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Abstract 

Boundary layer transition in high-speed flows is a phenomenon that despite extensive research over the years 
is still extremely hard to predict. The presence of protrusions or gaps can lead to an accelerated laminar-to-turbulent 
transition enhancing the thermal loads and the skin friction coefficient. In the current investigation, high-resolution heat 
transfer measurements using infrared thermography are performed on the flow past several different roughness 
geometries (cylinders and pizza-box) at free stream Mach number equal to 7.5 and three unit Reynolds number (14 ∙
10଺  𝑚ିଵ, 11 ∙ 10଺𝑚ିଵ, 8 ∙ 10଺𝑚ିଵ). The roughness elements are applied on a plate that is oriented at a 5° angle of attack 
with respect to the flow direction. For each Reynolds number the roughness element is positioned at 30 mm and at 60 
mm from the leading edge. The measurements establish the roughness effectiveness in promoting transition and they 
provide insight into the flow topology. 

1. Introduction 

Boundary layer transition from laminar to turbulent flow is still an unpredictable phenomenon at high-speed. The 
transition of the boundary layer can be induced by several factors such as: amplification of the free stream disturbances, 
surface roughness or adverse pressure gradients. In this paper, 3D roughness elements placed in an incoming laminar 
boundary layer are experimentally investigated. The presence of such elements, that can appear in form of steps, joints 
or patterns left on a metal surface by ablation of the thermal protection system (TPS), can accelerate the laminar-
turbulent transition process enhancing the thermal loads and the skin friction coefficient [1]. The thermal loads are mostly 
due to the convective heat transfer, which depends on several parameters: re-entry trajectory, vehicle configuration and 
flow conditions [2]. In presence of a turbulent boundary layer the convective heat transfer rate can be 5 times higher 
respect to the laminar flows [3]. Therefore, the prediction of the laminar turbulent transition plays an important role for the 
vehicle’s  design  and  optimization  [4]. On the other hand, in scramjet applications, artificial roughness elements are often 
employed for intentional tripping of the boundary layer on the forebody of the vehicle in order to prevent engine unstart 
and to minimize the flow non-uniformities at the entrance of the combustion inlet [5]. 

The mainly effect of the roughness is to move transition forward respect the smooth wall transition location. Van 
Driest and McCauley [6] defined a roughness element critical when it starts effecting on the transition location while they 
named effective a roughness able to move transition as close as possible to it. Although the definition of critical and 
effective roughness is rather clear, the identification of the onset of the transition location is quite ambiguous [1]. 
Moreover, the dependence of the laminar-turbulent transition by several parameters, such as Reynolds number and 
Mach number [6], size and geometry of the roughness, surface polishing, surface temperature and wind tunnel noise [7], 
make the comprehension of the physical mechanisms that lead to transition [8] very hard. Therefore, these parameters 
are often not well measured and do not exist any ground facility able to reproduce completely the flight environments: 
high Mach number, high Reynolds number, low noise and high enthalpy. Even if a general mechanism is not recognized, 
Schneider [1] reported three ways by which roughness can effect transition. In the first scenario the roughness generates 
a wake with streamwise vorticity and a possibly unstable shear layer. This wake may be unstable and may be dominated 
by the instability of the shear layer or of the trailing vorticity. The second way involves the growing of streamwise vorticity 
behind small roughness elements via instability mechanism such as stationary crossflow, Gortler or transient growth that 
can lead to instability. The third one is based on the coupling between the disturbances generate by the roughness 
element and the free stream disturbances that can lead to transition via the receptivity process. 

Laminar to turbulent prediction is typically performed by means of empirical correlation obtained by systematic 
experimental campaign in ground facilities and then extrapolated to the few in-flight data [4]. A systematic work was 
carried out in support of the Hyper-X program [9] and in the frame of the ESA EXPERT program [10, 11]. Most of the 
proposed correlations lack of some physic aspects that lead to transition. Reda [12] suggested that the correlation could 
be obtained by comparing boundary layer properties at the roughness location with the characteristic lengths of the 
protrusion. Berry et al [13] proposed a simple correlation (Shuttle Roughness Criteria) based on boundary layer edge 
parameters: 𝑅𝑒ఏ/𝑀௘ = 𝐶  (ℎ/𝛿)ିଵ. Although the constant parameter C is strictly dependent on the wind tunnel [1], Berry 
et al [14] showed good correlation with C=200 for critical or incipient roughness and C=310 for effective roughness. The 
correlation was obtained considering data from three separate models but in the same wind tunnel at the same Mach 
number and temperature ratio. Many other correlations have been proposed over the years, which use a higher number 
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of parameters finding its field of applicability [15 - 17]. The necessity to predict transition with correlation that are widely 
applicable drives researches to better understand the fluid dynamic mechanism that are dominant in the roughness 
induced transition. Then, as much as possible experimental data are necessary. 

