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Abstract. Surface imperfections due to manufacturing tolerance, such as steps, gaps, and 

waviness, can cause early boundary layer transition, thus reduce the practicability of the 

natural laminar flow (NLF) technology for aircraft drag reduction. In this study, a new 

numerical methodology is proposed and implemented to predict the effect of backward-facing 

step (BFS) and forward-facing step (BFS) on boundary layer transition over NLF aircraft 

body. The method is based on a hypothesis that the effect of surface imperfections on 

boundary layer flow can be mimicked as that of surface roughness due to the relevant small 

size of the imperfection compared to the local boundary layer thickness. The predicted 

transition location on BFS/FFS surface agrees very well with the experimental validation 

data. It implies the applicability and capability of this approach for transition location 

prediction over more general surface imperfection arrangements. The study thus provides an 

efficient, practical prediction tool to determine the manufacturing allowance on surface 

imperfection dimension on NLF body for aerodynamic engineers. 
 

1 INTRODUCTION 

Laminar flow control (LFC) or hybrid laminar flow control (HLFC) techniques have been 

widely used to reduce the drag on aircraft and thus enhance fuel efficiency by sustaining 

laminar flow over a bigger part of the aircraft body. However, even small surface 

imperfections, such as steps and gaps at junctions, waviness, and bulges can cause early 

laminar to turbulent transition and thus reduce the region of laminar flow. As manufacturing 

is only possible with certain tolerances and imperfections are unavoidable, it is necessary to 

specify the manufacturing tolerance for the shape and dimension of these imperfections to 

ensure achievement of laminar flow. This can be done only by quantification of the effects of 

surface imperfections on the stability of laminar boundary layer. Both experimental and 

numerical investigations have been performed for such purpose.  

Experimental studies were conducted at low-speed incompressible flow conditions on the 

effect of different types of surface imperfections on boundary layer transition over natural 

laminar flow body. Fage[1] examined the effects of built-up ridges, essentially an integral 

backward-facing step (BFS) and forward-facing step (FFS) in a low speed wind tunnel using 

both flat plate and an aerofoil model. Smith and Clutter[2] performed a low-speed study of 2D 
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and 3D surface excrescences and concluded that the critical step Reynold number for a 2-D 

wire trip was in the range of 𝑅𝑒ℎ,𝑐𝑟𝑖𝑡 = [43, 260] . Braslow[3] summarized a number of 

experimental data sets and concluded that 2D roughness, of the type incorporating an 

integrated forward and backward-facing step has a critical step Reynolds number 𝑅𝑒ℎ,𝑐𝑟𝑖𝑡 ≈
200. Drake et al[4] produced low-speed experimental database over a flat plate model with 

backward-facing step, forward-facing step and wave excrescence. Gaster and Wang[5] 

conducted low-speed wind tunnel test on the effect of BFS and FFS on boundary layer 

transition. In compressible flow range, systematic experiments were conducted by Costantini 

et al[6, 7] at a subsonic Mach number of 𝑀𝑎 = 0.77 in DNW-KRG wind tunnel. The test 

conditions are relevant for low-sweep NLF surfaces. The surface imperfections were shown to 

reduce the extent of the laminar region and transition was observed to move gradually 

towards the step location with increasing step Reynolds number and relative step height. 

Flight experiments in subsonic conditions with Mach number 𝑀𝑎 = [0.5, 0.8]  were 

conducted by Drake et al[8]. Roger[9] conducted experimental investigations on a pressure-

plotting flat plate with forward-facing step in a NPL low-density tunnel at stream Mach 

number 𝑀0 ≈ 2. 

