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Stationary disturbances in a free supersonic flow caused by two-dimensional roughness in a

turbulent boundary layer on a wall were investigated using numerical simulation in the FlowVi-

sion software package. Calculations were performed for cases where the roughness heights were

significantly smaller than the thickness of the boundary layer. In order to reduce the numerical

oscillations, the computational grid has been adapted to the perturbation fronts by means. It was

found that a disturbance in the form of a small amplitude N-wave is formed in the flow above the

boundary layer. The effect of roughness height on disturbances formed in a free flow was studied.

It was found that as the roughness height increases, there is an observed increase in the amplitude

and spatial scale of the disturbance. It was also found that the gradient of the flow parameters be-

tween the disturbance fronts remains practically unchanged for all roughness heights considered.

The numerical results were verified with experimental data. A strong agreement was achieved

between the simulation and experimental result.
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Introduction

The study focuses on investigating the impact of two-dimensional roughness on a wall in

a turbulent boundary layer on stationary disturbances in a free supersonic flow above it. The

case of a small roughness height compared to the thickness of the turbulent boundary layer is

being considered. The relevance of this problem stems from the fact that roughness on the test

section wall generates disturbances in the free flow during wind tunnel experiments [11]. These

disturbances take the form of an N-wave, with weak shock waves forming at the fronts. When

this disturbance impacts the leading edge of the model, significant distortions occur in both the

mean flow and pulsation field within the laminar boundary layer on the model. Subsequently, it

was experimentally shown that, in this case, the laminar-turbulent transition in the boundary

layer can shift significantly upstream compared to the undisturbed case [9]. It has also been

shown that the sensitivity of the boundary layer to such freestream disturbances depends on the

bluntness of the leading edge [7], as well as its sweep angle [6].

In addition to experimental studies, the influence of free-stream disturbances from two-

dimensional roughness on the wall of the test section on the flow in the boundary layer on the

model is carried out using numerical simulation [2, 4, 5]. These works are focused on the influence

of N-waves in the free stream on the boundary layer transition. The free-stream disturbance (N-

wave) is specified using boundary conditions on the side boundary of the computational domain.

This approach is described in detail, for example, in [3].

The influence of surface roughness on turbulent flow at supersonic speeds is studied in detail,

for example, in [1, 8, 10]. However, they are primarily focused on studying the influence on the

flow within the boundary layer, and the issues regarding the formation of disturbances in a free

flow have not been sufficiently researched.
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The amplitude and spatial characteristics of free-stream disturbances can significantly im-

pact the transition from laminar to turbulent flow in boundary layers. Therefore, it is necessary

to develop a technique for predicting the amplitude and spatial characteristics of free flow dis-

turbances based on the parameters of two-dimensional roughness located within the turbulent

boundary layer on the wall of the wind tunnel’s test section.

This paper presents the results of a numerical simulation that investigates the formation

of stationary free flow disturbances caused by small two-dimensional roughness in a turbulent

boundary layer on a wall. The simulation was conducted using the FlowVision software package.

The influence of roughness height on the generation of stationary disturbances in a free flow

at Mach number M = 2 is studied. Additionally, the results of the numerical simulation are

validated using experimental data. The article is organized as follows. Section 1 is devoted to a

description of the problem statement and the approaches used in this work. Section 2 presents

the results of numerical studies. A comparison with experiments is also presented. Conclusion

summarizes the study.

1. Simulation Set-Up

Figure 1 schematically shows the calculations set-up. In a turbulent boundary layer, a two-

dimensional roughness of height h is established that is significantly less than the thickness of the

boundary layer δ. A stationary disturbance is formed in a supersonic flow above the boundary

layer.

Figure 1. Computational domain

Numerical simulation was conducted using the FlowVision software package to study the

formation of free flow disturbances caused by two-dimensional roughness on the wall. The flow

is described within the framework of a continuum model for a compressible, viscous, and heat-

conducting gas (air). Calculations were carried out in a two-dimensional formulation.

The entry condition was set at the left boundary of the computational domain. The flow

parameters closely resemble those of the experiments conducted in the T-325 wind tunnel of

the ITAM SB RAS at a Mach number of M = 2. The outlet condition was set at the upper

and right boundaries. A zero temperature gradient was applied, and for velocities and pressure

at the boundary, values equal to the value in the center of the boundary cell were set. This

boundary condition is known as the supersonic outlet and is built into FlowVision. The wall

A.A. Yatskikh, L.V. Afanasev, A.D. Kosinov, N.V. Semionov

2023, Vol. 10, No. 4 5



and two-dimensional roughness were modeled using the no-slip boundary condition, as well as

the zero heat flux condition.