Ground experiments are mainly performed by means of Pitot probes and hot wires but they are invasive 
techniques that may influence the fluid-dynamic features of the flow. The application of non-invasive technique, e.g. laser 
based and image based technique, is a necessity. Recently, in the Mach 10 wind tunnel at NASA Langley was applied 
the Nitrix oxide (NO) planar-laser induced fluorescence to investigate the hypersonic flow over a flat plate with and 
without a 2 mm radius hemispherical trip [18] and with a cylindrical roughness [19] showing interesting instantaneous 
features. The improvement of the experimental technique coupled with the availability of greater computational resources 
have enabled the use of direct numerical simulation (DNS) to study transition [20]. DNS results permits to better 
understand physical mechanics behind induced transition but few experimental data are available as benchmark. 
Recently, Iyev and Mahesh [21] performed DNS replicating the experiments carried out by Danehy et al [18]. In their 
paper they report a complete analysis of the wake in front and behind a hemispherical roughness elements with ℎ 𝛿⁄ > 1 
at three Mach number equal to 3.37, 5.26 and 8.23. They observed that at the lowest Mach number the flow transition to 
turbulent exhibiting hairpin vortices in the wake and a 6-vortex system [22] in front of the roughness. Increasing the Mach 
number the flow is more stable a 4-vortex system is observed and the wake does not become turbulent. Moreover, they 
analyse the mean flow showing sensible difference in the wake features between the three cases. This paper is only the 
last of series of paper in which several configurations have been analysed in order to investigate several transitional 
scenarios. For example, Chang and Choudari [23] simulated the flow around a rectangular and cylindrical element at 
Mach number equal to 4.5 and 6.5 concluding that for these Mach numbers no self-sustaining vortex-generation was 
present and that convective instability might be the dominant. Groskpof et al [24] presented similar conclusion performing 
a bi-global stability analysis of the region behind a 3D pizza box shaped roughness. 

In this paper IR thermography [25] is used to analyse the mean flow features upstream and downstream three 
roughness elements: two cylinders that differ from the diameter and a pizza-box shaped roughness. The height of the 
roughness elements is smaller than the boundary layer thickness at the roughness location. In the following first the 
description of the experimental setup and of the applied data reduction is presented. Then, in section 4 the description of 
the mean flow topology is discussed. A brief summary in section 5 concludes the paper. 

2. Measurement Technique 

Infrared thermography is used to obtain the surface heat transfer distribution in the vicinity and downstream of the 
roughness elements. The heat flux distribution is computed from the measured surface temperature using the semi-
infinite slab model coupled with a least square approach [26] by solving (eq. 1). The model adopts the Trust Region 
Reflective algorithm as optimization routine from which it is able to evaluate the convective heat transfer coefficients (ℎ), 
the adiabatic wall temperature (𝑇௔௪) and a delay parameter (𝑡ௗ). 

𝑘  𝛻ଶ(𝑇) = 𝜌𝑐௣
𝜕𝑇
𝜕𝑡  

(1) 
𝑇(𝑥, 𝑦, 𝑧, 0) = 𝑇௪௜ 

𝑘   𝜕𝑇(𝑥, 𝑦, 𝑧, 𝑡)𝜕𝑛 ቤ
ௌ
= 𝑞௪(𝑡)    𝑎𝑛𝑑    𝑇(𝑥, 𝑦, 𝑧   ∈ 𝐹, 𝑡) = 𝑇ி(𝑡) 

𝑞௪(𝑡) = ℎ൫𝑇௪ಿೆಾ − 𝑇௔௪൯ + 𝜎𝜀(𝑇௪ସே௎ெ − 𝑇௥ସ) 