In terms of numerical study, Direct Numerical Simulation (DNS) and Large Eddy 

Simulation (LES) are necessary to provide fundamental flow physics and transition 

mechanism around the surface excrescences over an aircraft body. However, the high 

computing cost for the complex aircraft configurations at high Reynolds number make these 

methods unaffordable in real engineering applications. Alternative numerical tools have been 

developed to predict boundary layer transition over surface imperfection only, such as  the 𝑒𝑁 

method[10, 11]. Crouch[12] and Gaster[5] have used the 𝑒𝑁 method to investigate the effects of 

step excrescence on boundary layer transition. It was found that in the presence of a step, the 

Tollmien-Schlichting (TS) instability amplification can be locally enhanced, resulting in 

larger TS-wave amplitudes and a forward movement of the transition location. This forward 

movement in the transition location was captured by a reduction in the critical N-factor for 

transition onset ∆𝑁, as modelled by 𝑁𝑡𝑟 = 𝑁0 − ∆𝑁(
ℎ

𝛿∗). 𝑁𝑡𝑟 and 𝑁0 are the critical transition 

N-factors with step and without step, respectively. 
ℎ

𝛿∗ is the ratio between the step height ℎ and 

the boundary layer displacement thickness 𝛿∗at the step location[12]. Crouch[13] applied the 𝑒𝑁 

approach to capture the superposition of a forward-facing and a backward-facing step in the 

form of a rectangular protrusion or a wide gap to assess the applicability of this approach for 

more general step arrangements. The influence of the FFS on laminar to turbulent transition 

was studied with both DNS and the 𝑒𝑁 method by Edelmann and Rist[14] for a compressible 

subsonic flow with 𝑀𝑎 = 0.15 − 0.8 at varying step locations and step heights. Perraud et 

al[15-17] performed numerical and experimental investigations in the ONERA F2 low speed 

wind-tunnel in 2D and 3D mean flows to assess the tolerable heights of surface imperfections 

(steps, gaps and humps) in various types of laminar flows. It is noted that the major limitation 

of using the 𝑒𝑁 method is that it is not compatible with modern CFD tools. Each time when 

one of the components in the 𝑒𝑁  method is changed, such as new boundary layer calculation 

method, improved stability diagrams, new experiments tests, the whole method will have to 

be recalibrated[18].  

For low Reynolds number flow, the Reynolds Averaged Navier Stokes (RANS) turbulence 

models have been proved to perform significantly well in the flow simulation over BFS. The 

reattachment length downstream the step is well predicted comparable to the experimental 

data by using the 𝑘 − 𝜔  model and a refined mesh[19]. However, such model can’t capture the 

boundary layer transition due to the fully turbulent flow assumption. The boundary layer 
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transition over BFS/FFS surface normally occurs at very low Reynolds numbers and would be 

a free shear flow transition. The available RANS-based turbulence transition models for the 

boundary layer flow, such as the correlation-based transition models of Menter et al[20, 21], 

can’t account for the mechanism of free shear flow transition, thus can’t be used directly to 

capture the boundary layer transition caused by the BFS/FFS imperfection.   

In this study, a new numerical methodology is proposed. It is based on a hypothesis that 

the effect of surface imperfections on boundary layer transition could be mimicked as that of 

surface roughness, and thus the existing RANS-based turbulence transition models could be 

used to model the surface roughness effect on laminar flow transition. More details on the 

methodology are described in Section 2, following the results validation and analysis in 

Section 3. Conclusions and future work recommendations are provided in Section 4. 

2 METHODOLOGY 

2.1 Numerical method 

It is found that the dimension (height) of step surface imperfection on NLF body is 

normally very small compared to the local boundary layer thickness. Therefore, the step 

excrescence can be regarded as surface roughness. A hypothesis is thus proposed, that is the 

effect of step excrescence on boundary layer transition can be mimicked as the effect of 

surface roughness on the boundary layer flow. A new numerical method is developed based 

on the hypothesis, in which a modified 𝛾 − 𝑅𝑒𝜃 transition model for rough wall[20] would be 

employed and the BFS/FFS configurations will be applied as surface roughness on the smooth 

surface without step geometry immersed in the numerical model. It should be noted that the 

proposed method cannot reveal the boundary layer transition mechanism over the step 

imperfections. Instead, it will provide a computationally efficient approach to predict the 

transition location over the steps, thus help determine the manufacturing tolerance on the 

allowable step dimension on natural laminar flow body. 

