
The IR thermography and PIV measurements were performed in the Göttingen type wind tunnel of the 
Aerospace Engineering Group at the Universidad Carlos III de Madrid (UC3M). The tunnel has a 
square test section of 0.4 m x 0.4 m and is capable of reaching a maximum speed of 20 m/s with a 
streamwise turbulence intensity below 1%. The schematic of the experimental setup is reported in 
Figure 1. A splitter plate with a thickness of 10 mm was mounted in the test section at a distance of 0.1 
m from its back wall. A 2.4 mm high turbulator strip was placed at a distance of 75 mm from the 
leading edge in order to fix the transition location and obtain a fully developed turbulent boundary 
layer downstream in the measurement section. Care was taken to ensure that the turbulent boundary 
layer at the measurement location was not affected by tripping effects [14].  
Square two-dimensional ribs with 10 mm side length L were used as obstacles. In order to characterize 
the boundary layer parameters, an enhanced-resolution ensemble-PTV approach [15-16] is applied in a 
test with a clean boundary layer. The absolute wall position and the friction velocity have been 
estimated using the composite profile given in Ref. [17]. The boundary layer thickness  (here 
defined as the position at which 99% of the freestream speed is attained) has been determined to be of 
4.2 cm ( ) at the point where the ribs were placed resulting in having ribs with a height equal 
to approximately a quarter of the local boundary layer thickness ( ).  
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Fig.1:  Sketch of the experimental set-up. a) Test section arrangement. b) Close-up of the thin foil configuration. c) 

Obstacle configuration and coordinate system. 
 
The rib was placed at three different heights  from the wall: 0, 2.5 and 5 mm, corresponding to 

 and 0.5. Measurements performed in the clean boundary layer are used as a baseline to 
which compare the influence of the obstacles. Thus, a total of 4 different configurations were analysed. 
In all the cases, the velocity of the wind tunnel was set to 7.1 m/s, obtaining a local Reynolds number 
equal to 4600 (using the side length  as characteristic length). 
A stainless steel thin foil with a thickness of 10 m was flash mounted on the flat plate, leaving a 2 mm 
gap in between the splitter plate substrate and the thin foil (as sketched in figure 1 b). The foil was 
heated with a constant heat flux by Joule effect passing a current through it ( , with  and 
 being respectively voltage and supplied current, and  being the surface of the foil) and cooled by 

the air stream. The electrical power was provided using a stabilized power supply ( , ). 
Moreover, compression springs were used in order to assure the flatness of the foil and to eliminate 
vibrations caused by the flow. 
In order to obtain the convective heat transfer coefficient, the foil was modeled as a heated thin foil 
heat transfer sensor [18]. However, as mentioned in Ref. [19], the temperature fluctuation on the 
surface is attenuated both in time and space due to thermal inertia and conduction. This problem is 
partially solved by using a 10 m foil. The presence of a thin air gap between the foil and the plate 
allows to neglect heat conduction from the foil back side. The losses due to natural convection are 
found to be also negligible. The convective heat transfer coefficient is estimated from the energy 
balance through the foil: 
 

    (1) 
 