The delay parameter (𝑡ௗ) is introduced such that start-up phenomena of the wind tunnel (that cannot be represented by 
the numerical model) can be taken into account. For example during the start-up transient the convective heat transfer 
coefficient and adiabatic wall temperature will vary strongly, while they are take to be constant in the model, which is a 
proper assumption when the tunnel is started. Therefore by introducing this delay only the temperature information is 
used for the period that the tunnel is properly started. As a matter of fact, Schrjier and Bannink [27] showed that 
stationary flow conditions start approximately 25 ms after the valve opening by measuring the pressure variation in the 
settling chamber. In figure 1 the comparison between the experimental temperature rise and the heat equation after the 
introduction of the delay is reported, as can be seen the first 30 ms are neglected. 
The Stanton number 𝑆𝑡 is obtained by non-dimensionalizing the wall heat flux using the free-stream parameters as 
shown in eq. 2. The symbols 𝑐௣ஶ, 𝜌ஶ, 𝑇௪ and 𝑈ஶ, respectively, represent the free stream constant pressure specific 
heat, the wall temperature and the free stream flow density and speed. 

𝑆𝑡 = 𝑞௪
𝜌ஶ𝑐௣ஶ𝑈ஶ(𝑇௪ − 𝑇௔௪)

 (2) 

To visualize the heat flux distribution around and downstream of the roughness element the K contour [11], defined in eq. 
3, is used. K expresses the measured heat-flux normalized with the theoretical laminar and turbulent heat-flux 
predictions [28]. 
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𝐾 = 100 𝑞(𝑥, 𝑦) − 𝑞௟௔௠(𝑦)
𝑞௧௨௥௕(𝑦) − 𝑞௟௔௠(𝑦)

 (3) 

For the interpretation the convention introduced by Tirtey et al [11] is adopted and is reported here for sake of clarity: 

- 𝐾 < 30%: Laminar region; 
- 30% ≤ 𝐾 ≤ 70%: Transitional region; 
- 𝐾 ≥ 70%: Turbulent region; 
- 𝐾 ≥ 110%: Local structure overheating. 

 
Figure 1. Example of the data reduction technique. 

3. Experimental Setup 

The experiments are performed in the Hypersonic Test Facility Delft [27]. The HTFD is a cold hypersonic wind 
tunnel that operates according to the Ludwieg tube concept that provides Mach 7.5 airflow in a 350  𝑚𝑚 test section. The 
flow in the test section is optically accessible for imaging through three windows. Three nominal test conditions called 
low, medium and high Reynolds number have been investigated and, respectively, correspond to a free stream total 
pressure of 17, 22 and 28 bar. The unit Reynolds number is respectively equal to 8 ∙ 10଺  𝑚ିଵ, 11 ∙ 10଺  𝑚ିଵ and 14 ∙ 10଺ 
with a total temperature of 579  𝐾. The typical run time is 0.1  𝑠. The free stream conditions are summarized in table 1. 
According to Schrijer et al [29] the measurement repeatability associated to the operation of the Ludwieg tube facility is 
better than 1%. 

Table 1. Free stream flow properties. 

𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 
𝑀ஶ 7.5   
𝑈ஶ(𝑚/𝑠) 1000   
𝑇଴(𝐾) 579   
𝑃଴(𝑏𝑎𝑟) 28 22 17 
𝑅𝑒௨௡௜௧(𝑚ିଵ) 14 ∙ 10଺ 11 ∙ 10଺ 8 ∙ 10଺ 

The IR themography measurements are performed using a CEDIP Titanium 530L IR system. The camera has 
a mercury cadmium telluride (MCT) quantum detector array of 320 by 256 pixels and a spectral response of 7.7–9.3 μm. 
The camera has a maximum frame rate of 250 Hz at full resolution. The spatial resolution is 1.57 pixels/mm. The optical 
access in the IR wavelength regime is provided by means of a Germanium window that has a transmissivity of 
approximately 0.8. The camera was calibrated using a blackbody and the Germanium window was included in the 
calibration process to take into account the reduced transmissivity. The camera is setup under an angle with respect to 
the germanium window to prevent self-reflection. Furthermore, the camera is shielded from the environment using black 
sheets to prevent additional reflections from the background and window. A sketch of the camera set-up is given in 
Figure 2 (a). 
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(a) (b) 

Figure 2. Sketch of the experimental setup (a) and wind tunnel model (b). 