The details on the 𝛾 − 𝑅𝑒𝜃 transition model is in Ref[20]. Rough wall is accounted for by a 

modification of the built-in correlation for 𝑅�̃�𝜃𝑡  and is defined as: 

𝑅𝑒𝜃𝑡,𝑟𝑜𝑢𝑔ℎ = 𝑅�̃�𝜃𝑡 ∙ 𝑓(𝐻)    (1) 

𝑅�̃�𝜃𝑡 represents the transition momentum thickness Reynolds number for smooth surface. 

𝐻  is related to the geometric roughness height as input by the user. The new defined 

𝑅𝑒𝜃𝑡,𝑟𝑜𝑢𝑔ℎ is then used in the transition modelling[20]. 

From experimental study, BFS and FFS have shown different effect on boundary layer 

transition[4]. In the numerical simulation, an effective roughness profile, as described in 𝐻, is 

applied on the smooth surface to distinguish the BFS and the FFS. 𝐻 is correlated closely with 

step configurations including step height and step location. A general form of 𝐻  used in 

present model is shown as below: 

𝐵𝐹𝑆:    𝐻 = {

0                     (𝑥 ≤ 𝑥ℎ − 𝐶𝐵𝐹𝑆 ∗ ℎ)   
𝐹𝐵𝐹𝑆(ℎ)     (𝑥ℎ − 𝐶𝐵𝐹𝑆 ∗ ℎ < 𝑥 < 𝑥𝑡𝑟,0) 

0                     (𝑥 ≥ 𝑥𝑡𝑟,0) 
    (2) 

𝐹𝐹𝑆:     𝐻 = {

0                      (𝑥 ≤ 𝑥ℎ − 𝐶𝐹𝐹𝑆 ∗ ℎ)   

𝐹𝐹𝐹𝑆(ℎ)       (𝑥ℎ − 𝐶𝐹𝐹𝑆 ∗ ℎ < 𝑥 < 𝑥𝑡𝑟,0) 

0                      (𝑥 ≥ 𝑥𝑡𝑟,0) 
    (3) 

Here, ℎ is the step height, 𝑥ℎ is the step location from the model leading edge, 𝑥𝑡𝑟,0 is the 

natural transition location on the smooth surface, 𝑥 is the streamwise location on the surface 
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from the leading edge. 𝐶𝐵𝐹𝑆  and 𝐶𝐹𝐹𝑆  are the calibration parameters for the BFS and FFS, 

presenting the interaction length before the step between the boundary layer and the surface 

steps. 𝐹𝐵𝐹𝑆 and 𝐹𝐹𝐹𝑆 are the calibration functions for the BFS and FFS, presenting the extent 

of step effect on boundary layer flow. These empirical parameters/functions are obtained from 

performing numerical tests and comparing the results with the available experiments taken 

from ref[4]. 

2.2 Geometric and numerical model  

In Drake’s experimental study[4], a symmetrical flat plate model with a super ellipse shaped 

leading edge and provisions for surface imperfection elements in various locations were 

designed. The chord length of the plate model is 1.2m (4feet), thickness 0.019m (0.75inch) 

and span 0.6m (23.5inch). A uniform step height across the span is applied on top surface of 

the model by using excrescence inserts with different heights at different locations. The step 

height and step locations tested in the experiments are shown in Table 1 and 2. In the 

numerical study, a 2D half plate model with the same chord length of 1.2m and a thickness of 

0.009525m is used. The same BFS/FFS configurations are tested by various step height and 

step location combination. In total, there are 24 BFS cases and 24 FFS cases. 