To simulate the turbulent boundary layer on the wall, the SpalartAllmaras turbulence model

was used. To achieve a developed boundary layer in the roughness region, the computational

domain was extended longitudinally upstream. In the roughness region, the Reynolds number,

calculated from the longitudinal coordinate, was Rex = 4·106, and the thickness of the boundary

layer significantly exceeded the height of the studied roughness.

As it is known from experiments, in such a setting, a disturbance in the form of an N-wave

of small amplitude is formed in the flow above the boundary layer. At the N-wave fronts, the

flow parameters change abruptly. If the computational grid resolution is insufficient, significant

numerical oscillations can form at the fronts, which can make it difficult to determine the position

of the fronts and the amplitude of the disturbances.

To minimize the influence of numerical oscillations, the FlowVision tool is used in this work

to adapt the computational grid. In the calculation process, the computational cells were divided

to account for the propagation of disturbances in the free flow and two-dimensional roughness

regions. The calculation scenario was as follows. At the start, uniform initial parameters were

set in the computational domain. The initial mesh was condensed in the area of the wall and

roughness. After the solution reached a constant value, the first adaptation was applied: accord-

ing to the condition of the density gradient, the mesh was refined in the area of roughness and

disturbance in the free flow. After stabilization of the solution, another adaptation was carried

out. A total of four adaptations of the computational grid were carried out.

Figure 2a shows distribution of the cell volume of initial mesh, normalized to the volume

of the computational domain. Figure 2b shows distribution for the final computational grid. It

can be seen that in the region of propagation of the disturbance from roughness the best mesh

resolution is observed. The final computational grid had approximately 11 million cells. In the

roughness region, wall distance of the boundary cells y+ < 0.2.

(a) Initial grid (b) Final grid

Figure 2. Distribution of cell volumes for the initial and final computational grids

Figure 3 shows distribution of pressure disturbances in the control section at various levels

of adaptation of the computational grid. With the initial grid, the N-wave fronts are blurred.

As the size of the cell decreases, the disturbance fronts become sharper, but numerical oscilla-

tions appear. With a further reduction in the size of calculation cells, the numerical oscillations

decrease. In the final configuration, their amplitude is significantly smaller compared to the

amplitude of the disturbance caused by roughness.
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Figure 3. Pressure disturbance at different levels of computational grid adaptation

Calculations were performed using the FlowVision software package version 3.13.02 on a

computing node equipped with two 64-core AMD EPYC 7763 processors and 512 GB of RAM.

The calculation for each case took approximately 30 hours.

To analyze the results in this study, we examine the distributions of pressure disturbances

in the flow along the normal to the wall coordinate z. These distributions were determined as

follows:

P ′ =
P − P∞
P∞

· 100%, (1)

where P∞ is pressure in the undisturbed flow above the boundary layer. Mass flow distur-

bances m′ are determined similarly. The main analysis is carried out in a control section at a

distance of 128 mm from the roughness.

In this work, cases with different roughness sizes are considered: the length in the longitu-

dinal direction of the roughness is constant in all cases and is equal to 0.23 · δ, the height of the

roughness is h/δ = 0.005 (wall distance calculated for smooth surface h+ ≈ 4), 0.012 (h+ ≈ 8),

0.020 (h+ ≈ 14) and 0.034 (h+ ≈ 24). All calculations were carried out at the flow Mach number

M = 2.

2. Results

In the described research setting, it is possible to consider the propagation of disturbances

caused by roughness in a turbulent boundary layer, both in the free flow and within the boundary

layer. Figure 4a shows the streamlines in the region of roughness. The color of the lines represents

the Mach number. Figure 4b shows the distribution of pressure disturbances.

Calculations show that flow separation zones are formed in front of and behind the roughness.

The pressure fields clearly show that the disturbance fronts bend inside the boundary layer. This

must be taken into account when setting up experimental studies.