The wind tunnel model is a planar 5° ramp, having a length of 200  𝑚𝑚 and a width of 110  𝑚𝑚 (see figure 2b). 
It is installed in the test section, mounted on a sting from its rear. The model is made out of Makrolon and the nose is 
accurately finished to avoid leading edge instabilities [30]. Makrolon is characterized by a conductivity equal to 𝑘 =
0.20  𝑊 𝑚  𝐾⁄  and surface emissivity of 𝜀 = 0.88. In addition, this polycarbonate material can withstand temperatures up 
to 120°𝐶 without considerably changing the material properties. During the experimental campaign, the viewing angle 
with respect to the model surface was kept less than 50 degrees such that the emissivity could be regarded as 
independent of the viewing angle. 

The initial model surface temperature is typically 300  𝐾   ±   0.3𝐾 . For the high Reynolds test condition, a 
maximum wall temperature increase of 4  𝐾 is observed in the laminar flow region, while the temperature rise reaches 
7  𝐾 in the turbulent wake. According to van Driest and Blumer [16] and Tirtey et al [11], this moderate wall temperature 
variation is not expected to have a significant effect on the following analysis. 

In this study three roughness elements are investigated: two cylinders and a pizza-box like geometry. They are 
sketched in figure 2 (b). All of the elements have a height (h) of 1  𝑚𝑚.The two cylinder shaped roughness elements 
have a diameter of 4  𝑚𝑚 or 5.7  𝑚𝑚  and they will be referred to as the large (cylL) or small (cylS) cylinder. The width of 
the pizza-box element is 4  𝑚𝑚. The roughness elements are mounted at 𝑥௥ = 30  𝑚𝑚  and 𝑥௥ = 60  𝑚𝑚 from the leading 
edge along the symmetry axis. All the tests have been performed at zero pitch and yaw angles. The flat plate laminar 
boundary layer properties at both roughness locations are summarized in table 2. 

Table 2. Boundary layer properties at roughness location. 

𝑅𝑒௨௡௜௧(𝑚ିଵ) 14 ∙ 10଺ 11 ∙ 10଺ 8 ∙ 10଺ 
𝑥௥(𝑚𝑚) 30 60 30 60 30 60 

𝛿ଽଽ(𝑚𝑚) 1.1 1.5 1.2 1.7 1.4 2 
𝜃(𝑚𝑚) 0.13 0.18 0.15 0.21 0.17 0.24 
𝑅𝑒ఏ 1785 2450 1670 2307 1305 1830 

The ratio of roughness height to boundary layer thickness (𝛿) is reported in table 3, the values for ℎ/𝛿 range 
from 0.5 to 0.9. In order to predict whether the roughness elements are able to induce transition the Shuttle Roughness 
Criteria (SRC) 𝑅𝑒ఏ/𝑀௘ = (𝐶(ℎ/𝛿)ିଵ) is used and the results are displayed in figure 3. In the criterion, 𝑀௘ is the Mach 
number at the edge of the boundary layer at the roughness location and the constant 𝐶 is equal or larger than 200 for 
critical roughness (transition downstream of the element) and equal or larger than 310 for effective roughness (transition 
at the location of the element, Berry et al [14]). In figure 3 filled symbols represents 𝑥௥ = 30  𝑚𝑚 while open symbols 
𝑥௥ = 60  𝑚𝑚. 

Table 3. 𝑘/𝛿 ratio at 𝑥௥ = 30  𝑚𝑚 and 𝑥௥ = 60  𝑚𝑚 for the investigated roughness elements. 

 ℎ/𝛿  @  𝑥௥ = 30  𝑚𝑚 ℎ/𝛿  @  𝑥௥ = 60  𝑚𝑚 
𝑅𝑒௨௡௜௧  (𝑚ିଵ) 8 ∙ 10଺ 11 ∙ 10଺ 14 ∙ 10଺ 8 ∙ 10଺ 11 ∙ 10଺ 14 ∙ 10଺ 

 0.71 0.83 0.90 0.5 0.58 0.67 

Figure 3 clearly shows that the same roughness elements can be critical or effective depending on the free 
stream unit Reynolds number. Particularly, from the figure it can be seen that at low Reynolds number any elements is 
expected to trip the boundary layer while at the medium and high Reynolds number the roughness elements are 
expected to be critical. 
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4. Experimental Results 

The discussion of the experimental results is organized as follow: first the streamwise Stanton number along the 
centerline is presented. Then, the wake features are analyzed by means of the K contour in which also a discussion 
about the flow topology upstream and downstream the roughness elements is made. 