Table 1: Surface step heights  

 

 

Table 2: Surface step type and step locations 

 

 
 
 

 

In the numerical simulation, a 2D flow domain is created with the plate located on the 

bottom of the domain. Domain inlet and top boundaries are located 20 times of the plate 

thickness away from the plate. The outlet boundary is placed at the trailing edge of the plate. 

The (𝑥, 𝑦) coordinate is along with the streamwise and wall normal direction, respectively. A 

2D multi-block structured mesh is generated with refined mesh in the near-wall region (𝑦+ ≈
1) to capture the boundary layer flow accurately. The flow domain and the clustered mesh 

around the plate is shown in Figure 1. The flow condition is: Mach number 𝑀 = 0.0255846, 

Step height (mm) H1 H2 H3 H4 H5 H6 

 2.540 2.286 2.032 1.778 1.397 0.889 

Step type\ Location (m) A B C D 

BFS 0.1778 0.2540 0.3302 0.4064 

FFS 0.1270 0.2032 0.2794 0.3556 

Figure 2: Skin friction profile on the smooth surface 

Figure 1: Computational domain and the mesh 
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unit Reynolds number 𝑅𝑒 = 5.68 × 105/𝑚 , freestream temperature 𝑇∞ = 295.9𝐾  and 

freestream pressure 𝑃∞ = 99898𝑃𝑎. The pressure gradient is 𝐾 = 0.04 × 10−7, where K is 

defined as 𝐾 =
𝜈𝑒

𝑢𝑒
2

𝑑𝑢𝑒

𝑑𝑥
[4] with 𝑢𝑒 is the undisturbed boundary layer edge velocity and 𝜈𝑒 is the 

viscosity at the same location. A 2D incompressible flow solver combined with Menter’s four 

equation 𝛾 − 𝑅𝑒𝜃 transition model for rough wall as implemented in ANSYS Fluent 2019R3 

solver is employed in the numerical simulation. The effective roughness profile 𝐻 defined by 

user functions is applied on the smooth surface to mimic the effect of BFS/FFS on boundary 

layer transition. 

2.3 Non-dimensional parameters  

In the experimental[4] and numerical study, two independent non-dimensional parameters 

are used to relate all the other parameters, as defined as below:  

(1) Step Reynolds number 𝑹𝒆𝒉 =
𝒖𝒉𝒉

𝝂𝒉
 

Where 𝑢ℎ is the velocity that would be observed at a step height h above the surface in an 

undisturbed laminar boundary layer at the step location, 𝜈ℎ  is the viscosity at the same 

location in the undisturbed boundary layer. It should be noted that in some literatures[6-7, 15-17] 

step Reynolds number is defined as 𝑅ℎ =
𝑈ℎ

𝜈
, where the freestream velocity 𝑈  and the 

freestream viscosity 𝜈 is used in the calculation. Clearly, 𝑅𝑒ℎ is dependent on both the step 

location and the step height and is more representative on step configurations and boundary 

layer flow conditions.  

(2) Non-dimensional transition location 𝒔 =
𝒙𝒕𝒓−𝒙𝒉

𝒙𝒕𝒓,𝟎−𝒙𝒉
 

It expresses the relative change in transition location 𝑥𝑡𝑟  as reduced from its natural 

transition location 𝑥𝑡𝑟,0  on a smooth surface to the step location 𝑥ℎ
[6]. The change of the 

parameter ∆𝑠 represents the loss of laminarity due to the surface imperfection. 

Other non-dimensional parameters which are commonly used in literatures[5-7, 12, 13, 15-17] 

include: transition Reynolds number 𝑅𝑒𝑡𝑟, which is based on the freestream velocity and the 

transition location 𝑥𝑡𝑟; relative step height 
ℎ

𝛿∗, where 𝛿∗ is the boundary layer displacement 

thickness computed at the step location over the smooth surface.  