It is also clearly seen from the pressure disturbance fields that the amplitude of the distur-

bance generated by the roughness decays downstream. This is consistent with the results of [3],
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(a) Streamlines in the roughness region (b) Distribution of pressure disturbances

Figure 4. Streamlines in the roughness region and the field of pressure disturbances.

in which the disturbance is specified by using boundary conditions. Moreover, our calculations

show that the maximum pressure disturbance is observed within the boundary layer.

Calculation results for cases with varying roughness heights are presented in Fig. 5. The

pressure disturbances of the free flow in the control section, located 128 mm downstream from

the roughness, are shown.

Figure 5. Free-flow pressure disturbances at various roughness heights

As the height of the roughness increases, there is an observed increase in the amplitude

of the disturbance. At the same time, the spatial scale of the disturbed zone also increases,

indicating a change in the angles of propagation of the disturbance fronts. The pressure gradient

between the disturbance fronts remains practically unchanged in all cases.

The positions of the disturbance fronts in the flow differ significantly from the estimates

made for Mach waves. Thus, if we consider the roughness edges as the source of Mach waves,

their position in the control section should be at z = 75.3 and 73.9 mm. This differs significantly

from the results of provided calculations that take into account the turbulent boundary layer.

It should also be noted that at the first front of the disturbance (which is fixed at large

values of the z coordinate), in all cases under consideration, the amplitude of changes in the

flow parameters is approximately 1.3 times greater than at the trailing front of the disturbance.
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Figure 6 shows a comparison between these calculations and the experimental results. The

experiments were conducted in the T-325 wind tunnel at the ITAM SB RAS. A two-dimensional

roughness was applied to the wall of the test section, and measurements were carried out us-

ing a constant temperature hot-wire anemometer. From the experimental data, the mass flow

disturbance was determined. The mass flow rate was also determined using the numerical data

for direct comparison. Figure 6 shows the perturbations of the mass flow m′ for two different

heights of two-dimensional roughness.

Figure 6. Comparison of numerical results and experimental data

The calculated data is in good agreement with the experimental results. The amplitude of

disturbances, the gradient of mass flow between the disturbance fronts, and the spatial scales

in calculations and experiments are similar. The differences in the spatial position of the distur-

bances are less than the error in determining their position in the experiment, which is attributed

to the accuracy of the setting. In the experiment, the disturbance fronts are smoothed due to

the physical dimensions of the sensitive element of the hot-wire probe.

Conclusion

An efficient calculation set-up has been developed in the FlowVision software package to nu-

merically simulate the formation of stationary free flow disturbances caused by two-dimensional

roughness in a turbulent boundary layer on a wall. The case of small height roughness compared

to the thickness of the boundary layer has been considered. To mitigate numerical oscillations,

the FlowVision tool has been used to adapt the computational grid to disturbance fronts.

Numerical simulations have shown that flow separation zones are formed in front of and

behind the two-dimensional roughness. The highest amplitude of disturbances is observed within

the turbulent boundary layer. In a free flow, an observed disturbance in the form of an N-wave

decays downstream.

The results of numerical modeling were verified using experimental data. A strong agreement

was achieved between the simulation and experimental results, both in terms of the amplitude
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and spatial position of the disturbances. It has been shown that it is possible to predict the

amplitude, spatial scale, and location of a disturbance in a supersonic flow.

The influence of roughness height on the generation of stationary free flow disturbances has

been studied. It was found that as the height of the roughness increases, there is an observed

increase in the amplitude and spatial scale of the disturbance. In this case, the gradient of

flow parameters between the disturbance fronts remains practically unchanged for all roughness

height considered.

Acknowledgements

The research was financially supported by the Russian Science Foundation (Project

No. 22-19-00666, https://rscf.ru/project/22-19-00666/) using the equipment of the “Mechanics”

Shared-Use Center, ITAM SB RAS. Numerical simulation was performed using the FlowVision

software (https://flowvision.ru/).

This paper is distributed under the terms of the Creative Commons Attribution-Non Com-

mercial 3.0 License which permits non-commercial use, reproduction and distribution of the work

without further permission provided the original work is properly cited.

References

1. Aghaei-Jouybari, M., Yuan, J., Li, Z., et al.: Supersonic turbulent flows over sinusoidal

rough walls. Journal of Fluid Mechanics 956, A3 (2023). https://doi.org/10.1017/jfm.