 
Figure 3. Shuttle roughness criteria:  𝐶 = 200, 310 for critical and effective roughness respectively. 

4.1. Streamwise Stanton number distribution 

The streamwise Stanton number along the model centerline gives the immediate indication of the laminar or of 
the turbulent topology of the roughness wake. In figure 4 the 𝑆𝑡  is plotted versus the non-dimensional streamwise 
coordinate for all the investigated roughness elements. The streamwise coordinate is non-dimensionalized with respect 
to the roughness location (𝑥௥). Figure 4(a) shows the results for the roughness placed at 𝑥௥ = 30  𝑚𝑚 while figure 4(b) 
depicts the results for 𝑥௥ = 60  𝑚𝑚. In these figures the theoretical laminar (dashed line) and turbulent (continuous line) 
Stanton number calculated with the reference temperature method [28] is plotted for the low (8 ∙ 10଺  𝑚ିଵ), medium 
(11 ∙ 10଺  𝑚ିଵ) and high (14 ∙ 10଺  𝑚ିଵ) Reynolds number. For each configuration, the predicted laminar 𝑆𝑡 is compared to 
the value that is measured outside of wake to verify that the incoming boundary layer is indeed laminar. For sake of 
clarity, in figure 4 (a) and (b) the out of wake 𝑆𝑡 is reported for the three Reynolds numbers only for the pizza-box 
roughness element. As can be seen, the experimental 𝑆𝑡 perfectly agrees with the predicted laminar values for all 
Reynolds numbers as. 

From figure 4 it can also be clearly observed that the Stanton number in the wake of the roughness element 
increases with the Reynolds number. This can be explained by the fact that the boundary layer thickness (𝛿) at the 
roughness location becomes thinner and that ℎ/𝛿  increases and the roughness becomes more effective. When 
comparing figure 4(a) to 4(b), it is found that the Stanton number is lower in the latter. Following the same reasoning as 
before it can be concluded that the roughness perturbs the boundary layer more when it is positioned closer to the 
leading edge such that ℎ/𝛿  is larger. However comparing the various roughness elements, it is visible that the 𝑆𝑡 
depends on both the shape and the frontal area of the roughness for a given ℎ/𝛿. This concept is strongly highlighted in 
figure 4 (a) for the high Reynolds number. By comparing the pizza-box roughness and the large cylinder at the high 
Reynolds number, the 𝑆𝑡 shows different trends downstream of the element. In the range 1.5 < 𝑥 𝑥௥⁄ < 2.4 the large 
cylinder is characterized by a 𝑆𝑡 slightly lower that the predicted laminar value. This effect can be explained by the 
presence of a strong vortex pair downstream of the element that creates an upwash and therefore decreases the local 
heat transfer. For the pizza-box element a higher 𝑆𝑡 is measured. In the range 2.4 < 𝑥 𝑥௥⁄ < 3.4 the Stanton numbers are 
comparable while for larger values of 𝑥 𝑥௥⁄  the patterns are rather different. For both the elements the 𝑆𝑡 slope changes 
indicating the start of the transitional boundary layer that becomes turbulent where the Stanton number reaches its peak 
value. The transition to turbulent shows a different trend depending on the geometry: the large cylinder is characterized 
by a larger slope and a higher peak when compared to the pizza-box element moreover it exhibits a higher Stanton 
number with respect to the turbulent reference value. These observations confirm that the shape is a parameter that 
strongly influences the transition location and the overheating. For the small cylinder in the region directly downstream of 
the element (1.5 < 𝑥 𝑥௥⁄ < 2) the Stanton number is higher compared to large cylinder and pizza-box elements. This 
suggests that the vortical structures generated at the roughness edge are positioned closer to the centreline and 
therefore the local heat transfer is increased at this location. Furthermore, the transition to turbulence is less pronounced 
and the heat transfer pattern, represented by the s-shaped curve, has the same shape compared to the large cylinder 
one but it is scaled down reaching a lower peak value. Then, both the shape and the frontal area influence the transition 
to turbulence: the shape influences the transitional pattern while the frontal area influences the transition location and the 
maximum value of 𝑆𝑡 . Similar observations can be made for the medium Reynolds number where the same 
characteristics can be observed for the different roughness elements. The medium Reynolds number case differs from 
the high Reynolds number case only for the maximum 𝑆𝑡. For the low Reynolds number and 𝑥௥ = 30  𝑚𝑚 the Stanton 
number decreases almost monotonically when going downstream revealing that transition does not happen and the 
boundary layer remains laminar. However, the Stanton number is higher than the predicted laminar one due to the 
presence of the streamwise vortices that influence the heat transfer at the centreline. A similar behaviour can be 
observed for 𝑥௥ = 60  𝑚𝑚 (figure 4 b). Particularly, for the low Reynolds number transition does not start and the Stanton 
number decreases going downstream while for the medium Reynolds number a weak increase can be detected. It 
suggests that the boundary layer is transitional but it is still far away from becoming fully turbulent. 
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The above results agree well with the predictions obtained using the Shuttle Roughness Criterion. At low Reynolds 
number the roughness elements do not trip the boundary layer while at the high Reynolds number transition occurs 
somewhere downstream of the element so that they can be categorized as being critical. It is also interesting to highlight 
that the SCR predicts that the roughness is weakly effective for the medium Reynolds number when they are positioned 
at 𝑥௥ = 60  𝑚𝑚. Indeed, for these conditions only a weak increase of the Stanton number is measured. 