3 RESULTS ANS DISCUSSION 

3.1 Boundary layer flow on smooth surface 

A 2D turbulence transitional simulation on the smooth surface is performed first for 

validation purpose. The skin friction coefficient 𝐶𝑓 , which is commonly used as a crucial 

indicator to boundary layer transition[22], is predicted and validated, as shown in Figure 2. It is 

found that, from both the experimental measurement and the numerical simulation, the 

boundary layer on the smooth surface behaves as a laminar flow and no transition occurs over 

the plate. The predicted boundary layer velocity profiles at all step locations on smooth 

surface are analysed (not shown here) to determine the step Reynolds number 𝑅𝑒ℎ.  

3.2 Boundary layer transition on BFS/FFS surface 

A series of turbulence transitional simulation on the rough surface is performed to mimic 

the effects of BFS and FFS. The results are shown in Figure 3-5 (BFS) and Figure 6-8 (FFS). 
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Figure 3 shows the skin friction profile for the BFS cases at step location B with different 

step heights. The vertical dashed lines indicate the step location. It is seen that the skin 

friction 𝐶𝑓 profile is predicted very well by the numerical simulation. The predicted Laminar 

to turbulent transition region matches the experimental measurement. In the laminar region, 

𝐶𝑓 values match the experimental data and the profiles align with the ones on smooth surface 

perfectly. In the turbulent region, skin friction profiles align with the experimental data, but its 

values are overpredicted about 10% for most step heights. The predicted 𝐶𝑓 profiles at the 

other three BFS locations (not shown here) present the same conclusions.   

From both the experimental and the numerical study, it is found that the backward-facing 

step has significant effect on boundary layer flow resulting in a much earlier transition near 

the step location. The extent of the effect depends on the step configuration, i.e., the 

combination of the step location and the step height. It is necessary to determine the relations 

between the transition location and the step geometric characteristics. Here, the transition 

location criterion is defined as the location where the skin friction coefficient is greater than 

1.5 times the measured smooth plate skin friction coefficient[4]. 

In Figure 4, the transition Reynolds number versus the step Reynolds number for the BFS 

cases are plotted at different step locations with different step heights. Reasonably good 

agreement between the experimental data and the CFD results is achieved at all step locations. 

Variation of the predicted transition location with the step configuration follows the same 

trend as observed in the experiments. It is found that, within the test range of step height of 

ℎ = [0.889, 2.540]𝑚𝑚, transition location moves upstream towards the step location with the 

step height, but never reach the step location. As the step Reynolds number 𝑅𝑒ℎ < 200, the 

effect of BFS reduces and the transition location moves downstream swiftly. As 𝑅𝑒ℎ reaches a 

Figure 3: Skin friction profiles for the BFS at step location B 
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criterion value 𝑅𝑒ℎ,𝑐𝑟𝑖𝑡 , the BFS imperfection has no effect on boundary layer transition and 

the laminar flow is preserved on the rough surface. 𝑅𝑒ℎ,𝑐𝑟𝑖𝑡  is determined as 𝑅𝑒ℎ,𝑐𝑟𝑖𝑡 ≈ 95 in 

the experimental study and 𝑅𝑒ℎ,𝑐𝑟𝑖𝑡 = 60 in the numerical study. 

Non-dimensional transition location 𝑠  as a function of step Reynolds number 𝑅𝑒ℎ  and 

relative step height 
ℎ

𝛿∗  is plotted in Figure 5. Within the test range of  𝑅𝑒ℎ = [0, 1500] and 
ℎ

𝛿∗ = [0, 3.0] , the predicted non-dimensional transition location 𝑠  agrees well with the 

experimental data. The trends of 𝑠  match perfectly, while the value of 𝑠  is slightly 

overpredicted. The non-dimensional transition location 𝑠  decreases with step Reynolds 

Figure 4: Transition locations for the BFS configurations 

Figure 5: Non-dimensional transition location for the BFS as a function 

of the step Reynolds number (left) and the relative step height (right)  
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number 𝑅𝑒ℎ and relative step height 
ℎ