2022.1049

2. Din, Q.H., Egorov, I.V., Fedorov, A.V.: Mach wave effect on laminar-turbulent transition

in supersonic flow over a flat plate. Fluid Dynamics 53(5), 690–701 (Sep 2018). https:

//doi.org/10.1134/S0015462818050063

3. Dinh, H.Q., Nguyen, A.T., Egorov, I.V., Duong, N.H.: The study of Mach waves generated

by a roughness element. International Journal of Aeronautical and Space Sciences 23(3),

511–520 (Jul 2022). https://doi.org/10.1007/s42405-022-00471-6

4. Egorov, I.V., Duong, N.H., Nguyen, N.C., Palchekovskaya, N.V.: Numerical simulation

of the influence of a Mach wave on the laminar–turbulent transition in a supersonic

boundary layer. Doklady Physics 67(5), 144–147 (May 2022). https://doi.org/10.1134/

S1028335822050019

5. Khotyanovsky, D., Kudryavtsev, A., Kosinov, A.: Numerical study of the interaction of the

N-wave with the plate leading edge in the supersonic stream. AIP Conference Proceedings

1893(1), 030051 (10 2017). https://doi.org/10.1063/1.5007509

6. Kocharin, V.L., Kosinov, A.D., Yatskikh, A.A., et al.: The impact of weak shock waves on

the flow in the boundary layer of a flat plate with a variable sweep angle of the leading

edge. Thermophysics and Aeromechanics 26(6), 803–809 (Nov 2019). https://doi.org/

10.1134/s0869864319060027

7. Kosinov, A.D., Semionov, N.V., Yatskikh, A.A., et al.: Influence of the leading-edge

bluntness radius of a plate on the response of flat-plate boundary layer to an N-wave at

Numerical Simulation of Supersonic Free-Flow Stationary Disturbances ...

10 Supercomputing Frontiers and Innovations

https://rscf.ru/project/22-19-00666/
https://flowvision.ru/
https://doi.org/10.1017/jfm.2022.1049
https://doi.org/10.1017/jfm.2022.1049
https://doi.org/10.1134/S0015462818050063
https://doi.org/10.1134/S0015462818050063
https://doi.org/10.1007/s42405-022-00471-6
https://doi.org/10.1134/S1028335822050019
https://doi.org/10.1134/S1028335822050019
https://doi.org/10.1063/1.5007509
https://doi.org/10.1134/s0869864319060027
https://doi.org/10.1134/s0869864319060027


Mach number M = 2. Thermophysics and Aeromechanics 30(2), 227–237 (Aug 2023).

https://doi.org/10.1134/s086986432302004x

8. Modesti, D., Sathyanarayana, S., Salvadore, F., Bernardini, M.: Direct numerical simulation

of supersonic turbulent flows over rough surfaces. Journal of Fluid Mechanics 942, A44

(2022). https://doi.org/10.1017/jfm.2022.393

9. Piterimova, M.V., Kosinov, A.D., Semionov, N.V., et al.: Experimental study of effect

of a pair of weak shock waves on laminar-turbulent transition in the boundary layer of

flat plate at Mach number 2. Siberian Journal of Physics 17(2), 30–40 (Sep 2022). https:

//doi.org/10.25205/2541-9447-2022-17-2-30-40

10. Sun, Z., Zhu, Y., Hu, Y., Zhang, S.: Direct numerical simulation of a fully developed

compressible wall turbulence over a wavy wall. Journal of Turbulence 19(1), 72–105 (2018).

https://doi.org/10.1080/14685248.2017.1395514

11. Vaganov, A.V., Ermolaev, Y.G., Kolosov, G.L., et al.: Impact of incident Mach wave on

supersonic boundary layer. Thermophysics and Aeromechanics 23(1), 43–48 (Jan 2016).

https://doi.org/10.1134/s0869864316010054

A.A. Yatskikh, L.V. Afanasev, A.D. Kosinov, N.V. Semionov

2023, Vol. 10, No. 4 11

https://doi.org/10.1134/s086986432302004x
https://doi.org/10.1017/jfm.2022.393
https://doi.org/10.25205/2541-9447-2022-17-2-30-40
https://doi.org/10.25205/2541-9447-2022-17-2-30-40
https://doi.org/10.1080/14685248.2017.1395514
https://doi.org/10.1134/s0869864316010054

	A.A. Yatskikh, L.V. Afanasev, A.D. Kosinov, N.V. Semionov