 
Figure 4. Streamwise Stanton number: (a) 𝑥௥ = 30  𝑚𝑚; (b) 𝑥௥ = 60  𝑚𝑚. 

According to Schneider [1], it is possible to give a clear definition of transition location but it is difficult to detect the exact 
point in practice. In the following the transition location is defined as the point, along the streamwise location, at which 
the slope of the Stanton number at the centerline changes from negative to positive. The Reynolds number evaluated at 
the transition location is plotted versus the Reynolds number evaluated at the roughness location in figure 5. From this 
figure it appears that the transitional Reynolds depends almost linearly on the Reynolds number evaluated at the 
roughness location. The slope changes by changing the frontal area and the roughness geometry. This figure also 
shows that the large cylinder is the most effective in tripping the boundary layer. Generally, it confirms that the cylindrical 
shape is more effective in perturbing the boundary layer. Concluding this section, the effect of both the shape and the 
impact area are not separable at the centerline. 

4.2 Wake topology 

IR thermography allows measuring the 2D heat transfer map on the model surface permitting to better understand the 
boundary layer topology upstream and downstream the roughness elements. In figure 6 the K contour (as introduced in 
section 2 eq. 3) is displayed for all the roughness elements at the medium (left) and high Reynolds number (right). The 
low Reynolds number is not shown because for these conditions the roughness elements are unable to trip the boundary 
layer. From the top to the bottom the small cylinder (figures 6a-6d), the large cylinder (figures 6e-6h) and the pizza-box 
elements (figures 6i-6l) are plotted. In these figures the roughness elements are contoured in blue but it does not have 
any physical meaning. In the following the flow field around and downstream of the roughness element is analyzed 
starting from the upstream separation and moving downstream. 
Directly upstream of the roughness element the laminar boundary layer separates and forms one or multiple horseshoe 
vortices. Various researchers at subsonic and supersonic speed [21, 22, 31] observed this phenomenon. For the flow 
around an hemispherical bump placed in an incoming laminar boundary layer at Mach number ranging from 3.37, 5.26 
and 8.23 Iyer and Mahesh [21] stated that upstream of the roughness the vortex system can be formed by 4 or 6 vortices 
depending on the Reynolds number, the Mach number and 𝐷 𝛿∗⁄  ratio where 𝛿∗ is the displacement thickness at the 
roughness location. They found good agreement with the subsonic experiments carried out by Beker [22] for 
incompressible flow past a cylinder placed on a flat plate. These vortices transport higher-temperature fluids toward the 
wall and lower-temperature fluid away from the wall causing the increase in the heat flux (and thus also in K) in the 
region between them. In the current experiments, the same features are detected. Indeed, in figure 6 (j) secondary 
streaks are clearly visible that pass in front of the element while in figure 6 (f) they are evidently not present. When these 
secondary structures are present a local K maximum is measured. By plotting the spanwise K just behind the roughness 
element, as reported in figure 7, it is possible to extract information about the system of spanwise vortices that are 
formed upstream. In this figure the value of K as function of the spanwise coordinate is displayed at 𝑥 𝑥௥⁄ = 1.3 and 
𝑅𝑒௨௡௜௧ = 14 ∙ 10଺  𝑚ିଵ for the 3 roughness elements. As stated before a local maximum in the heat transfer is present in 
the region between two vortices. So, for the large and small cylinder elements two peaks are found which indicates that 
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there are 4 vortices present (2 at either side of the centerline). Then, for the pizza-box element an additional and 
considerably smaller peak is found at approximately y/h = 6 and y/h = - 6, which hints at the presence of a 6-vortex 
system. In figure 7 it can be seen that it is more evident for the pizza-box respect to the large cylinder. The latter shows a 
region of almost constant K suggesting the presence of weak flow structures. Instead, the small cylinder does not show 
any local maximum suggesting the absence of secondary vortices. In figure 8 the number of upstream spanwise vortices 
is plotted as a function of 𝑅𝑒஽ 𝑀⁄  and (𝐷 𝛿∗⁄ )(ℎ 𝛿⁄ ). In the same figure the data reported by Iyer and Mahesh [22] is 
plotted with labeled black squares. From the analysis of the figure it can be argued that for approximately (𝐷 𝛿∗⁄ )(ℎ 𝛿⁄ ) <
2  a 4-vortex system is detected while for higher (𝐷 𝛿∗⁄ )(ℎ 𝛿⁄ )  a 6-vortex system is present. This 6-vortex system 
becomes stronger and more evident (looking at the heat transfer footprint) by increasing (𝐷 𝛿∗⁄ )(ℎ 𝛿⁄ ) becoming also 
highly unsteady according to Iyer and Mahesh [22]. 