𝛿∗ , which aligns with the observation in Figure 4. The 

allowable tolerance for the BFS on flat plate model can now be determined from the obtained 

relations. For example, using the power law approximation of the numerical data, a loss of the 

laminarity ∆𝑠 = 10% (corresponding to 𝑠 = 90%) is found at 𝑅𝑒ℎ = 70 and 
ℎ

𝛿∗ = 0.39; ∆𝑠 =

20%  is found at 𝑅𝑒ℎ = 77 and 
ℎ

𝛿∗
= 0.42 . Therefore, depending on the permitted loss of 

laminarity ∆𝑠 for a certain surface, the corresponding value of 𝑅𝑒ℎ and 
ℎ

𝛿∗ can be determined, 

thus the allowable step configuration including step location and step height in the 

manufacturing is determined. From Figure 5, the criteria for the step Reynolds number in the 

numerical simulation is determined as 𝑅𝑒ℎ,𝑐𝑟𝑖𝑡 ≈ 60, and the criteria for the relative step 

height varies with step locations within a range of  (
ℎ

𝛿∗)
𝑐𝑟𝑖𝑡

= [0.33, 0.45]. 

Skin friction coefficient 𝐶𝑓 profiles over FFS surface at step location B with different step 

height are shown in Figure 6. Similar to the BFS cases, the skin friction profile is predicted 

well and the predicted transition region and 𝐶𝑓 values match the experimental data. FFS also 

shows significant effect on the boundary layer flow by prompting a much earlier transition 

near the step location. The extent of the effect depends on the combination of the step location 

and the step height. 

The transition Reynolds number versus the step Reynolds number for the FFS cases are 

plotted in Figure 7. In general, the predicted transition locations ( 𝑅𝑒𝑡𝑟 ) matches the 

experimental data and their variation with the step configurations follows the same trend. 

With the increase of the forward-facing step height, the transition locations are moving 

upstream approaching the step location, but never reach it. As step height decreases, the 

Figure 6: Skin friction profile for the FFS at step location B  
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transition locations move downstream until the step height criteria 𝑅𝑒ℎ,𝑐𝑟𝑖𝑡  reached, below 

which there is no transition occurrence and laminar boundary layer maintains on the rough 

surface. The step height criteria correspond to 𝑅𝑒ℎ,𝑐𝑟𝑖𝑡 ≈ 180  in the numerical and the 

experimental data. 

Analysis on the non-dimensional transition location 𝑠 with the step Reynolds number 𝑅𝑒ℎ 

and the relative step height 
ℎ

𝛿∗ over the FFS is shown in Figure 8. Apparently, the numerical 

data matches the experimental data very well within the test range of 𝑅𝑒ℎ = [0, 1500] and 
ℎ

𝛿∗ = [0, 2.5]. As discussed in the BFS cases, the allowable tolerance for the FFS imperfection 

on the flat plate model can now be determined: a loss of the laminarity ∆𝑠 = 10% 

(corresponding to 𝑠 = 90%) is found at 𝑅𝑒ℎ = 187  and 
ℎ

𝛿∗
= 0.68; ∆𝑠 = 20%  is found at 

𝑅𝑒ℎ = 200 and 
ℎ

𝛿∗ = 0.70. From Figure 8, criteria value for the FFS step Reynolds number is 

determined as 𝑅𝑒ℎ,𝑐𝑟𝑖𝑡 ≈ 180 for both the experimental and the numerical study. The criteria 

of the relative step height vary at different step locations within a range of  (
ℎ

𝛿∗)
𝑐𝑟𝑖𝑡

=

[0.58, 0.98]. 