where c is the specific heat coefficient,  the foil thickness,  the foil thermal conductivity coefficient, h 
the convective heat transfer coefficient,  the wall emissivity,  the Stefan-Boltzmann constant,  the wall 
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temperature and  the adiabatic wall temperature. The foil was covered with a thin layer of high 
emissivity enamel ( ) in order to reduce the uncertainty of temperature measurements 
performed with the IR camera. The temperature at the wall is measured using a FLIR SC4000 IR 
camera, using a reduced focal plane array (128x128 instead of 320x256 elements) in order to achieve a 
frequency of acquisition equal to 1.5 kHz, with a spatial resolution of 16 pixels/L. In order to improve 
the measurement of the small temperature fluctuations involved in the problem,  IR images were 
acquired and noise fluctuations were removed with the filter developed in Ref. [12], keeping the first 
200 fluctuation modes. 
The flow fields have been measured with PIV. The measurements are performed in the 
streamwise/wall-normal plane at the wind tunnel symmetry axis. The experimental setup is essentially 
the same as that described in Ref. [9]. A dual cavity Nd:Yag Quantel Evergreen laser is used in order to 
illuminate Di-Ethyl-Hexyl-Sebacate seeding particles. The recording device is an Andor sCMOS 
camera, equipped with a lens with 50 mm focal length and using a focal ratio  equal to 11. Images 
were recorded with a spatial resolution of 22 pixels/mm. Sets of 2000 image pairs have been captured 
for each of the 4 test cases. The raw images were preprocessed to remove the background due to the 
strong reflections using the eigenbackground removal procedure described in Ref. [20]. A custom-
made PIV software developed at the University of Naples Federico II was used to perform digital 
cross-correlation analysis of the particle images [21] to calculate the velocity fields. The interrogation 
strategy is an iterative multi-grid/multi-pass [22] image deformation algorithm [23], with final 
interrogation windows of 64 × 64 pixels with 75% overlap (the final vector spacing is equal to 16 
pixels, i.e. 0.72 mm, which results in 14 vectors/ ). B-spline interpolation schemes were used to 
improve the accuracy of the PIV processing [24]. The vector validation to identify invalid vectors was 
carried out with a universal median test [25] on a 5 × 5 vectors kernel and an error threshold equal to 2. 
Discarded vectors were replaced with a distance-weighted average of neighboring valid vectors.  
A Proper Orthogonal Decomposition analysis [26] of the fluctuating flow fields and Nusselt number 
distributions has been carried out in order to extract information about the turbulent coherent structures 
in the wake of the ribs versus those in the baseline configuration and about the main wall Nusselt 
number modes. In particular, the snapshot method [27] has been used for the purpose of the present 
study. POD is used to decompose the flow field according to a spatial and a temporal basis. The POD 
spatial modes are sorted in terms of their contribution  to the total velocity and Nusselt number 
variance, respectively, allowing to estimate the relative importance of coherent structures in the flow 
and in the heat transfer problem. Spatial modes reported in the following represent an orthonormal 
basis and are presented in form of contour plots ranging from the minimum local values in blue to the 
maximum local value in red. 
The uncertainty of the local Nusselt number is found to be of ±5%; the large number of snapshots used 
for the present investigation allows to assume a similar uncertainty for the Nusselt number modes. For 
what concerns the PIV uncertainty, the PIV truncation error leads to uncertainties lower than 1%, while 
the large number of PIV snapshots suggests a sufficiently high convergence of flow statistics. 

3 Flow and heat transfer average quantities and statistics 
Time averaged flow fields and wall Nusselt number distributions are reported in Figures 2 and 3, 
respectively. The illuminated field-of-view blocked by the rib and its shadow in the PIV fields is 
blanked out. The rib results in a low-speed region downstream of it, which is partially suppressed by 
the occurrence of a wall jet which strength increases with increasing . In particular, for  
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4. Modal decompositions 
The POD modes variance content for the four configurations under investigation is reported in Figure 4 
for the velocity fields modes in the streamwise/wall-normal planes. In agreement with the literature 
[16], for the boundary layer without ribs, the bulk of the turbulent kinetic energy is contained in the 
first four velocity POD modes. These modes are reported in Figure 5 and are shown to be 
representative of large-scale sweeps/ejections. The characteristic flow features are drastically changed 
with the presence of the rib. The spectral distribution is strongly changed and depends on the value of 
the gap between the rib and the wall. For a wall attached rib the spectral distribution is strictly 
decreasing with the increasing mode number while wall-proximity ribs are characterized by a quite 
similar variance content in the first two modes. The rib with  is characterized by a higher 
variance content in the first two modes than the rib with . These effects are justified by the 
visualization in Figure 5 which shows (in agreement with Ref. [6]) the transition from a flow field 
dominated by Kelvin-Helmholtz instabilities on the edges of the recirculation region for the wall 
attached configuration to a regime dominated by von Kármán vortex shedding in the rib wake for the 
configuration of the rib detached from the wall. By the observation of the spatial modes of the flow 
field, reported in Figure 4 this aspect is evident; it is clear that, due to the increase of the gap between 
the rib and the wall, the von Kármán vortex shedding becomes more prominent and the modes acquire 
more coherence, explaining also the larger energy content found in the first two modes for . 
The variance content of the  modes is reported in Figure 4. The Nu variance is seen to be strongly 
correlated to the TKE modes when strong vortices are generated due to the presence of obstacles in the 
boundary layer. For the clean BL, the Nu modes variance is much more spread, which can be ascribed 
to the fact that Nusselt number variance is mostly due to near wall event which, despite being triggered 
by the coherent structures in the boundary layer, present higher characteristic wavelength and 
frequency. This result is justified by Nusselt number spatial modes organization reported in Figure 6. 
 

 
 

Fig.4:  Flow field and Nu modes energy content 
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