 
Figure 5. Reynolds number evaluated at the estimated transition (𝑅𝑒௧) location versus the Reynolds number evaluated at 
the roughness location (𝑅𝑒௥). 

 
Figure 6. K contour for the investigated roughness elements at 𝑅𝑒௨௡௜௧ = 11 ∙ 10଺  𝑚ିଵ  (left) and 𝑅𝑒௨௡௜௧ = 14 ∙ 10଺  𝑚ିଵ 
(right). 

Downstream of the roughness element, the horseshoe vortices continue as streamwise vortices. From figure 6 it is clear 
that just behind the roughness element there is a localized region or streak of high heat transfer characterized by large 
values of K. It is visible that when going further downstream, the streaks expand toward the symmetry plane and the K 
intensity decreases gradually. These streaks are connected to the symmetry plane (SP) and off-symmetry plane (OSP) 
vortices also detected by Iyver and Mahesh [22] and Tirtey et al [11]. As a matter of fact, when moving in streamwise 
direction each SP vortex moves closer to the symmetry plane due to the induced velocity by the image vortex and the 
low-pressure region created behind the roughness. Therefore, one vortex from both sides of the roughness moves closer 
to the symmetry plane giving rise to a counter-rotating vortex pair [22]. At the same time, along the centerline a minimum 
K is measured due to the upwash by the SP vortices. Away from the symmetry plane, counter rotating vortex pair (or two 
pairs in case of a 6-vortex system upstream) is formed as continuation of the vertical tube formed upstream the 
roughness. Then, the SP and OSP vortices induce a downwash in between them. In this case, the effect of the mirror 
vortices is to move the vortices away from each other. 
The strength of the vortices decreases with increasing distance from the roughness elements as clearly visible from the 
decrease in K in figure 6. The reduction in the heat transfer rate is mainly associated to the weaker SP vortices that are 
more susceptible to breaking down according to the experimental evidence of Avallone et al [32] and discussion of Iyver 
and Mahesh [22]. 
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Figure 7. K profile at 𝑥 𝑥௥⁄ = 1.3 and 𝑅𝑒௨௡௜௧ = 14 ∙ 10଺  𝑚ିଵ for the three roughness elements. 

 
Figure 8. Number of vortices upstream of the roughness elements: the red circle represents 4-vortex system while the 
blue triangle the 6-vortex system. The black square symbol represents data obtained by the numerical simulation 
performed by Iyer and Mahesh [22]. 