3.3 BFS VS. FFS 

Further analysis on the different effect of BFS and FFS on boundary layer transition is 

performed, as presented in Figure 9. Within the test range of 𝑅𝑒ℎ = [0, 1500]  and 
ℎ

𝛿∗ =

[0, 2.5], the effect of the BFS on boundary layer transition is more significant than that of the 

FFS, indicating by a much lower criteria value of 𝑅𝑒ℎ,𝑐𝑟𝑖𝑡  and (
ℎ

𝛿∗)
𝑐𝑟𝑖𝑡

for the BFS than that 

Figure 7: Transition locations for the FFS configurations 
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for the FFS. The BFS imperfection with a relatively small step height near the leading edge 

will cause early boundary layer transition and a significant loss of laminarity. It implies that 

the allowable manufacturing tolerance for the BFS on the NLF body is much lower than that 

for the FFS. In contrast, the manufacturing tolerance for the FFS imperfection is much higher. 

For any FFS excrescence with 𝑅𝑒ℎ < 180, there is no effect on transition and the laminar 

flow extension will maintain. At the same non-dimensional step height 𝑅𝑒ℎ, the effect of the 

BFS on the loss of laminarity is nearly double the effect of the FFS. 

4 CONCLUSIONS AND RECOMMENDATIONS 

Surface step, including backward-facing step and forward-facing step, is one of the most 

encountered surface imperfections on aircraft body. It would result in significant effect on the 

boundary layer transition over natural/hybrid laminar flow aircraft body, thus reduce the 

practicability of the NLF technology for aircraft drag reduction. A guide is therefore needed 

for step imperfection dimension and shape allowance in the manufacturing that permits 

laminar flow to be maintained.  

In this study, a new numerical method is proposed and implemented to predict the effect of 

backward-facing step and forward-facing step on boundary layer transition over NLF body. 

The method is based on the hypothesis that the effect of BFS/FFS on boundary layer 

transition could be mimicked as the effect of surface roughness due to the relevant small step 

height compared to the local boundary layer thickness. The modified 𝛾 − 𝑅𝑒𝜃  transition 

model for rough wall is employed and the steps are applied as surface roughness by using 

Figure 9: Comparison of the effect of BFS and FFS on boundary layer transition 

Figure 8: Non-dimensional transition location of the FFS as a function 

of the step Reynolds number (left) and the relative step height (right)  
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user-defined correlations. A series of BFS and FFS test cases are simulated and validated; 

boundary layer transition locations are predicted and analysed. Four main conclusions can be 

drawn from the present analysis: 

(1) The proposed method of mimicking the BFS/FFS as surface roughness and employing 

the modified 𝛾 − 𝑅𝑒𝜃  transition model for rough wall can capture the boundary layer 

transition over the step surface imperfection very well. The relations between the loss of 

the laminarity and the step configurations are obtained, and the manufacturing allowance 

for steps over NLF body is determined. 

(2) Within the test range of 𝑅𝑒ℎ = [0, 1500] and 
ℎ

𝛿∗
= [0, 3.0], the BFS and FFS presents 

significant effect on boundary layer transition, resulting in earlier transition approaching 

the step location with step Reynolds number and relative step height.  

(3) The criterion value of the step Reynolds number is determined as 𝑅𝑒ℎ,𝑐𝑟𝑖𝑡 ≈ 60 for the 

BFS and 𝑅𝑒ℎ,𝑐𝑟𝑖𝑡 ≈ 180 for the FFS on flat plate model in an incompressible flow.  

(4) The effect of BFS on boundary layer transition is more significant than that of FFS. 

Therefore, the allowable manufacturing tolerance for the BFS is much stringent than that 

for the FFS on NLF body. 

A couple of recommendations for the future work include (a) extending the methodology 

to other type of surface imperfection applications, such as waviness, gaps and integral BFS 

and FFS, to assess the applicability of this approach for more general surface imperfection 

arrangements; (b) calibrating further the empirical correlations for the effective roughness 

profile 𝐻  in subsonic and transonic flight conditions, aiming to provide a convenient 

prediction tool determining the manufacturing allowance of surface imperfections for 

aerodynamic engineers. 
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