From a certain location, depending on the roughness geometry, position and unit Reynolds number, the flow undergoes 
transition as discussed in the previous section. The onset of transition is also visible by looking at the footprints of the 
vortical structures. Indeed, the intensity of the streaks becomes stronger until the boundary layer becomes fully turbulent. 
Even, in the fully turbulent region the footprint of the vortices is still clear for all the investigated configurations. This 
suggests that some coherent vortical structures are still present in the flow. The previous observations coupled with the 
experimental investigation using Tomographic PIV reported in Avallone et al [32] suggest that the OSP vortices still 
survive in the transitional region. Starting from the transition location and moving downstream the wake width increases. 
From figure 6 the turbulent spread of the wake ranges between 2° and 2.5° for all the investigated configurations. These 
data are in agreement with Fischer [33] who established that the lateral turbulent spreading angle at Mach number equal 
to 6.5 is less than 3°. 
In the mean flow analysis an important aspect is represented by the maximum heat transfer rate measured downstream 
of the roughness elements with respect to the unperturbed one. From the spanwise K distribution, the amplitude A can 
be defined as one half of the maximum spanwise variation of K: 

𝐴(𝑥) = 1
2 ൫𝐾௠௔௫(𝑥, 𝑦) − 𝐾௠௜௡(𝑥, 𝑦)൯ (4) 

The result is plotted in figure 9 for the low (figure 9 a), medium (figure 9 b) and high (figure 9 c) Reynolds number. 
Starting from the low Reynolds number (figure 9 a) it is evident that the amplitude is similar for the larger cylinder and 
pizza-box element which have the same frontal area, while the amplitude is smaller for the small cylinder (having a 
smaller frontal area). When increasing the Reynolds number (figure 9b) a clear dependence on the frontal area can no 
longer be discerned. Furthermore when moving downstream the amplitude becomes similar for all elements. 
When the flow undergoes the transition process an increase in Stanton number and thus also in K results. Since this 
increase in K is local (directly downstream of the element) also an increase in amplitude is registered. After the initial 
stages of flow development directly downstream of the element, the flow becomes fully turbulent and A becomes nearly 
constant and according to figure 9 the value will be equal to 50. This effect is strongly present in figure 9 (c) where at 
high Reynolds number either the roughness positioned at 𝑥௥ = 30  𝑚𝑚 and 𝑥௥ = 60  𝑚𝑚 shows the turbulent plateau. 
Here, from approximately 𝑥 𝑥௥⁄ = 2.7 all the curves tends to the same amplitude value. Roughness elements positioned 
at 𝑥௥ = 30  𝑚𝑚 shows overheating regions characterized by higher A but after that they decreases to A values that are 
approximately equal to 50. However, by plotting the streamwise amplitude it is possible to see that the maximum heat 
transfer is present just behind the roughness element and not in the wake even if it is higher than the turbulent 
expectations. On the other hand, increasing the Reynolds number the effect related to the shape and size of the 
elements becomes negligible when the interest is the measurement of the maximum heat transfer. 

5. Conclusions 
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IR thermography is applied to investigate boundary layer transition induced by discrete roughness element placed on a 
flat plate in an incoming laminar boundary layer at asymptotic Mach number equal to 7.5. IR data have been analyzed by 
solving a 1D inverse heat transfer method based on a least square optimization in which also an time delay parameter is 
introduced to take into account the effects related to the unsteady startup of the wind tunnel. Three roughness elements 
(small and large cylinder, pizza-box) that differ from the shape and the size are investigated at three Reynolds number in 
order to perform measurements in a wide range of ℎ 𝛿⁄  that goes from 0.5 to 0.9. The measurements have highlighted 
that the large cylinder is more effective in tripping the boundary layer with respect to the small cylinder and the pizza-box 
element. From the footprints of the vortical structures just behind the roughness elements information about the system 
of spanwise vortices upstream the elements are obtained that are in good agreement with DNS data that are reported in 
literature. Particularly, for (𝐷 𝛿∗⁄ )(ℎ 𝛿⁄ ) > 2 a 6-vortex system is detected instead of 4-vortex system. Lastly, by defining 
the streak amplitude, A, as one half of the maximum spanwise variation of K it has been observed that the transitional 
and turbulent regions are characterized by A approximately equal to 50. 

 
Figure 9. Streamwise amplitude evolution at 𝑅𝑒௨௡௜௧ = 14 ∙ 10଺  𝑚ିଵ (a), 𝑅𝑒௨௡௜௧ = 11 ∙ 10଺  𝑚ିଵ (b) and 𝑅𝑒௨௡௜௧ = 8 ∙ 10଺  𝑚ିଵ 
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